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Ten years have already passed since the publication of the first
thematic issue on olefin metathesis in the Beilstein Journal of
Organic Chemistry [1], and four years ago, the second part of
the thematic issue [2] was published. Now we have the true

pleasure to introduce the third one.

Researchers who read these three issues, as well as the
followers of the excellent blog "All Things Metathesis" [3]
know how much great progress has been made over these years.
For example, a number of new highly stereoselective Ru and
Mo catalysts have been introduced, solving the problem of E-
and Z-selectivity. Some tagged Ru catalysts can be applied in
water and even in biological systems, while Mo and W alkyli-
denes packed into innovative wax pills are now truly user
friendly. Olefin metathesis catalysts can work under homo- or
heterogeneous conditions, as well as under continuous flow.
The stability of Ru—methylidene species (an attribute important
for a successful ethenolysis process) has been significantly im-
proved. Importantly, we have observed a growing number of
metathesis examples utilizing very low loading (at the single
part-per-million level) of catalysts, which is crucial for the ap-
plication of this reaction in the production of bulk chemicals. At

the same time, much effort was invested in understanding
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the mechanisms of how new catalysts work and decompose,
how macrocycles are formed in ring-closing metathesis, etc.
Representative examples of these directions have been the
subject of the current, third thematic issue on Olefin Metathesis,
including highly educative reviews on tandem olefin metathe-
sis—Suzuki—-Miyaura cross coupling by Kotha et al. [4], on arti-
ficial metalloproteins by Okuda et al. [5], on stereoretentive ru-
thenium dithiolate catalysts by Mauduit et al. [6], on unsymmet-
rical NHC ligands by Grisi et al. [7], on polymers by
Kudryavtsev [8] and on polyhedral oligomeric silsesquioxanes
by Pietraszuk et al. [9]. Finally, Ward and Sabatino wrote a
very well-composed review on aqueous olefin metathesis [10].
These tutorials are accompanied by a number of research papers
authored by the best experts in the field.

At the same time, the enormous scientific success of this
research has — unfortunately — not yet been reflected by a
growing number of new industrial openings. No new metathe-
sis-based biorefineries have been built, while the traditional
polymer industry seems to prefer ill-definied catalysts, and
sadly, no new drugs are being produced by metathesis. On the
contrary, Janssen Therapeutics recently announced the discon-

tinuation of the drug Olysio (simeprevir) due to a significant
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decline in utilization [11]. It is consoling, however, that most of
this lack of development is not due to weaknesses of the tech-
nology itself. It can rather be attributed to the less-than-
favourable business environment and complicated current
World's economy. At the same time, a number of recent acqui-
sitions between catalyst producers makes the society fear that a
new monopoly may be formed, with the obvious threats for the
end-users.

We are therefore looking forward to the future developments in
this field. We stay optimistic as we deeply believe that metathe-
sis promoted by modern, innovative catalysts will not be
locked-up as a scientific curiosity with little industrial interest.
On the contrary, we anticipate that the field will stay competi-
tive and the forthcoming years will bring an explosion of appli-

cations utilizing this excellent (and green!) methodology.

It was a great pleasure for us to serve as editors of this thematic
issue. We are very thankful to all authors for their first-class
contributions. At the same time, we would like to thank the
colleagues at the Beilstein-Institut for their professional support

and patience.
Karol Grela and Anna Kajetanowicz

Warsaw, October 2019
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Abstract

Two routes to the title compounds are evaluated. First, a ca. 0.01 M CH,Cl, solution of H3B-P((CH;,)sCH=CH,)3 (1-BH3) is treated
with 5 mol % of Grubbs' first generation catalyst (0 °C to reflux), followed by H; (5 bar) and Wilkinson's catalyst (55 °C). Column
chromatography affords H3B-P(n-CgH17)3 (1%), H3B-P((CH)3CH,)(n-CgH|7) (8%:; see text for tie bars that indicate additional
phosphorus—carbon linkages, which are coded in the abstract with italics), H3B-P((CH;)13CH3)((CH3)14)P((CH;,)13CH;)-BH3
(6-2BH3, 10%), in,out-H3B-P((CHj)14)3P-BH3 (in,out-2-2BH3, 4%) and the stereoisomer (in,in/out,out)-2-2BHj3 (2%). Four of these
structures are verified by independent syntheses. Second, 1,14-tetradecanedioic acid is converted (reduction, bromination, Arbuzov
reaction, LiAlH4) to HoP((CH3)14)PH; (10; 76% overall yield). The reaction with H3B-SMe, gives 10-2BH3, which
is treated with n-BuLi (4.4 equiv) and Br(CH;,)¢CH=CH, (4.0 equiv) to afford the tetraalkenyl precursor
(HpC=CH(CH))>(H3B)P((CH»)4)P(BH3)((CH,)sCH=CH,), (11-2BHj3; 18%). Alternative approaches to 11-:2BHj (e.g., via 11)
were unsuccessful. An analogous metathesis/hydrogenation/chromatography sequence with 11-2BH3 (0.0010 M in CH,Cl,) gives
6:2BHj3 (5%), in,out-2-2BH3 (6%), and (in,in/out,out)-2-2BH3 (7%). Despite the doubled yield of 2-2BH3, the longer synthesis of
11-2BH;3 vs 1-BHj3 renders the two routes a toss-up; neither compares favorably with precious metal templated syntheses.

Introduction

We have found that a variety of metal complexes with frans- metatheses to give, after hydrogenations, metal complexes of
phosphine ligands of the formula P((CHj),,CH=CH,); in,in isomers of macrocyclic dibridgehead diphosphines [1-13].
(1; m = 4-14) undergo threefold interligand ring closing alkene = Representative examples with square planar complexes are
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shown in Scheme 1. Analogous sequences with trigonal bipyra-
midal substrates proceed in somewhat higher overall yields, as
analyzed elsewhere [1-4]. Setaka has developed a similar chem-
istry in which the phosphorus atoms are replaced by silicon and
the metal fragment by p-phenylene (p-CgHy) or related aromat-
ic moieties [14-19]. These types of compounds are viewed as
promising candidates for molecular gyroscopes [14-21].

We subsequently developed an interest in the free dibridgehead
diphosphine ligands P((CH»),,)3P (n = 14, 2; 18, 3), prompted in
part by the unexpected discovery of the facile demetalations
shown in Scheme 1 [5,6,10,22]. Such compounds were previ-
ously known only for much smaller ring sizes (n < 4) [23].
These reactions require excesses of certain nucleophiles, and

the mechanisms remain under study. The yields are quite good,

Fl’((CHz)mCH=CH 2)3
Cl—Fl’t—Cl
P((CH2);,CH=CH3)3

1. Grubbs' first

gen. catalyst, | 2. Hj/catalyst | n =2m +2
L2RUC|2(=CHPh) [5_7]
(L =Cy3P)
excess KCN
| LiC=CPh
( or NaC=CH (
n-13  Cl—Pt—=Cl _
’ [5-7,22]

18, 3 (85%)

10 equiv PMej

n =14, 2 (66-91% via
Pt; 58% via Rh)

Beilstein J. Org. Chem. 2018, 14, 2354-2365.

but the routes are stoichiometric in precious metals. Although
the metals can be recovered as species such as KoPt(CN)4 or
RhCI(PMes3)3, we have nonetheless sought to develop more

economical protocols.

The analogous Fe(CO)3 adducts are easily prepared [1-4], but in
efforts to date it has not been possible to efficiently remove the
dibridgehead diphosphine ligands from the low cost iron frag-
ment. Oxidations that lead to the corresponding dibridgehead
diphosphine dioxides (O=)P((CH;),)3P(=0) have exhibited
promise, but purification has been problematic [24]. Indeed,
phosphine oxides are everyday precursors to phosphines, so we
have considered various non-metal-templated routes to 2-2(=0),
3-2(=0), and related species. However, as described in the

discussion section, the yields have not been competitive [25].

i homeomorphic i
; isomerizatri)on @ :
P-
\phosphprus
\versm/

0

n-13

[10]

n =14 (41%)

2. Ho/catalyst
[0l

FI’((CHz)mCH=CH2)3
CI-Rh-CO

1. Grubbs' first
gen. catalyst,
L,RuCly(=CHPh)
(L=CysP)

P((CH2)» CH=CH>)3

‘ @3\\:&
o
P

Scheme 1: Syntheses of gyroscope like platinum and rhodium complexes and dibridgehead diphosphines derived therefrom.
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Another preliminary point concerns the ability of macrocyclic
dibridgehead diphosphorus compounds to exhibit in/out
isomerism [26]. As shown in Scheme 1, there are three limiting
configurations for 2 and 3: in,in, out,out, and in,out (identical to
out,in). The first two, as well as the degenerate in,out pair, can
rapidly interconvert by a process termed homeomorphic isomer-
ization [26,27], which is akin to turning the molecules inside
out. Readers are referred to earlier publications in this series for
additional details [22,25,28-30]. Interconversions between the
in,in/out,out and in,out/out,in manifolds require phosphorus
inversion and temperatures considerably in excess of 100 °C.

In this paper, we describe two non-metal-templated approaches
to 2 that are based upon metatheses of phosphine boranes of
alkene containing phosphines. The first involves the monophos-
phorus precursor H3B-P((CH;,)¢CH=CH,); (1-BH3) [31], and
the second a diphosphorus precursor in which one of the methy-
lene chains linking the two phosphorus atoms has already been
installed. The advantages and limitations of each are analyzed
in detail. Some of the results (Scheme 2) have appeared in the
supporting information of a preliminary communication [28],

and others in a dissertation [32].

Results
1. Monophosphorus precursors

As reported earlier [31], the alkene containing phosphine
P((CH,)¢CH=CHy)3 (1) can be prepared in 87% yield from the
reaction of PCl3 and MgBr(CH;)sCH=CH,. Following the addi-
tion of H3B-SMe,, the phosphine borane 1-BHj3 can be isolated
in 65-85% yields [31], as shown in Scheme 2. It is critical to
avoid an excess of H3B-SMe,, as this brings the C=C units into
play. In fact, when substoichiometric amounts of H3;B-SMe, are
added to THF solutions of purified 1-BH3, gels immediately

form.

A ca. 0.01 M CH;,Cl, solution of 1-BH3 and a ca. 0.002 M
CH,Cl; solution of Grubbs' first generation catalyst (3 mol %)
were combined at 0 °C. The mixture was warmed to room tem-
perature, and a second charge of Grubbs' catalyst added
(2 mol %). The sample was refluxed, and then filtered through
silica gel. The filtrate was concentrated and treated with H,
(5 bar) and Wilkinson's catalyst (55 °C). The mixture was taken
to dryness and the residue tediously chromatographed on a
silica gel column. Numerous fractions were collected and
analyzed by TLC. The mass recovery from the column was
33% of theory (for complete metathesis).

More than ten mobile products could be discerned, but only five
could be isolated in pure form and ultimately identified. These
are described in order of elution. Each was analyzed by NMR
('H, 3'p{'H}, BC{'H}; always CDCl3) and IR spectroscopy,

Beilstein J. Org. Chem. 2018, 14, 2354-2365.

H3B-SMe; (1.0 equiv) | g5_g59,
THF, 0 °C, 5 min

P S VN E

1-BH;
0.0097 M in 320 mL CH,Cl,
1. 5 mol % Grubbs' first 2.3 mol %
generation catalyst, Wilkinson's catalyst,

0.0019 M in 50 mL CH,Cl, 5 bar H,,
0 °C to reflux CH,Cl,, 55 °C

/\/\/\/\
H3B—PC\/\/\/
4-BH3, 1%

N\M

5-BH3, 8%

-

HaB-Ro oy e P-BH,

6-2BH3, 10%

Hs

B
C:P.,.,,,u\, .

>

B

Hs
(in,infout, out)-2-2BHa, 2%

Scheme 2: Synthesis and alkene metathesis of the monophosphorus
precursor 1:-BH3.

2356



mass spectrometry, and microanalysis, as summarized in the ex-
perimental section. The 13C{'H} NMR spectra proved to be
most diagnostic of structure, and were analyzed in detail. The
31p{1H} NMR spectra were all very similar (broad apparent
doublets due to phosphorus boron coupling).

First, traces of a colorless oil were obtained. The 'H NMR spec-
trum showed a characteristic triplet at 0.83 ppm consistent with
a terminal methyl group. The 3C{'H} NMR spectrum exhib-
ited eight signals, two of which were phosphorus coupled
doublets. One of the singlets (14.0 ppm) was typical of a termi-
nal methyl group. Based upon these data, and the integration of
the 'H NMR spectrum, the oil was assigned as the hydro-
genated phosphine borane H3B-P(n-CgH7)3 (4-BH3), a known
compound [33]. The yield was only 1%.

Next, another colorless oil eluted. The 'H NMR and
BC{TH} NMR spectra again exhibited signals characteristic of
a methyl group (0.86 ppm, t; 14.0 ppm, s). Integration of the
'H NMR spectrum established a 14:1 area ratio for the methy-
lene (1.62—1.19 ppm) and methyl signals. The '3C{'H} NMR
spectrum featured one set of seven signals and another set of
eight with an intensity ratio of approximately 2:1. The less
intense set resembled the signals arising from the n-octyl groups
in 4-BH3. The more intense set was very similar to the
signals arising from the cyclic H3B-P(CH;)3CH, substruc-
tures of 6-2BHj (described below) and a phosphine borane
H;3;B-PPh((CH;)5CH,) reported earlier [34]. The mass
spectrum exhibited an intense ion at m/z 340 (5%, 93%),
and no ions of higher mass. Hence, the oil was assigned

Beilstein J. Org. Chem. 2018, 14, 2354-2365.

as the monocyclic intramolecular metathesis product
— 1

H3B-P((CH,)3CHy)(n-C gH;7) (5-BH3; see Scheme 2). The

yield was 8%.

The third product was also a colorless oil. The 13C{'H} NMR
spectrum exhibited seven signals, three of which were phos-
phorus coupled doublets (second spectrum from top, Figure 1).
Analogous coupling patterns are found with the free dibridge-
head diphosphines 2 and 3 in Scheme 1. No NMR signals diag-
nostic of methyl groups were present, and further analysis is
presented along with that for an isomer below.

A white powder was obtained next. The 3C{!H} NMR spec-
trum exhibited fourteen signals, half of which were approxi-
mately twice as intense as the others. Two signals of each set
exhibited phosphorus coupling. The overall pattern was quite
similar to those shown by metal complexes with cis or
trans coordinating diphosphine ligands of the formula
- 1 - 1
(P(CH,)13CH)((CHy)14)(P(CHy)13CHy) (6) [6,7,12,13,35].
This suggested the diphosphine diborane structure 6:2BH3 (see
Scheme 2), which is derived from one metathesis involving
alkenyl moieties on different phosphorus atoms, and two me-
tatheses of alkenyl moieties on identical phosphorus atoms. The
yield was 10%. The structure has been confirmed by an
independent synthesis (detachment of the diphosphine from a
platinum complex followed by borane addition) and a crystal

structure [6].

Finally, another white powder was obtained. As with the
previous oil isolated above, the 13C{'H} NMR spectrum exhib-

crude reaction mixure

* * *
*
“ U\ in,out-2-2BH3 A A
* X%
“ (in,inlout,out)-2-2BH3 i A H
* *

# (" * % 1 *
_l e
310 300 290 280 27.0 26.0 250 240 230 220 210

ppm

Figure 1: The 13C{'H} NMR spectra (CDCl3, 100 MHz) of in,out-2:2BHj3, (in,in/out,out)-2:2BH3, 6:2BH3, and the crude reaction mixture after
hydrogenation from Scheme 5 (top); doublets are marked with an asterisk.
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ited seven signals, three of which were phosphorus coupled
doublets (third spectrum from top, Figure 1). Both spectra were
consistent with dibridgehead diphosphine diboranes
H3B-P((CHj)14)3P-BHj (2-2BH3) derived from threefold inter-
molecular metatheses of 1:BH3. Based upon independent syn-
theses from the dibridgehead diphosphines 2 obtained in
Scheme 1 [6], they were assigned as in,out-2-:2BH3 (4%) and
the stereoisomer (in,in/out,out)-2:2BH3z (2%), as shown in
Scheme 2. The depiction of the latter as an out,out (vs in,in)
isomer in Scheme 2 is arbitrary, but represents the form found
in a confirming crystal structure [6].

Parallel reactions were conducted with Grubbs' second genera-
tion catalyst and the nitro-Grela catalyst [36]. However, the
combined yields of 2 diminished.

2. Diphosphorus precursors

Since the yields of the cage like diphosphine diboranes 2-2BHj3
in Scheme 2 were — as expected — very low, alternative strate-
gies were considered. The poor mass balance was attributed, at
least in part, to the formation of oligomeric products that were
retained on the column. Improvements might be expected from
precursors in which one of the methylene chains tethering the
two phosphorus atoms was pre-formed. Thus, we set out to
prepare a tetraalkenyl metathesis precursor as shown in
Scheme 3.

The first step, a previously reported reduction of commercial
1,14-tetradecanedioic acid to 1,14-tetradecanediol (7) [37], was
followed by an Appel reaction to give 1,14-dibromotetradecane
(8) [38-43]. An Arbuzov reaction then afforded the diphospho-
nate (EtO),(0O=)P((CH;)14)P(=O)(OEt), (9) [44]. Subsequent
reduction with LiAlH4 gave the diprimary diphosphine
H,P((CHj)14)PH; (10) in 76% yield from 7 as a foul smelling
white powder.

It has been shown that borane adducts of primary phosphines
can be doubly deprotonated, and that the resulting phosphorus
dianions can be bis(alkylated) [45-47]. Thus, the diphosphine
10 and H3B-SMe, were reacted to give the diphosphine dibo-
rane Hy(H3B)P((CHj)4)P(BH3)H, (10-2BH3) as a white solid
in 87% yield. A subsequent reaction with n-BuLi (4.4 equiv)
and Br(CHy)sCH=CH, (4.0 equiv) gave the tetraalkenyl target
(H,C=CH(CH;)6)2(H3B)P((CH2)14)P(BH3)((CH2)sCH=CH,);
(11-2BH3), but in only 18% yield.

Accordingly, two alternative routes to 11:2BH3 were consid-
ered. The initial step for the first is depicted in Scheme 4. Pri-
mary phosphines can be doubly deprotonated, analogously to
borane adducts, and the phosphorus dianions subsequently
bis(alkylated) [34,48]. Thus, 10 was treated with n-BuLi

Beilstein J. Org. Chem. 2018, 14, 2354-2365.

0 O

P NN NP

HO OH

1. N-methylmorpholine
2. ethyl chloroformate

3. NaBH,
/\/\/\/_\/\/\/\
HO OH
7,96%

\ CBry, PPh3, THF

SN N TN SN

Br Br
8, 85%

\ neat POEts, 150 °C

O:P\""'OEt 9. 96% EtO"‘;P:O
OFEt PR EtO
LiAlH4, Et,O
/\/\/\/_\/\/\/\
© PiwH HwP <
\ 4
H 10, 97% H
‘ H3;B-SMe,, THF
SN NN N
H3B_P\""‘H H"“'IP_BH;:,
H 10-2BH3, 87% H

1. n-BuLi, THF
2. Br(CHz)scH:CHz

11-2BH3, 18%

Scheme 3: Synthesis of the diphosphorus precursor 11-2BH3.

(4.1 equiv) and then Br(CH;)¢CH=CH, (4.0 equiv). Work-
up gave the target compound (HoC=CH(CH,)4),P((CH»)14)P-
((CH»)¢CH=CHj); (11) in 72% yield. However, all attempts to
convert 11 to 11-2BH3 gave only traces of the latter. Mainly
insoluble material formed, which was presumed to be
oligomeric and possibly derived from B—H additions to the
alkenyl groups.

In the second approach, 10 was first converted to the

tetrachloride CI1,P((CHj)14)PCl, (12) in 94% yield using
triphosgene, a standard reagent for the chlorination of phos-
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12-2BH,

H3B-SMe,, THF

& RCl ClP o
Cl 12, 94% Cl
triphosgene, CH,Cl,
ST NN NN
© P-uH HwP <
\ 4
H 10 H
1. n-BuLi, THF

2. Br(CH,)sCH=CH,

11, 72%

H3B-SMe,, THF

11-2BH,

Scheme 4: Truncated approaches to the diphosphorus precursor
11-2BH3 from 10.

phorus—hydrogen bonds [49]. Since a direct reaction with an
excess of the Grignard reagent BrMg(CH,)sCH=CH, would
give 11, a dead end, initial conversion to the bis(borane) adduct
12-2BH3; was envisioned. However, reactions of 12 and
H3;B-SMe, (2.1 equiv) afforded only insoluble material.

Thus, despite the low yield of the final step in Scheme 3, rea-
sonable quantities of the diphosphine diborane 11-:2BH3 could
be stockpiled. As shown in Scheme 5, 11:2BH3 was subjected
to a metathesis/hydrogenation/column chromatography se-
quence similar to that for 1-BH3 in Scheme 2. However, a
tenfold higher dilution was used in the metathesis step
(0.0010 M as compared to 0.010 M).

Figure 1 shows a 13C{!H} NMR spectrum of the crude product
after hydrogenation stacked above spectra of the three products
that could be isolated after the rather tedious column chromato-
graphy: the dibridgehead diphosphine diborane in,out-2-2BHj3,
its constitutional isomer 6-2BH3, and its stereoisomer (in,in/
out,out)-2:2BHj3. It can be inferred from the top spectrum that
the three products were the major components and moreover

present in approximately equal amounts. However, the isolated

Beilstein J. Org. Chem. 2018, 14, 2354-2365.

11-2BH;
0.0010 M in 1700 mL CH,Cl,

1. 5 mol % Grubbs' first 2.3 mol %
generation catalyst, Wilkinson's catalyst,
0.0017 M in 50 mL CH,Cl, 5 bar Hy,
0 °C to reflux CH,Cl,, 55 °C

—
!
in,out-2-2BH3, 6%
HasPM?\/\/\N\IJ P-BHs
6-2BH3, 5%

o

(in,in/ out,out)-2:2BH3, 7%

Scheme 5: Alkene metathesis of the diphosphorus precursor 11-2BH3.

yields were affected by the challenging separation. In particular,
in,out-2-2BH3 and 6-2BHj eluted very closely, rendering some
mixed fractions unavoidable and lowering the amounts of pure
products.

Compared to the metathesis/hydrogenation sequence for 1-BHj3
(Scheme 2) the yields of in,out-2-2BH3 and (in,in/out,out)-
2-2BHj3 (Scheme 5) are higher but still poor. Taking into
account the overall yields (three steps from PCl; and
BrMg(CH;)¢CH=CHj in the first synthesis vs seven steps from
1,14-tetradecanedioic acid in the second), the latter route does
not offer any advantage, even if one were to improve the
conversion of 10-2BHj3 to 11-2BH3.
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Discussion

As contrasted in Scheme 6, Scheme 2 and Scheme 5 present
two conceptually related routes to the isomeric title compound
2:2BHj. In the first, two trialkenylphosphine boranes
(1-BH3 = I) must undergo metathesis. The first productive step
is intermolecular, giving a diphosphorus compound with a
P(CH;)¢CH=CH(CH;)¢P tether II that is positioned for subse-
quent intramolecular ring closing steps. Those involving alkenyl
groups from different phosphorus atoms are productive (leading
to 2:2BH3 via hydrogenation of Illa), and those involving
groups from the same phosphorus atoms are non-productive
(leading to 6-2BH3 via hydrogenation of I'Va). In the second,
the starting material has a preformed P(CHjy) 4P tether
(11-2BHj3 = V), and the four alkenyl groups have reactivity
options (— IIIb or IVb) analogous to those of intermediate II
with the P(CH,)sCH=CH(CH,)¢P tether. Importantly, all of
these steps are presumed to be largely under kinetic control,
consistent with experience with the types of metatheses in
Scheme 1 [1-13,34].

Although the second route intuitively seems more favorable,
after the initial intermolecular metathesis of 1-BHj3 (I), both
require an equivalent series of steps to reach (after hydrogena-
tion) 2-2BHj3. One reason 1-BHj is an inferior substrate is that
following the initial generation of a P(CH,)¢sCH=Ru species,
two P(CH,)sCH=CH, moieties remain available for non-
productive intramolecular ring closing metathesis (giving VI).
In contrast, with the analogous intermediate derived from
11-2BHj (V), there is only one P(CH;)sCH=CH, moiety that
can give non-productive chemistry. It is also worth noting that

| HB—P~~ o —> || HyB =P CHCHN A~_P-BH, |

VI v
ax=1
l b,x=2
oligomers <

i
|

H3B — P CHCHA AL

Beilstein J. Org. Chem. 2018, 14, 2354-2365.

high dilution provides less of an advantage in Scheme 2, as one
wants to favor intermolecular over intramolecular metatheses in
the first step. In Scheme 5, one wants to avoid intermolecular
metatheses at all stages.

At present, we have no rationale for the in,out vs (in,in/out,out)
isomer ratios for 2:2BH3. However, it is easy to map the se-
quence leading to each, as shown in Scheme 7. When there is
only one tether between the two phosphorus atoms, the phos-
phorus—boron bonds can be arrayed in an anti fashion, as
depicted in VII. When subsequent metatheses join alkenyl
groups in the syn positions on each phosphorus atom (front to
front and rear to rear), (in,in/out,out)-2-2BH3 must result (as

drawn in Scheme 7, the out,out isomer would be the kinetic

H;B-P P—BH3——=(in,in/out,out)-2:2BH3

Vil
/*@80“ ;\\\

H3B-P~ Np-BH; —— HB-P” HiB P

Vil
‘/7?\’ “crossed l
HsB-P P—?)':s - chain” in,out-
isomers 22BH,

Scheme 7: Steps that set the in,in/out,out vs in,out stereochemistry of
2-2BH3 in Scheme 2 and Scheme 5.

rjﬂu
-BH, —> oligomers

™
N\

+ H3B_P\NCHXCHX\/\/P_BH3

1]
X=
b, x

N

Vv

-
s
<

Scheme 6: Schematic comparison of the key alkene metathesis steps in Scheme 2 and Scheme 5.
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product). When the first metathesis does not join the syn posi-
tions, as in VIII (front to rear), one phosphorus—boron bond
must subsequently be rotated by 180° to create a syn orienta-
tion for the second metathesis.

Of course, if the first metathesis step does not require a syn rela-
tionship (per VIII), the same possibility can be entertained for
the second (see IX). This would lead to an isomeric bicyclic
compound with "crossed chains". We have sought to access
such species by conducting metatheses of substrates of the types
in Scheme 1 that give thirty-three membered macrocycles
(n =30) [7]. However, none have so far been detected. Other
types of crossed chain in/out isomer systems have in fact been
realized [25,30].

As communicated earlier [28] and will be described more fully
in a later paper, both isomers of 2-2BHj are easily deprotected
to give the respective isomers of the dibridgehead diphosphine
2 in high yields. Since phosphine oxides are also easily
converted to phosphines, one could consider parallel
approaches to 2 via metatheses of the phosphine oxide
(0=)P((CH;,)sCH=CHj)3 (1(=0)) or diphosphine dioxide
(H,C=CH(CH,)¢)2(0=)P((CH2)14)P(=0)((CH;)sCH=CH>),
(11-2(=0)). Given the poor results with 1:-BH3 in Scheme 2, no
attempt has been made to explore similar reactions with 1(=0).

O

11

T((CHz)mCH:CH 2)2 1. Grubbs' first
en. catalyst

(CHa), 9 Y

( n-13

2. H, (5 bar),
PtO,

:

R((CH2),CH=CH2),
(0]

Q,out
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However, as shown in Scheme 8, it has proved possible to
synthesize the diphosphine dioxides 14, in which the two phos-
phorus atoms are tethered by a methylene chain, in two
steps in 66—-68% overall yields from diethyl phosphonate
((0O=)PH(OEt),), Grignard reagents BrMg(CH>),,CH=CHj,,
base (NaH), and appropriate a,®-dibromides Br(CH;),Br [25].
Following metathesis and hydrogenation, these afford dibridge-
head diphosphine oxides 15 and 16 in 14-19% yields. This is
slightly better than the combined yield of in,out- and (in,in/
out,out)-2-2BH3 in Scheme 5, although the data are not strictly
comparable as the ring sizes differ. It has not yet proved
possible to efficiently separate the in/out isomers of 15 and 16.
However, byproducts derived from metatheses of alkenyl
groups on the same phosphorus atom — such as 17 (comparable

to 6:2BH3) — appear to form in much smaller amounts.

To our knowledge, only one macrocyclic dibridgehead diphos-
phine diborane has been previously reported, (in,in/out,out)-
18:2BHj3 in Scheme 9 [50,51]. This features triarylphosphorus
bridgeheads and p-phenylene containing tethers that are long
enough to allow rapid homeomorphic isomerization. The pre-
cursor 18-2(=0) was prepared by a threefold Williamson ether
synthesis in surprisingly high yields (61% in,in/out,out and
in,out combined) [50,51], likely aided by the geminal dialkyl
effect associated with the quaternary centers [52].

o=
=
I
N
w

n'-13

out,out J

n'/n =12/12, 15, 19%; 14/08, 16, 14%

Jn-13
P=0 0=P

)n'—13 ( n'-13

n/n =12/12, 17,
characterized
crystallographically

Scheme 8: Another non-metal-templated approach to dibridgehead diphosphorus compounds.
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(in,in/out,out)-18-2(=0)

1. excess HSICl
toluene, rt

2. excess BH3 THF
toluene, 80 °C

D T S =

(in,in/ out,out)-18-2BH3

Scheme 9: Previously synthesized dibridgehead diphosphine diboranes.

Finally, it should be noted that a number of alkene containing
phosphine boranes have been employed in metathesis reactions
[53,54]. In particular, the tetraalkenyl diphosphine diborane
19-2BHj3 in Scheme 10 represents a downsized version of
11-2BHj3. A species analogous to 6:2BH3, 20-2BH3, is obtained
in much higher yield than any of the products in Scheme 5 [53].
Hence, selectivities can strongly depend upon the lengths of the
methylene segments in the precursor.

HisB ,—\ BH3 4 mol % Grubbs'first H3B ,~— BHj
P P generation catalyst P P
/J/e $\\\ CH,Cl,, reflux Q @
19-2BH; 20-2BH3, 55%

no other bicyclic
product detected

Scheme 10: Alkene metathesis of the tetraalkenyldiphosphine dibo-
rane 19-2BHs.

Conclusion
In conclusion, this work constitutes a further installment in the

evolution of synthetic strategies for dibridgehead diphosphorus

36%

compounds that employ alkene metathesis. The new ap-
proaches (Scheme 2; Scheme 3 and Scheme 5) lack metal tem-
plates, which differentiates them from the routes presented in
Scheme 1. However, neither is competitive with Scheme 1,
despite eliminating the requirement for stoichiometric amounts
of precious metals. Furthermore, preassembling a diphosphine
diborane substrate per Scheme 3 and Scheme 5 is not competi-
tive with the "shotgun" approach in Scheme 2, and both routes
require comparably demanding preparative column chromato-
graphy. Hence, the most promising direction for future research
would seem to be templated syntheses via non-precious metals
[55]. This remains an area of ongoing investigation in our labo-

ratory and further results will be reported in due course.

Experimental

General. Reactions (except hydrogenations) were conducted
under inert atmospheres using standard Schlenk techniques. All
chromatography was carried out under aerobic conditions. Ad-
ditional data are supplied in Supporting Information File 1.

Metathesis/hydrogenation of H3B-P((CH;)¢CH=CH,)3

(1'-BH3; Scheme 2 [32]). A Schlenk flask was charged with
1-BH3 (1.177 g, 3.110 mmol) [31] and CH;Cl; (320 mL; the re-
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sulting solution was 0.0097 M in 1-BH3) and cooled to 0 °C. A
solution of Grubbs' first generation catalyst (0.077 g,
0.094 mmol, 3 mol %) in CH;,Cl, (50 mL) was added dropwise
via syringe with stirring over 1 h. The cooling bath was re-
moved. After 2 h, additional Grubbs' first generation catalyst
was added as a solid (0.051 g, 0.062 mmol, 2 mol %). The flask
was fitted with a condenser and the mixture was refluxed
overnight, cooled to room temperature, and passed through a
SiO; pad (3 cm), which was rinsed with CH,Cl,. The eluate
was concentrated to ca. 20 mL by rotary evaporation, and trans-
ferred to a Fischer—Porter bottle. Wilkinson's catalyst (0.086 g,
0.093 mmol, 3 mol %) was added, and the bottle was partially
evacuated and charged with hydrogen (5 bar). The sample was
kept at 55 °C for 60 h. The solvent was removed and the residue
was placed at the top of a chromatography column (SiO,,
3.5 x 36 cm), which was eluted with hexanes/CH,Cl, (3:1 to
1:3 v/v) and then CH,Cl,. Fractions were assayed by TLC,
combined where appropriate, and slowly evaporated to dryness
in a fume hood. Some fractions (0.091 g total out of the recov-
ered mass of 0.344 g) consisted of unidentified and/or impure
products, or oligomers and polymers. Products that could be
characterized are as follows (in order of elution).

H;3B-P(n-CgHy7)3 (4-BH3 [33]; 0.007 g, 0.018 mmol, 1%),
colorless oil. Anal. caled for Co4Hs4BP (384.47): C, 74.98; H,
14.16; found: C, 74.93; H, 14.02; 'H NMR (400 MHz, CDCl3)
8 1.53-1.37 (m, 12H, CHj), 1.33-1.30 (m, 6H, CH,;), 1.26-1.23
(m, 24H, CH>), 0.83 (t, 3Jyp = 6.9 Hz, 9H, CHz), 0.47 and 0.19
(br apparent d, 3H, BH3); 13C{!H} NMR (101 MHz, CDCls)
8 31.7 (s, CHy), 31.1 (d, Jcp = 12.0 Hz, CH»), 29.0 (s, CH,),
28.9 (s, CHp), 22.9 (d, Jcp = 34.3 Hz, CH,), 22.50 (s, CHy),
22.48 (s, CHy), 14.0 (s, CH3); 3'P{'H} NMR (162 MHz,
CDCl3) 8 15.9 and 15.5 (br apparent d); IR (oil film): 2926 (s),
2856 (m), 2366 (m), 1463 (m), 1413 (w), 1378 (w), 1135 (w),
1061 (m), 1034 (w), 807 (w), 764 (w), 722 (m) cm™!; MS (EI)
[56]: 384 (MY, <1%), 370 ([M — BH3]", 79%).

- 1
H;B-P((CH,)3CH,)(n -C gH;7) (5-BH3; 0.090 g, 0.25 mmol,
8%), colorless oil. Anal. calcd for Cy,HygBP (354.40): C,
74.56; H, 13.65; found: C, 74.27; H, 13.52; 'H NMR
(500 MHz, CDCl3) 6 1.62-1.19 (m, 42H, CH,), 0.86 (t, 3H,
3Juan = 7.0 Hz, CH3), 0.48 and 0.26 (br apparent d, 3H, BH3);
BC{'H} NMR (126 MHz, CDCl3) 6 31.7 (s, CH»), 31.2 (d,
Jep = 12.6 Hz, CH,), 29.03 (s, CHy), 29.01 (s, CH»), 28.9 (d,
Jop = 11.1 Hz, 2CH,), 26.7 (s, 2CH,), 26.53 (s, 2CH,), 26.48
(s, 2CHy), 26.1 (s, 2CH,), 23.8 (d, Jcp = 35.4 Hz, CH,), 22.57
(d, Jop = 1.2 Hz, 2CH,), 22.55 (s, CHy), 22.3 (d, Jcp = 33.6 Hz,
CH,), 21.2 (d, Jep = 3.3 Hz, 2CH;), 14.0 (s, CHj3);
31p (IH} NMR (202 MHz, CDCl3) 8 15.6 and 15.2 (br apparent
d); IR (oil film): 2926 (s), 2856 (m), 2366 (m), 1459 (m), 1417
(w), 1135 (w), 1061 (m), 811 (m), 760 (m), 722 (m) cm™'; MS
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(EI) [56]: 340 ([M — BH5]*, 93%), 228 ([M — BH; — CgH;7 +
177, 100%).

in,out-H3B-P((CH3)14)3P-BH;3 (in,out-2-2BH3; 039 g,
0.057 mmol, 4%), colorless oil. Anal. caled for C4pHgoB,P>
(678.73): C, 74.32; H, 13.37; found: C, 73.86; H, 13.49;
'H NMR (500 MHz, CDCIl3) & 1.56-1.51 (m, 12H, PCH>),
1.49-1.42 (m, 12H, CH>), 1.39-1.33 (m, 12H, CH,), 1.31-1.21
(m, 48H, CH;), 0.45 and 0.27 (br apparent d, 6H, BH3);
Bc{H} NMR (126 MHz, CDCls) § 30.5 (d, Jcp = 11.3 Hz,
CHj), 28.35 (s, CHjy), 28.28 (s, CH,), 28.2 (s, CH), 28.1 (s,
CHj), 23.0 (d, Jcp = 34.3 Hz, CHj), 22.2 (d, Jcp = 1.9 Hz,
CH,); 3'P{!H} NMR (202 MHz, CDCl3) 5 15.6 and 15.4 (br
apparent d); IR (oil film): 2926 (s), 2853 (m), 2366 (w), 1459
(w), 1413 (w), 1135 (w), 1061 (m), 803 (w), 722 (w) cm™'; MS
(MALDI*, THAP) [56]: 651.6 ([M — 2BH3 + 11*, 100%).

—— 1
H;B-P((CH,)13CH;,)(CH;,)14)P((CH;)13CH,)'BH; (6-2BH3;
0.101 g, 0.149 mmol, 10%), white solid, mp 96 °C (capillary).
Anal. calcd for C4pHggB,P, (678.73): C, 74.32; H, 13.37;
found: C, 73.92; H, 13.47. The identity of this compound,
which has been independently synthesized, has been confirmed
crystallographically [6]. 'H NMR (500 MHz, CDCl3)
8 1.65-1.14 (br m, 84H, CH>), 0.49 and 0.26 (br apparent d,
6H, BH3); 13C{'H} NMR (126 MHz, CDCl3) & 31.3 (d,
Jep = 12.6 Hz, CH»), 29.54 (s, CHy), 29.53 (s, CH>), 29.4 (s,
CH,), 29.1 (s, CHy), 29.0 (d, Jcp = 11.1 Hz, 2CH,), 26.8 (s,
2CHjy), 26.6 (s, 2CHy), 26.5 (s, 2CHj), 26.1 (s, 2CHy), 23.8 (d,
Jep = 35.3 Hz, CHj), 22.6 (d, Jcp = 1.0 Hz, CHy), 22.3 (d,
JCP = 33.5 Hz, 2CH2), 21.2 (d, Jcp =33 HZ, 2CH2);
31p {IH} NMR (202 MHz, CDCl3) 8 15.6 and 15.2 (br apparent
d); IR (powder film): 2922 (s), 2853 (m), 2366 (m), 1459 (m),
1417 (w), 1135 (w), 1061 (m), 791 (w), 722 (m) cm™'; MS (EI)
[56]: 678 (MY, 9%), 665 (IM — BH3]*, 100%), 652 ([M — 2BH;
+171%, 72%).

(in,in/out,out)-H3B-P((CHy)14)3P-BH3 ((in,in/out,out)-2-2BH3;
0.016 g, 0.024 mmol, 2%), colorless oil that solidified to give a
white powder, mp 112 °C. Anal. calcd for C4yH9oB;,P;
(678.73): C, 74.32; H, 13.37; found: C, 74.71; H, 13.34;
'H NMR (500 MHz, CDCl3) & 1.55-1.50 (m, 12H, CH>),
1.47-1.39 (m, 12H, CH,), 1.37-1.32 (m, 12H, CH>), 1.29-1.21
(m, 48H, CH3), 0.38 and 0.26 (br apparent d, 6H, BH3);
3BC{!H} NMR (126 MHz, CDCl3) & 30.6 (d, Jcp = 12.1 Hz,
CHj), 29.23 (s, CHy), 29.17 (s, CH,), 28.9 (s, CH,), 28.4 (s,
CHj), 22.5 (d, Jcp = 34.1 Hz, CHj), 22.1 (d, Jcp = 2.7 Hz,
CH,); 3'P{!H} NMR (202 MHz, CDCl3) § 14.9 and 14.7 (br
apparent d); IR (powder film): 2922 (s), 2853 (s), 2366 (m),
1467 (m), 1413 (w), 1131 (w), 1061 (m), 807 (w), 760 (w), 718
(m) cem™'; MS (MALDI*, THAP) [56]: 702.0 ([M + Na]*,
98%), 666.0 (M — BH3 + 1]*, 100%).
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Metathesis/hydrogenation of (H,C=CH(CHj;)¢)2(H3B)P-
((CHz)14)P(BH3)((CH2)6CH=CH2)2 (11‘2BH3; Scheme 5
[32]). Diphosphine diborane 11-2BHj3 (1.222 g, 1.672 mmol),
CH,Cl, (1700 mL; the resulting solution was 0.0010 M in
11-2BH3), Grubbs' first generation catalyst (0.069 g,
0.083 mmol, 5 mol %), Wilkinson's catalyst (0.046 g,
0.050 mmol, ca. 3 mol %), and H, were combined in a proce-
dure analogous to that used for 1:-BH3. An identical work-up
gave in,out-2-2BH3 (0.072 g, 0.106 mmol, 6%, minor impuri-
ties evident by 13C{{H} NMR), 6-2BH3 (0.056 g, 0.083 mmol,
5%, minor impurities evident by 13C{'H} NMR), and (in,in/
out,out)-2:2BH3 (0.075 g, 0.111 mmol, 7%), along with several
fractions consisting of unidentified and/or impure products, or
oligomers and polymers. Spectroscopic data for in,out-2:2BHj3,
(in,in/out,out)-2-2BH3, and 6-2BH3 matched those reported
above.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-211-S1.pdf]
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The molybdenum and tungsten complexes M;(OR)g (M02F6, M = Mo, R = C(CF3),Me; W2F3, M = W, R = OC(CF3)Me;) were
synthesized as bimetallic congeners of the highly active alkyne metathesis catalysts [MesC=M{OC(CF3),Me;—,}] (MoF6,

M = Mo, n=2; WF3, M =W, n=1; Mes

= 2,4,6-trimethylphenyl). The corresponding benzylidyne complex

[PhC=W {OC(CF3)Me,}] (WPMF3) was prepared by cleaving the W=W bond in W2F3 with 1-phenyl-1-propyne. The catalytic
alkyne metathesis activity of these metal complexes was determined in the self-metathesis, ring-closing alkyne metathesis and

cross-metathesis of internal and terminal alkynes, revealing an almost equally high metathesis activity for the bimetallic tungsten

complex W2F3 and the alkylidyne complex WPBF3. In contrast, Mo2F6 displayed no significant activity in alkyne metathesis.

Introduction

While the field of olefin metathesis has seen significant
progress in the past decades [1-5], the synthetic potential of
alkyne metathesis has been growing only recently [6-11].
Alkyne metathesis represents a transition-metal-catalyzed trans-
formation in which carbon—carbon triple bonds are cleaved and
formed under mild conditions via metallacyclobutadiene
(MCBD) intermediates [12]. Ongoing progress in the develop-
ment of highly active homogeneous alkyne metathesis catalysts
(Figure 1) has increased the value of this method in natural

product and materials chemistry.

The contributions from our group to the development of alkyne
metathesis catalysts were initially based on a design strategy
inspired by the structure of highly active olefin metathesis cata-
lysts, the Schrock-type molybdenum and tungsten alkylidene
complexes [13-15]. Imidazolin-2-iminato ligands were used to
modify Schrock-type alkylidyne complexes, resulting in new
active alkyne metathesis catalysts such as I (Figure 1) [16-20].
Initially, the neopentylidyne tungsten complex was synthesized
via the conventional “high-oxidation-state route” developed by
R. R. Schrock [16,17,21,22]; later, the “low-oxidation-state
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Figure 1: Selected homogeneous catalysts for alkyne metathesis.

route”, starting from M(CO)g (M = Mo, W), was employed,
which gave rise to the corresponding molybdenum and tung-
sten benzylidyne complexes [18-20].

In addition to these, several well-defined alkylidyne complexes
have been developed and successfully utilized in alkyne metath-
esis in the past decade. The molybdenum alkylidyne complex
with triphenylsiloxide ligands (type II) introduced by
A. Fiirstner and co—workers is frequently used in the total syn-
thesis of natural products [23-27]. A unique catalytic reactivity
towards conjugated diynes was observed for the tungsten
benzylidyne complex with OSi(Oz-Bu); ligands (type III) [28-
30]. The catalyst II1, which is capable of promoting conven-
tional alkyne metathesis [19], also proved to be highly active in
the cross metathesis of symmetric 1,3-butadiynes to form un-
symmetrically substituted 1,3-butadiynes [30]. W. Zhang and
his group introduced several multidentate phenoxide ligands to
molybdenum propylidyne precursors to form chelate com-
plexes of type IV [31-34]. These catalysts were especially suc-
cessful in the construction of supramolecular materials such as
ethynylene-linked polymers [11,35], porous networks [36] and
molecular cages [37-43]. Furthermore, living ring-opening
alkyne metathesis polymerization (ROAMP) has been intensely
studied for different molybdenum alkylidyne complexes by the
group of F. R. Fischer, who was able to monitor the influence of
both the alkylidyne moiety as well as the ancillary ligands [44-
48].

More recently, we expanded the “low-oxidation-state route” to
the synthesis of 2,4,6-trimethylbenzylidyne complexes of
molybdenum and tungsten [18,49,50], which led to an in-
creased steric demand at the metal center. This proved to be ad-

Mo
Me(CF3),CO™ |

MoF6

< W
OC(CF3)2Me  Mey(CF3)CO™ | \OC(CFg)Meg

Me,(CF3)CO
WF3

vantageous for the catalytic activity, since the removal of
coordinating solvents like THF or DME was facilitated [49].
The molybdenum 2,4,6-trimethylbenzylidyne complex
[MesC=Mo{OC(CF3);Me}3] (Figure 1, MoF6) represents the
first alkyne metathesis catalyst capable of effective and highly
selective terminal alkyne metathesis [49,51-53]. Later, a study
was conducted to determine the optimum degree of fluorination
of the alkoxide ligands for tungsten alkylidyne complexes
[53,54]. It was found that the tungsten alkylidyne complex
[MesC=W {OC(CF3)Me,}5] (Figure 1, WF3) showed excellent
catalytic performance not only in the metathesis of internal but
also, for the first time with the metal tungsten, terminal alkynes
at room temperature [54]. Our studies clearly display a strong
dependency of the catalytic alkyne metathesis activity on the
metal-alkoxide combination. The electrophilicity of the metal
sites can be controlled by the number of fluorine atoms of the
ancillary fluoroalkoxide ligands [55-57]. The difference in the
optimum degree of fluorination for molybdenum and tungsten is
rationalized by the increased intrinsic electrophilicity of tung-
sten compared to molybdenum [56].

Based on these insights into the structure—activity relationship
of alkyne metathesis catalysts, we wanted to establish an alter-
native and convenient access to highly active catalysts. Herein,
we report the systematic study on the metathesis performance of
bimetallic hexaalkoxide complexes My(OR)g (M = Mo,
R = OC(CF3),Me, M02F6; M = W, R = OC(CF3)Me,, W2F3),
which draw upon the most catalytically active alkylidyne com-
plexes MoF6 and WF3. R. R. Schrock synthesized the first
alkylidyne complex which was able to undergo alkyne metathe-
sis, [t--BuC=W(Ot¢-Bu)3] (V), originally from [NEty][?-
BuC=WCly] [22,58-61]. Subsequently, he reported a protocol
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to synthesize the alkylidyne complex V by a stoichiometric
alkyne metathesis reaction of the ditungsten complex
[(#-BuO)3;W=W(Ot-Bu);] with MeC=C¢-Bu (Scheme 1) [62].
Even though Schrock’s catalyst V was the most established
alkyne metathesis catalyst for many years [63,64], it does not
promote terminal alkyne metathesis efficiently and leads to po-
lymerization initiated by intermediate deprotiometallacyclobu-
tadiene species [55,60,61,65-67]. Moreover, the bimetallic
[(#-BuO)3sW=W(Ot-Bu)3] complex has not been directly em-
ployed in catalytic alkyne metathesis.

————t-Bu

(t-Bu0);W=W(Ot-Bu);

vy

\'A

Scheme 1: Synthesis of alkylidyne complex V from bimetallic
[(t-BuO)3W=W(Ot-Bu)z]; the catalytically active ditungsten complex
[Wo(MMPO)g] (VI, MMPO = 1-methoxy-2-methylpropan-2-ol) [68].

A. Mortreux and his group found that the alkyne metathesis
selectivity of Schrock’s original catalyst V can be enhanced by
adding an external ligand like quinuclidine to the reaction mix-

Mo,Clg(dme), + 6 equiv NaOC(CF3),Me
CHyCl, 30 h
— 6 NaCl, dme
Me(F5C)2CQ, OC(CF3)2Me
Me(F3C)2Co-D/Io Mo<OC(CF3)2Me
Me(F3C),CO OC(CF3)2Me
Mo2F6

Beilstein J. Org. Chem. 2018, 14, 2425-2434.

ture [61]. Thereby, the self-metathesis yield of 1-heptyne could
be increased to 80% at elevated temperatures. Based on this ap-
proach, the dinuclear tungsten complex [W,(MMPO)¢] (VI,
MMPO =
catalyzed alkyne metathesis of 1-heptyne at elevated tempera-

1-methoxy-2-methylpropan-2-ol) was isolated which

tures [68] and to date represents the only well-defined ditung-
sten complex which has been successfully used in alkyne me-
tathesis.

The organometallic chemistry of the M;Xg complexes (X =R
(alkyl), NR,, OR) with metal-metal triple bonds (M = Mo, W)
has attracted attention for many years (mainly during the 70s,
80s and 90s) [69]. A plethora of dinuclear compounds has been
published [70-78], and detailed studies on their reactivity have
been conducted [79-85]. Therefore, the reactivity of ditungsten
complexes towards alkynes has been known for quite some
time. The metal-metal triple bond of many ditungsten com-
plexes can be cleaved by alkynes in a metathesis-like reaction to
form the corresponding alkylidyne complexes [62,86]. Dinu-
clear Mo=Mo complexes, however, have not yet been cleaved

efficiently by alkynes [87].

Results and Discussion

Complex synthesis

The dimeric molybdenum complex [Mo,Clg(dme),]
(dme = 1,2-dimethoxyethane) serves as an excellent starting
material for compounds of the type Mo,Xg (X = alkyl,
alkoxide) [73]. The desired hexakis(fluoroalkoxide) dimer
[Mo,{OC(CF3),;Me}¢] (M02F6) was first isolated by D. Rogers
and his group by salt metathesis of [Mo,Clg(dme),] with
6 equiv of NaOC(CF3),Me (Scheme 2) [73]. This reaction

W3(NMey)s  + 20 equiv HOC(CF3)Me,
hexane, 3d
— 5 HNMe;
Mey(FsC)CQ ~ OC(CF3)Me;
'\/'62(Fsc)oo—w—w‘gg(g?)me2
e
Mex(FsC)CO  NHM éz 3)Me;
W2F3-NHMe,
pentane, 24 h
— NHMe,
MEZ(F3C)CO OC(CF3)M92
Me(F3C)CO-W= W‘OC(CFg)MeZ
Me(FsOICS  OC(CFaMe;

W2F3

Scheme 2: Synthesis of hexakis(fluoroalkoxide) dimers Mo2F6 [73] and W2F3.
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affords a red, sparingly soluble complex in moderate yield
(28%).

The bimetallic tungsten analogue to WF3,
[W2{OC(CF3)Me,}4] (W2F3), can be prepared by the reaction
of [NaW,Cl7(THF)s] with 6 equiv of NaOC(CF3)Me, [86], but
this procedure requires one equivalent of toxic sodium
amalgam. Therefore, we decided to attempt the protonolysis of
hexakis(dimethylamido)ditungsten [W,(NMe,)g] with the
alcohol HOC(CF3)Me, [71,88], which has been described very
briefly in the literature [89]. [W,(NMe,)¢] is easily accessible
from WCl, and LiNMe, and has emerged as an important
starting material for various dinuclear tungsten compounds [90].
M. H. Chisholm and co-workers used 6 equiv of the free
alcohol to exchange the amide ligands and isolated the
bis(dimethylamino) adduct of the ditungsten complex [89]. The
amine ligands were liberated under reduced pressure and at
elevated temperature. However, in our hands, an excess of
HOC(CF3)Me,; was required to drive the reaction to
completion and led to the formation of the complex
[W,{OC(CF3)Me;}¢(NHMe;)] (W2F3-NHMe;) (Scheme 2).
The additional amine ligand stems from the protonolysis reac-
tion of the amide with the fluorinated alcohol. Brown crystals
suitable for X-ray diffraction analysis were isolated from a satu-
rated pentane solution at —40 °C. The molecular structure of this
complex was established by X-ray diffraction analysis. The
ORTEP diagram is shown in Figure 2, and selected bond
lengths and angles are displayed in Table 1.

The tungsten—tungsten triple bond of 2.3452(2) A falls in the
range of previously reported bond lengths of this type [69]. For
example, the W=W distance in [W,{OC(CF3),Me}]¢ is
2.309(3) A [78], 2.430(8) A in [Wo(MMPO)¢] [68], and
2.332(1) A in [Wo(OCHMe»)g(py)2] (py = pyridine) [90]. The
WI-N bond length of 2.270(3) A is longer compared to the
W-N distances in [Wo(NMey)g] (1.95(2)-1.99(2) A) [71] and
[W>Cly(NMey),] (1.935(8)-1.937(9) A) [91]. This is attributed
to the neutral nature of the NHMe, ligand compared to the

Table 1: Selected bond lengths [A] and angles [°]:

Bond Bond length [A] Bond angle
W1-W2 2.3452(2) 01-W1-02
W1-01 1.905(2) 01-W1-03
W1-02 1.911(3) 02-W1-03
W1-03 1.970(2) O01-W1-N
W1-N 2.270(3) 02-W1-N
W2-04 1.930(2) 03-W1-N
W2-05 1.818(2) 06-W2-05
W2-06 1.872(2) 06-W2-04

Beilstein J. Org. Chem. 2018, 14, 2425-2434.
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Figure 2: Molecular structure of W2F3-NHMe, with thermal displace-
ment parameters drawn at 50% probability. Hydrogen atoms are
omitted for clarity.

negative NMe, ligand and indicates a weak bond between
the tungsten and the nitrogen atom. Coordination of the
NHMe, ligand to W1 affords markedly longer W1-O bonds
(1.905(2)-1.970(2) A) than the W2-O bonds
(1.818(2)-1.930(2) A). The W1 atom is coordinated in an
almost square-pyramidal fashion (t5 = 0.25) [92] while the W2
atom adopts a nearly tetrahedral geometry (14 = 0.89) [93],
which is usually observed in X3W=WX3 complexes [72,83,94].
The coordination of one amine ligand after the protonolysis of
the amide ligands in [W,(NMe,)¢] has been observed before,
e.g., in [W)(OAr)s(HNMe,)] (Ar = 3,5-dimethylphenoxide)
[95].

Complex W2F3-NHMe, appeared to be rather unstable espe-
cially in hexane and pentane solutions. Over a period of 24 h, a
color change from brown to bright red occurred in solution.
This observation indicates the loss of the additional amine

Angle [°] Bond angle Angle [°]
93.75(11) 05-W2-04 122.91(11)
145.01(10) 01-W1-W2 104.75(8)
91.61(11) 02-W1-W2 108.97(8)
82.15(11) 03-W1-W2 106.06(7)
159.81(11) N-W1-W2 91.17(8)
81.06(11) 04-W2-W1 98.33(7
110.53(11) 0O5-W2-W1 99.29(7)
112.06(11) 06-W2-W1 111.85(8)
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ligand, and after recrystallization from pentane at —25 °C, the
red complex W2F3 was isolated. The 'H NMR spectrum
reveals the only expected signal at 1.51 ppm, which is in line
with the previously reported values, where W2F3 had been pre-
pared from [NaW,Cl7(THF)s] [86]. The 13C and 1°F NMR
spectra are also consistent with literature values. Crystals of
W2F3 suitable for X-ray diffraction analysis were obtained
upon cooling a saturated pentane solution to —40 °C. Unfortu-
nately, the crystal structure suffers from severe disorder. Each
tungsten atom is disordered over four positions, and additional-
ly, the alkoxide ligands are also disordered (for more details,
see Supporting Information File 1). Therefore, the crystal struc-
ture only confirms the connectivity and does not allow the
discussion of bond lengths and angles. This disorder pattern has
been reported repeatedly for molybdenum and tungsten
hexaalkoxides and silanolates [73,78,83,96-98]. An ORTEP
diagram of W2F3 is displayed in Supporting Information File 1
(Scheme S13).

As stated above, R. R. Schrock could generate alkyne metathe-
sis catalysts of type V (Scheme 1) from the corresponding
bimetallic complex [62,99]. Thus, we attempted the cleavage of
the M=M bond of M02F6 and W2F3 by an alkyne to generate
the corresponding benzylidyne complexes. Unfortunately, as re-
ported in the past by Schrock [62,87], we could not achieve the
selective cleavage of the triple bond in M0o2F6 by internal or
terminal alkynes to isolate the corresponding alkylidyne com-
plex. In an NMR study on the cleavage of the Mo=Mo triple
bond, in which Mo2F6 was treated with two equivalents of
1-phenyl-1-propyne, no signals corresponding to a possible
molybdenum alkylidyne complex were detected in the 'H and
19F NMR spectra over a period of three days.

In contrast, the reaction of the bimetallic tungsten complex
W2F3 with two equivalents of 1-phenyl-1-propyne in toluene
afforded the light yellow benzylidyne complex WPhF3
(Scheme 3) in satisfactory yield after recrystallization from
n-pentane. In a metathesis-like reaction, the W=W bond is
cleaved, with 2-butyne forming as a side product. Following
this reaction by 'H and 1°F NMR spectroscopy revealed fast
and selective formation of WPNE3, and after 14 minutes, most
of the starting material W2F3 was already consumed, with full

Ph
W2F3 . \l"‘ll
toluene, 4 h Me(F3C)CO™ | OC(CF3)Me,
— 2-butyne Me,(F3C)CO
WPhE3

Scheme 3: Preparation of the alkylidyne complex WPhF3,

Beilstein J. Org. Chem. 2018, 14, 2425-2434.

conversion observed after 28 minutes. Selected '°F NMR spec-

tra can be found in Figure S7 of Supporting Information File 1.

The "H NMR spectrum of WPREF3 displays two multiplets in the
aromatic region for the benzylidyne hydrogen atoms and one
singlet for the methyl groups of the trifluoro-fert-butoxy ligand
at 1.65 ppm. In the '3C NMR spectrum, the signal of the
carbyne carbon atom can be found at 266.9 ppm, which is in the
range typically observed for RC=W moieties [16-18,49,50,54].
The '°F NMR spectrum only exhibits one singlet for the com-
plex with a chemical shift of —82.4 ppm. Crystals suitable for
X-ray diffraction analysis were isolated from a saturated
pentane solution at —40 °C; again, the crystal structure suffers
from crystallographic problems: one alkoxide ligand is refined
on two positions, while another one is refined on three posi-
tions. The crystal structure, which is displayed in Figure 3, only
confirms the connectivity of this molecule, and discussion of
any bond length is not meaningful (for more details, see Sup-
porting Information File 1). A similar crystal structure with the
2,4,6-trimethylbenzylidyne moiety at the tungsten atom, which
does not exhibit disorder, has been reported previously [54].

Figure 3: Molecular structure of WPhE3 with thermal displacement pa-
rameters drawn at 50% probability. Hydrogen atoms and minor compo-
nents of the disordered OC(CF3)Me; groups are omitted for clarity.

Catalytic studies

With the bimetallic complexes M0o2F6 and W2F3 and the new
alkylidyne complex WPMF3 at hand, we aimed at systemati-
cally investigating the catalytic activity of those complexes.
Even though we failed in selectively cleaving the Mo=Mo triple
bond, we attempted catalytic alkyne metathesis with Mo2F6.
Interestingly, a marginal catalytic activity could be detected for

complex Mo2F6: over the course of four days, the dimolyb-
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denum complex achieved a conversion of 70% in the self-me-
tathesis of the standard substrate 3-pentynyl benzyl ether in tol-
uene in the presence of molecular sieves (MS 5 A) as 2-butyne
scavenger. The conversion versus time diagram (Supporting
Information File 1, Figure S8) exhibits a sigmoidal curve
progression, which indicates the slow formation of a catalytical-
ly active species, presumably an alkylidyne complex, despite
our inability to monitor the formation of such a species by
NMR spectroscopy. We attribute the poor catalytic perfor-
mance of Mo2F6 to the low solubility in all common solvents
[73], since most of the compound still remained undissolved in
the reaction mixture after four days. However, all efforts to op-
timize the metathesis conditions and to achieve higher conver-
sions failed. Attempts to increase the solubility of M0o2F6 in
toluene by performing the metathesis reaction at 60 °C led to no
detectable conversion of the starting material. Furthermore, ca-
talysis in CH,Cl, afforded even lower conversions compared to
toluene, while the metathesis failed completely in diethyl ether.

For the potential tungsten catalysts, toluene solutions of
1-phenyl-1-propyne were treated with W2F3 (0.5 mol %) and
WPRE3 (1 mol %) and stirred in the presence of molecular
sieves (MS 5 A) as 2-butyne scavenger and n-decane as internal
standard at room temperature (Scheme 4). The catalysis was
initially monitored over time through gas chromatography,
affording the conversion versus time diagram depicted in

Figure 4.

0.5 mol % W2F3 or 1 mol % WPhF3 | l
toluene, MS 5 A

— 2-butyne
! ¢

R = H, Me, Br, OMe R

Scheme 4: Self-metathesis of 1-phenyl-1-propyne derivatives by tung-
sten complexes W2F3 and WPPF3.

Figure 4 clearly shows that both tungsten complexes are active
in the metathesis of 1-phenyl-1-propyne, with the bimetallic
compound W2F3 (grey) showing a slower initiation rate com-
pared to the alkylidyne complex WPRF3. For the bimetallic
complex W2F3, an additional initiation step is required, in
which the W=W triple bond is cleaved and catalytically active
alkylidyne species are formed. Therefore, the conversion of the
substrate with catalyst W2F3 is significantly slower at the
beginning of the reaction. The initial catalyst turnover frequen-

Beilstein J. Org. Chem. 2018, 14, 2425-2434.
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Figure 4: Conversion versus time diagram for the self-metathesis of
1-phenyl-1-propyne catalyzed by 0.5 mol % W2F3 (grey) and 1 mol %
WPhE3 (black).

cies were calculated from the conversion of 1-phenyl-1-propyne
after one minute (TOF,j). The TOF of the alkylidyne com-
plex WPBF3 reaches 78 min~! (1.30 s™!), while W2F3 has a
significantly lower TOF of 13 min™! (0.21 s!) after one
minute; this value is based on the formation of two catalytically
active alkylidyne species upon treatment with the alkyne sub-
strate. After 10 minutes, the alkylidyne complex WPRF3 has
accomplished nearly full conversion and after 20 minutes, cata-
lyst W2F3 achieves the same conversion of the starting materi-
al. The maximum conversion of around 97% is reached for both
catalysts within 60 minutes. Accordingly, we aimed at further
monitoring the substrate scope of the complexes including the
metathesis of terminal alkynes as well as ring-closing alkyne
metathesis (RCAM).

Table 2 summarizes the isolated yields for various self-metathe-
sis and RCAM reactions. These findings are in line with our
initial results regarding the conversion of 1-phenyl-1-propyne
(Table 2, entry 1). Both tungsten complexes afforded excellent
yields in the metathesis of different para-substituted phenyl-
propynes (Table 2, entries 2—4). For both catalysts, the yields
are identical within the error of the experiment. Furthermore,
the well-established substrates 3-pentynyl (R = Me) and
3-butynyl (R = H) benzyl ether (Table 2, entry 5) and
3-pentynyl (R = Me) and 3-butynyl (R = H) benzyl ester
(Table 2, entry 6) afforded good isolated yields. The bimetallic
complex W2F3 is even capable of metathesizing terminal
alkynes at room temperature and performs in the same manner
as the alkylidyne complex WPPF3. Additional conversion
versus time diagrams are displayed in Figures S9 and S10 in

Supporting Information File 1. Finally, the ditungsten catalyst
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Table 2: Alkyne metathesis of different substrates.?

Entry Substrate

y°
(6)
6 MeO™ Il OMe
MeO I YQ
O
R

Product

Beilstein J. Org. Chem. 2018, 14, 2425-2434.

Cat. R Yield [%]
W2F3 96
WPhE3 95
W2F3 95
WPhE3 96
W2F3 94
WPhE3 97
W2F3 98
O OMe WPhE3 97
wars  Role %
R =Me 94
WPhE3
R=H 88
o
wars Role %
Ph R =Me 94
WHFS R=H 72
o)

0
l ‘ W2F3 86
WPhE3 84

0
(0] | ’ W2F3 93
o) WPhE3 96

aSelf-metathesis: substrate (0.5 mmol), catalyst (0.5 mol % W2F3; 1 mol % WPPF3), toluene (internal alkynes: 2.5 mL, 200 mM; terminal alkynes:
24 mL, 21 mM), MS 5 A (500 mg), 25 °C, 2 h. RCAM: substrate (0.5 mmol), catalyst (1 mol % W2F3; 2 mol % WPPF3), toluene (24 mL, 21 mM),

MS 5A (1.0 g), 25°C, 2 h.

W2F3 was also employed in alkyne cross-metathesis (ACM), a
reaction which is of large interest for the application of alkyne
metathesis, but often leads to product mixtures. Therefore, (tri-
methylsilyl)propyne and (trimethylsilyl)acetylene were chosen
as reaction partners in ACM, since this reaction proved to be
quite efficient in the past [25,54,100]. A toluene solution of
both substrates (1:2 ratio, TMS—alkyne in excess) was charged
with the catalyst W2F3 (0.5-1 mol %) in the presence of mo-
lecular sieves 5 A and stirred for two hours at room tempera-
ture. The isolated yields of the ACM are summarized in
Table 3. The depicted reactions selectively afforded the unsym-
metrical alkynes, corroborating that the bimetallic tungsten
complex W2F3 is able to introduce a trimethylsilyl protecting
group to alkynes.

Conclusion

Previously, we have reported the optimum level of fluorination
in MoF6 and WF3 as the most catalytically active alkylidyne
complexes [54]. Thus, we intended to study the catalytic activi-
ty of the well-known bimetallic molybdenum and tungsten com-
plexes bearing the same fluoroalkoxide ligands. Indeed, W2F3
as the bimetallic analogue to mononuclear WF3 is highly active
in the metathesis of internal and even terminal alkynes and also
promotes alkyne cross-metathesis efficiently. The M02F6 com-
plex, however, does not exhibit satisfactory alkyne metathesis
activity, which we attribute to its low solubility. Furthermore,
the corresponding mononuclear benzylidyne complex WPF3 is
easily accessible from the dinuclear W2F3 complex and

performs equally well compared to the latter.
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Table 3: Alkyne cross metathesis (ACM) with catalyst W2F3.2

Entry Substrates

. O=0 =
3 AN (0) %SiMe:;
|/
f

= SiMe,

Beilstein J. Org. Chem. 2018, 14, 2425-2434.

Product Cat. Yield [%]
——SiMe3 0.5 mol % 87

——SiMe3 1 mol % 82

A 0 0.5 mol % 93
(/ |l

0.5 mol % 92
SiMe;

aSubstrate (0.5 mmol), TMS-propyne or TMS-acetylene (1 mmol), toluene (internal alkynes: 2.5 mL, terminal alkynes: 24 mL), MS 5 A (500 mg),

25°C,2h.

The finding that W2F3 is a highly active alkyne metathesis pre-
catalyst and does not have to be converted into an alkylidyne
species prior to catalysis could be beneficial for future applica-
tions of alkyne metathesis since this protocol represents a con-
venient approach to alkyne metathesis catalysts in two steps
starting from WCly.

Supporting Information

CCDC 1850924—1850926 contain the supplementary
crystallographic data for this paper. These data can be
obtained free of charge via
http://www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information File 1

Experimental section, NMR spectra, catalysis procedure
and product characterization, crystallographic details for
W2F3-(NHMe,), W2F3 and WFPhF3,
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-220-S1.pdf]
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This account provides an overview of recent work, including our own contribution dealing with Suzuki—Miyaura cross coupling in

combination with metathesis (or vice-versa). Several cyclophanes, polycycles, macrocycles, spirocycles, stilbenes, biaryls, and

heterocycles have been synthesized by employing a combination of Suzuki cross-coupling and metathesis. Various popular reac-

tions such as Diels—Alder reaction, Claisen rearrangement, cross-metathesis, and cross-enyne metathesis are used. The synergistic

combination of these powerful reactions is found to be useful for the construction of complex targets and fulfill synthetic brevity.

Introduction

Transition-metal catalysts are used in metathesis and cross-cou-
pling reactions. Such advances have opened the door for effi-
cient construction of C—C bonds in organic synthesis. These
catalysts tolerate diverse functional groups and the reaction
occurs under mild reaction conditions. Among different meta-
thetic processes, ring-closing metathesis (RCM) [1-6] is of a
greater interest than cross-metathesis (CM). It is a widely used
protocol for the synthesis of unsaturated cyclic systems [7].
Palladium-catalyzed Suzuki—Miyaura (SM) cross-coupling
reaction is also considered as one of the most versatile methods

for C—C bond formation [8-12]. Application of a wide range of

organometallic reagents (e.g., organoboron reagents) are
possible due to their commercial availability. Owing to the mild
reaction conditions and ease of handling of organoboron
reagents [13-17] have propelled the growth of the SM cross
coupling. A synergistic combination of these two elegant
methods (i.e., SM coupling and metathesis) [18] was found to
increase the synthetic efficiency of complex targets (e.g.,
macrocycles [19-22], oligomers [23,24], polycyclic ethers [25],
heterocycles [26], nonbenzenoid aromatics [27], and spiro-
cycles [28,29]) by decreasing the number of steps. Different
metathesis catalysts used in this study are shown in Figure 1.
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Figure 1: Various catalysts used for metathesis reactions.
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Grela and co-workers [30] demonstrated a useful protocol to
build indene derivatives by employing SM coupling and RCM
in sequence. To this end, the SM coupling of triflate 7 was
accomplished by using pinacol boronic ester 8 in the presence
of a palladium catalyst to give the cross-coupling product 9
(75%). Later on, exposure of the diolefinic precursor 9 to
[Ru-2] catalyst 5 gave the ring-closure product 10 in quantita-
tive yield (Scheme 1).

A sequential usage of SM cross coupling and RCM was respon-
sible to construct various naphthalene derivatives such as 15
[31]. The SM coupling product 3,4-diallylbenzene derivative 13
(90%) was obtained from diiodobenzene 11 using allylboronate

oTf
O,N : ;/\

7 [Pd(PPhs)s], K2COs,

+ O
WJ\OEt
B,
o O
8

dioxane/H,0 4:1,
100 °C, 18 h, 75%

o}
O2N =
9

ester 12 via a SM-type allylation sequence [32]. Next, com-
pound 13 was exposed to Grubbs 1st generation (G-I) catalyst 1
to effect the ring-closure to produce tetrahydronaphthalene de-
rivative 14 (92%). Subsequently, aromatization of compound 14
was accomplished with 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) to generate nitronaphthalene 15 (60%,
Scheme 2).

Due to their useful biological activity and intricate structural
features of angucyclines such as 16-19 (Figure 2), several ap-
proaches have been reported for their assembly. In this context,
de Koning and co-workers [33] demonstrated an efficient route
for the construction of the benz[a]anthracene structural unit by
employing SM cross coupling followed by RCM sequence.
Treatment of the bromonaphthalene derivative 20 with

o)
zoa
O,N ‘ '

10

[Ru-2] 1 mol %

CH,Cl,, 40 °C,
2 h, quant.

Scheme 1: SM coupling and RCM protocol to substituted indene derivative 10.
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THF, reflux, 90%

Scheme 2: Synthesis of polycycles via SM and RCM approach.
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Figure 2: Various angucyclines.

(2-formyl-4-methoxyphenyl)boronic acid (21) in the presence
of a palladium catalyst generated the cross-coupling product 22
(72%). Next, aldehyde 22 was subjected to Wittig olefination to
provide the corresponding alkene 23 (69%), which on subse-
quent treatment with KO#-Bu in THF gave the isomerized prod-
uct 24 (73%). Later, RCM of isomerized olefin 24 with the help
of G-II catalyst offered the ring-closure product 25 (84%).
Finally, CAN oxidation gave the desired tetracyclic compound
26 in 84% yield (Scheme 3).

Spirocycles

In another event, an efficient approach to spirocyclopentane de-
rivatives has been described, where the combination of RCM
and SM coupling was employed [34]. In this respect, the key

CHO

QMe MeoGB(OH)
2
CCr "

OMe OMe

X Pd(PPh3),, ag Na,COs3,
DME reflux, 72%

(3 mol %)

0 A4
/5
/@(' 12 © G
02N | CSF, Pd(PPh3)4, CH2C|2, rt,
13 NO,
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8 DDQ, benzene 0
reflux, 60% O
14 NO2

92%

OH O

tetrangomycin (18) tetrangulol (19)

building block 29 was derived by employing a sequential
O-allylation and CR, then again O-allylation, and CR [35]
starting with a commercially available 6-bromo-2-naphthol
(27). Subsequently, the diallyl derivative 29 was exposed to
G-II catalyst 2 to deliver a ring-closure product 30 (83%).
Finally, the spiro compound 30 was subjected to the SM cou-
pling using two different boronic acids to produce the aryl
substituted spiro compounds such as 31 (96%) and 32 (79%)
(Scheme 4).

Along similar lines, we have also demonstrated the synthesis of
bis-spirocycles such as 37 by adopting a double RCM sequence
followed by SM coupling [36]. The key precursor 34 was
assembled from a commercially available tetralone 33 via

n-BulLi,

CHO pph;MeBr, THF,
22 0°Ctort, 69%

OMe OMe OMe OMe . 23
20
OMe
OMe O OMe OMe
KOt-Bu, THF G-I, CH,Cl, CAN
4 h, 73% reflux, 18 h, CH3CN/H,0,
84% air, 4 h, rt, 84%
OMe OMe
25

Scheme 3: SM coupling and RCM protocol to the benz[a]anthracene skeleton 26.
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/\/Br
28
OH (i) KoCOs, tt, o} o)
8 h, 97% N Pd(PPhs)s,
‘ (i) MWI (800 W), ‘ . 'O ArB(OH), "
7min, 78% /4 2 (5 mol %) NayCOjq
O (iii) K,CO3, 28, O CHCly, rt, O toluene/THF/H,0O O
ft, 14 h, 90% g 120 83% g (1:1:1), reflux Ar
Br : 29 30
(iv) MWI (800 W),
27 6 min, 76% 31: Ar = Ph (96%)

Scheme 4: Synthesis of substituted spirocycles via RCM and SM sequence.

tetraallylation sequence. Then, tetraallyl derivative 34 was sub-
jected to RCM with the aid of the G-I catalyst 1 to furnish the
bis-spirocyclic compound 35 (90%). Next, the cyclized product
35 was subjected to SM coupling using phenylboronic acid (36)
to afford the cross-coupling product 37 (97%, Scheme 5).

In another instance, a simple synthetic approach to spiro-fluo-
rene derivative 41 was described involving a serial usage of
RCM and SM coupling [37]. To this end, bromofluorene 38 was
reacted with allyl bromide (28) in the presence of 50% NaOH to
deliver the expected 9,9'-diallylfluorene derivative 39 (90%).
Next, diallyl compound 39 was subjected to RCM with the aid
of the G-I catalyst 1 to furnish a ring-closure product, spirofluo-
rene derivative 40 (93%). Later, the dibromide 40 was subject-
ed to SM coupling in the presence of phenylboronic acid (36) to
generate the new spirofluorene 41 (88%, Scheme 6).

32: Ar = p-CHOPh (79%)

Interestingly, highly substituted truxene derivatives 45-49 were
also synthesized by applying the RCM and SM coupling
protocol (Scheme 7).

Heterocycles

Couture and co-workers [38] demonstrated an elegant approach
to highly substituted isoquinolones (e.g., 57a—d, Scheme 8) by
employing a SM coupling followed by RCM. To this end, they
started with o-vinylbenzoic acid and it was transformed to the
benzamide derivatives 50 by employing a four-step synthetic
sequence. Later, compound 50 was treated with KHMDS in
THF at —78 °C to produce enolate 51. Further, it was reacted
with diphenyl chlorophosphate to generate vinyl phosphate 52,
which was subjected to SM coupling in the presence of differ-
ent 2-formylboronic acids 53 with the aid of the Pd(PPh3),
catalyst to provide the respective coupling products 54a—d

Pd(PPh3), (5 mol %)

PhB(OH), 36,
G-I (5 19
(5 mol %) Na,COs
CH,Cly, rt,
12h, 90% Br toluene/THF/H,O  ppy
35 (1:1:1),100 °C,
8-12 h, 97%
Scheme 5: Synthesis of highly functionalized bis-spirocyclic derivative 37.
Br Ph
PhB(OH), 36,
O Pd(PPhs)s O
’ 28, 50% NaOH, G-I, CH,Cl, Na,CO3 ' u
toluene, H50, rt, 12 h, 93% toluene/THF/H,0O
90 °C, 90% (1:1:1), O
100 °C, 18-26 h
Br Ph
38 39 40 41 (88%)
Scheme 6: Synthesis of spirofluorene derivatives via RCM and SM coupling sequence.
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(i) Bry, CHoCly, rt,
15 h, 97%

(i) -BuOK, THF,
allyl bromide (28),
reflux, 24 h, 69%

G-I, toluene

reflux, 12 h, 75%

Ar-B(OH),, Pd(PPhs),

Na,COg3, toluene/THF/H,0O
100 °C, 18-30 h

45: Ar = Ph (78%)

46: Ar = 4-FPh (88%)

47: Ar = 4-CF4Ph (74%)
48: Ar = 4-COCHPh (68%)
49: Ar = 4-CHOPh (69%)

Scheme 7: Synthesis of truxene derivatives via RCM and SM coupling.

0 R3 CI\ //O O 3

>¢O KHMDS R2 PhO ~OPh R2 0
N
THF, 78 °C @ ~78°C, 20 min %
R | " | R ‘ ph JoPh

52

51

Pd(PPh3)4, Na,CO5 R5 G-ll, toluene
R? CHO reflux, 3 h,

j@: 76-88%
R* B(OH), 54a:R'=R2= H R3 = Me: R* = R = H
53 54b: R = R2 = H; R3 = Me; R* = OMe; R® = H
THF/H,0, reflux, : ' ‘ :
2h, 72-87% 54c: R'=R?=0Me; R®=Me; R*=R5=H

54d: R = R2 = H: R3 = Bn; R% = H: R% = OMe

2
10% HCl in acetone R PDC, CH,Cl,

D ——— e

rt, 12 h, 73-85%

rt, 24 h, 81-93% R

56a-d R®

Scheme 8: Synthesis of substituted isoquinoline derivative via SM and RCM protocol.
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(72—-87%). Next, exposure of the diolefins 54a—d to G-II cata-
lyst 2 delivered ring-closure products, iso-quinolones 55a—d
(76-88%). Finally, the cyclized products S5a—d were converted
into the corresponding indeno[1,2-c]isoquinolin-5,11-diones
57a—d (73-85%) through cyclization with the aid of HCI fol-
lowed by pyridinium dichromate (PDC) oxidation (Scheme 8).

Schmidt and co-workers [39] described an efficient route in-
volving RCM and SM coupling towards the synthesis of 8-aryl-
substituted coumarin 64, a natural product isolated from the
plant Galipea panamensis. To this end, aldehydes 58a,b were
subjected to a Wittig olefination followed by condensation with
acryloyl chloride (60) to generate the corresponding diolefinic
substrates such as 61a (70%) and 61b (65%). Later, these
diolefins 61a,b were subjected to RCM with the aid of G-II
catalyst 2 to furnish the respective ring-closure products 62a
(98%) and 62b (97%). Finally, SM coupling of 8-halo-7-
methoxycoumarins 62a,b with (4-methylfuran-3-yl)boronic
acid (63) delivered the cross-coupling product 64 (Scheme 9).

In another event, Magnier and co-workers [40] described a
simple synthetic route to sulfoximines by adopting SM cou-
pling and RCM as key steps. In this respect, SM coupling of
sulfoximine 65 with potassium vinyltrifluoroborate (66) in the

Beilstein J. Org. Chem. 2018, 14, 2468-2481.

presence of a palladium catalyst produced vinyl sulfoximine de-
rivative 67 (73%). Next, N-alkenylation of sulfoximine 67 was
accomplished with Z-vinyl bromide (68) to generate diolefinic
substrate 69 (86%). Finally, diolefin 69 was exposed to
Hoveyda—Grubbs 2nd generation catalyst (HG-II) 3 to deliver
the cyclic sulfoximine 70 in 98% yield (Scheme 10).

Additionally, we also demonstrated a sequential usage of SM
coupling and the RCM protocol to construct 1-benzazepine de-
rivative 75 [41]. To this end, iodoacetanilide 71 was subjected
to SM coupling in the presence of allyboronate ester 12 to give
ortho-allylacetanilide (72), which was further modified by
N-allylation with allyl bromide (28) to offer a mixture of diallyl
compound 73a (82%) and isomerized product 73b (8%). Next,
exposure of the diallyl derivative 73a to G-II catalyst 2 yielded
the cyclized product 74 (72%). Eventually, hydrogenation of the
RCM product 74 was achieved with Hy, Pd/C conditions to give
the saturated 2,3,4,5-tetrahydro-1-benzazepine 75 in 81% yield
(Scheme 11).

Naphthoxepine derivatives play an important role as cosmetics
and as pharmaceutical ingredients. Therefore, we conceived a
simple approach, where the SM coupling and RCM were em-
ployed as critical steps [42,43]. Our journey begin with O-ally-

CI 60 /Q
OH  NEts, CH,Cl,

~o [PPh3CHs]Br
MeO OH NaH, THF MeO
X
X = 59a: X = Br (94%) 61a: X Br (70%)
58a: X =Br
58b: X = | 59b: X = | (86%) 61b: X = | (65%)
(HO),B _
h j;/\063
G-Il catalyst MeO 0o Me MeO 0”0
e
toluene, 80 °C X Pd(PPh3)4Cl> Me— "\
Cs,COg3, toluene \ o
62a: X = Br (98%) 110 °C
62b: X =1(97%) (51%) from 62a 64

(77%) from 62b

Scheme 9: Synthesis to 8-aryl substituted coumarin 64 via RCM and SM sequence.

/:
o, NH KFsB 66 o, /NH —
@(S CF3 PdCI(PPhg),, Cs,CO; | X S\CF3 Br 68
| dioxane/H,0 (3:1), NS Cul, DMEDA,

K,COj3, toluene,

120 °C, MWI,
4 h, 110 °C, 86%

65 45 min, 73% 67

Scheme 10: Synthesis of cyclic sulfoximine 70 via SM and RCM as key steps.

0. N\) OQS,CFs
\SZ - N
CFs HG-II (\I)N
CHyCly, 40 °C, “F \F
6 h, 98%
69 70
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/\/Br Ac Ac

N
oo,
~ -

THF 73a (82%) 73b (8%)
ﬁc
EtOAc
H,, Pd/C
75 (81%)

Scheme 11: Synthesis of 1-benzazepine derivative 75 via SM and RCM as key steps.

lation of B-naphthol 76 by using allyl bromide (28) to give
O-allyl derivative 77. Then, Claisen rearrangement (CR) of 77
under microwave irradiation (MWI) conditions on a silica gel
support followed by O-allylation of the resulting CR product
furnished diallyl compound 78. Treatment of diallyl compound
78 with G-I catalyst 1 delivered the expected naphthoxepine de-
rivative 79 (96%). Next, Suzuki coupling of 79 with diverse
arylboronic acids (e.g., phenylboronic acid (36)) gave a highly
substituted naphthoxepine derivative 80 (90%) (Scheme 12).

Br,

P Y

e

K,COg, acetone
H rt, 16 h, 98%

Br,

76 O

G-I, CH,Cl,

77 \\\
78

Stilbene derivatives

Hoveyda and co-workers [44] reported the synthesis of Z-(pina-
colato)allylboron and Z-(pinacolato)alkenylboron derivatives
via CM by using Mo complex 6. In this regard, they assembled
stilbene derivative 85 as an antitumor agent by a two-step
strategy that involve catalytic CM and SM coupling. To this
end, the Z-selective CM of a styrene derivative (e.g., 81) with
vinyl-B(pin) 82 was realized in the presence of Mo complex 6
to provide a highly substituted vinyl-B(pin) 83 (73%) with

B

MWI (800 W)
8 min

28, K,COg3, acetone
rt, 16 h, 88%

S
|

Ph
PhB(OH), 36
PPh3)4 (5 mol %)

rt, 4 h, 96%

Na,COs, toluene/THF/H,O

¢

(1:1:1), reflux, 90%
80

Scheme 12: Synthesis of naphthoxepine derivative 79 via RCM followed by SM coupling.

7
ZB B(pin)
Mo complex 6
(3 mol %)
MeO OMe
OMe 100 torr,
CgHg, 22 °C
81 73%

10:1 THF/H,0O HO
65-70°C, 24 h

MeO OMe

MeO N\ / OMe
Pd(PPh3)4 (20 mol %)

2.0 equw Cs,CO03, 74% —

ROt ”
MeO Br

84

Scheme 13: Sequential CM and SM coupling approach to Z-stilbene derivative 85.
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excellent selectivity (96:4 Z:E). Further, vinylboron compound
83 was subjected to SM coupling with a suitable partner (e.g.,
84) to afford the stilbene derivative 85 (96:4 Z:E) in 74% yield
(Scheme 13).

Majchrzak and co-workers [45] demonstrated a synergistic ap-
proach involving SM cross coupling and CM to synthesize
various substituted trans-stilbene derivatives 89-95 stereoselec-
tively. In this context, 4-vinylphenylboronic acid (86) was sub-
jected to SM coupling using diverse bromoarenes 87a—g in the
presence of [Pd(n2-dba) {P(o-tolyl)3},] catalyst to obtain the
cross-coupling products 88a—g (81-96%). Finally, exposure of
olefins 88a—g to G-II catalyst 2 in CH,Cl, led to the formation

of the respective frans-stilbene derivatives 89—95 in high yields

Beilstein J. Org. Chem. 2018, 14, 2468-2481.

(Scheme 14). It is worth mentioning that the loading of only

0.0001 mol % catalyst can effect a CM in an efficient manner.

Biaryl derivatives

In view of the interesting properties of biaryl derivatives, we
have identified a three-step sequence, which involve cross-
enyne metathesis (CEM), DA reaction followed by SM cou-
pling [46]. To this end, acetylene derivatives 96a,b were sub-
jected to CEM with G-I catalyst 1 under ethylene, which
resulted in the formation of the dienes 97a (63%) and 97b
(83%, Scheme 15). Further, treatment of dienes 97a,b with
dimethyl acetylenedicarboxylate (DMAD, 98) separately deliv-
ered the corresponding cycloadducts. Subsequently, aromatiza-
tion was achieved by using DDQ to give biaryl products 99a,b.

Ar
B(OH), [Pd(n>-dba){P(o-tolyl)3}, ar O
5 mol % G-Il
+ Br—Ar =z
toluene/EtOH, aq K,CO3 0.0001 mol %,
_ 87ag (81-96%) _ CH,Cl,, 45 °C O
86 88a—g
Ar
yiels 86-97% (89-95)
E = >99%
(7 + :
NOUaY oY
S \
O O U T o=
89 (95%) 90 (93%) 91 (92%) 92 (97%) 93 (86%) 94 (96%) 95 (92%)
Scheme 14: Synthesis of substituted trans-stilbene derivatives via SM coupling and RCM.
COQMG COgMe

(i) DMAD (98)
toluene reflux

_ =

(i) DDQ

I
=
G-l N
ethylene | P
X X

COMe  p(Pphy),,
4-CHOCgH,4B(OH),
100

N62003
80% from 99a

l COzMe

74% from 99b

X Ar

99a: 86%
99b: 82%

96a: X = |
96b: X = Br

97a: 63%

97b: 83%

Ar: 4-CHO-CgHy4
101

Scheme 15: Synthesis of biaryl derivatives via sequential EM, DA followed by SM coupling.
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Further, aryl halides 99a,b were subjected to SM coupling by
employing various boronic acids (e.g., 4-formylphenylboronic
acid (100) to produce biaryl derivative 101 (80% from 99a and
74% from 99b).

Very recently, Suresh Babu and co-workers [47] demonstrated a
new route to construct the dibenzocyclooctadiene lignan core of
the natural product schisandrene via SM coupling and RCM as
key steps. In this context, the SM reaction of boronic acid 102
with bromoaldehyde 103 in the presence of Pdy(dba); and the
S-Phos ligand provided the cross-coupling product 104 (82%).
Later, it was transformed into the allyl substrate 105 by
following a three-step sequence. Afterwards, the aldehyde 105
was treated with vinylmagnesium bromide (106) to furnish
diallyl derivative 107 (85%). Next, diolefinic substrate 107 was
exposed to G-II catalyst 2 to furnish the ring-closure product
108 (89%). Then, MnO, oxidation of compound 108 offered the
keto derivative in 90% yield. Corey—Bakshi—Shibata (CBS)
reduction of the resulting keto derivative produced the hydroxy
compound 109 (85%, ee 98%). Eventually, hydroxy olefin 109
was subjected to Sharpless asymmetric epoxidation to generate

Beilstein J. Org. Chem. 2018, 14, 2468-2481.

the corresponding epoxide 110. Unfortunately, generation of

epoxide was not realized (Scheme 16).

Macrocycles

To develop new synthetic strategies to various cyclophanes, we
conceived a sequential usage of the SM coupling and RCM as
key steps [48,49]. In this context, the required dialdehyde 113
(80%) was prepared via a SM coupling of the dibromo com-
pound 112 with 4-formylphenylboronic acid (100). Treatment
of dialdehyde 113 with allyl bromide (28) in the presence of
indium powder furnished the RCM precursor 114. Under
the influence of the G-II catalyst 2 RCM of diolefinic com-
pound 114 was realized. Then, the cyclized product was sub-
jected to the oxidation sequence with pyridinium chlorochro-
mate (PCC) to generate cylophane derivative 115 in 75% yield
(Scheme 17).

Similarly, treatment of dialdehyde 113 with a freshly prepared
Grignard reagent derived from 4-bromobut-1-ene (116)
afforded dialkenyl substrate 117, which was subjected to RCM
with the aid of G-II catalyst 2 to produce a mixture of products

/0O
o
4 Q (i) PAIC (5 mol %), 4 Q
MeO OBn O EtOAc, rt, 4 h 80%
(i) CBry, PhgP, CH,Cl,, O
102 B(OH);  Pdy(dba)s, S-Phos, . OBn  _{5°Ctort, 4 h, 80% MeO X
+
K3POy, toluene, MeO N (iii) CH,=CHS MeO.
o 2 n[CH3(CHy)3]a, X
Br O 110 °C, 12 h, 82% O @) Pd,(dba)s, TFP, NMP, O 0
MeO H 1) toluene, 80 °C, 8 h, 78% o
-0 104 0 105
o)
103
-0 ~0 //O
be )
ZMgBr106 100 N G-I, CH,Cly, MeO (i) MnOy, CH,Cl,, 4 h, 90%
dry THF, 15 °c, MeO ~  reflux, 20 h, 89%  MeO (ii) (s)-CBS, BH3-DMS, dry THF,
2h, 85% O OH O —78°Ctort, 2 h, 85%
o o) OH
g 107 g 108

Ti(OiPr),, (-)-DET,

MeO
Ko)
MeO
t-BuOOH, CH chz,
-20°C,12h
not formed \_schisandrene (111)

Scheme 16: Synthesis of the dibenzocyclooctadiene core of schisandrene.
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(i) G-11 2 (7 mol %)
(3 mmolar dilution)
CH,Cly, 1t

(i) PCC, CH,Cl,,
i, 75%

115

Scheme 17: Synthesis of cyclophane 115 via SM coupling and RCM as key steps.

119 and 121 in combined 47% yield. It should be noted that the
resulting product 121 was obtained through isomerization of the
terminal double bond followed by RCM. Later, oxidation of
diols 119 and 121 was accomplished with PCC to provide the
corresponding diones 120 (79%) and 122 (76%) with trans ge-
ometry. The stereochemistry was confirmed on the basis of the
coupling constant (J = 15.0 Hz, 'H NMR spectrum) of the
olefinic protons (Scheme 18).

A variety of macrocycles were synthesized through SM cross
coupling followed by RCM as key steps [50]. To this end,
dibromo compound 123 was subjected to diallylation by using
allylboronate ester 12 to form the diallyl derivative 124 (73%).
Treatment of compound 124 with G-I catalyst 1 gave unsatu-
rated dimer 126 (30%) and monomer 125 (15%). Subsequently,

hydrogenation of compounds 126 and 125 was accomplished
with H, under Pd/C catalysis conditions to afford the respective
saturated macrocyclic products 127 (80%) and 128 (90%).
Since the small ring cyclophane is highly strained, compound
125 was formed as a minor product (Scheme 19).

Recently, Li et al. [51] disclosed an elegant synthesis of
MK-6325 (141) through a sequential usage of RCM and SM
coupling as key steps. In this respect, the required RCM precur-
sor 130 was derived from 129 by employing a six-step synthe-
sis sequence. Next, the alkene derivative 130 was subjected to
RCM under the influence of Zhan-1B catalyst 4 to deliver the
cyclized product 131 (91%). Later, TFA-mediated deprotection
of cyclized product 131 gave amine 132 (97%). Treatment of
chloro derivative 132 with boronate ester 133 provided the SM

Mg,
diethyl ether PCC
00 —0 0500
4-bromobut-1-ene CH,Cly, 1,
(116) 2h, 79%
HO OH G-I HO OH 0 o
0,
| . | (10 mol %) 119
CH,Cl, + 120
G-Il (10 mol %) (0.001 M)’o
CH,Cl, (0.001 M), rt, 24 h, 47% O
rt, 24 h
O O O
— /
\_¢ HO
aths N
OH 121

118

Scheme 18: Synthesis of cyclophane 120 and 122 via SM coupling and RCM as key steps.
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127 (80%)

Scheme 19: Synthesis of cyclophanes via SM and RCM.

coupling precursor 134 (77%). Later, an intramolecular SM
coupling of Bpin derivative 134 was realized in the presence of
a Pd(OAc), catalyst with the aid of the ligand cataCXium A
(135) to generate the macrocyclic product 136. Eventually, syn-
thesis of MK-6325 (141) was achieved by adopting saponifica-
tion followed by amidation (Scheme 20).

Conclusion

In this review, we have summarized various approaches to a
wide range of carbocycles and heterocycles that deals with a
strategic utilization of SM coupling and metathesis as key steps.
Interestingly, application of these two powerful methods in
combination for a C—C bond formation process shorten the syn-
thesis sequence for the assembly of the target molecules and
thus enhances the ease of preparation of various functional mol-
ecules. These processes are considered as “green” because of
atom economy and synthetic brevity [52] involved in these
reactions [12,53,54]. Additionally, several methods are avail-
able to remove palladium and ruthenium impurities in minor
amounts from the reaction mixture. This aspect is also impor-

tant in the pharmaceutical industry [4,55].

CsF, Pd(PPh3),
THF, reflux, 73%
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Scheme 20: Synthesis of MK-6325 (141) via RCM and SM coupling.
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We have developed an efficient synthetic strategy to assemble C3-symmetric molecules containing propellane moieties as end

groups and a benzene ring as a central core. The synthesis of these C3-symmetric molecules involves simple starting materials. Our

approach to C3-symmetric compounds relies on a Diels—Alder reaction, cyclotrimerization and ring-closing metathesis as key steps.

Introduction

In 1966 Ginsburg coined the word “propellane” [1,2] and
Wiberg reviewed various aspects of medium and small ring
propellanes [3,4]. Propellanes consist of tricyclic compounds
where three rings are conjoined by a common C—C bond
[1,5,6]. Heterocyclic systems contain a heteroatom (e.g.,
oxygen, nitrogen, and sulfur, etc.) along with carbon atoms. The
name of a heterocyclic propellane may be organized by

prefixing aza, oxa, etc.

Among various propellanes, nitrogen-containing compounds
occupy a special place because they are present as core struc-

tural units in bioactive natural products and pharmaceuticals.

Some of these propellanes exhibit intresting properties like anti-
biotic, antifungal, anticancer, platelet-activating factor antago-
nistic and antibacterial activities. The propellane skeleton is
present in many alkaloids such as aknadinine (1), aknadilactam
(2), and the known morphinane alkaloid sinococuline (3), which
was identified as a bioactive component from S. japonica [7].
In 1963 Brown et al. isolated 1-acetyl-aspidoalbidine (4)
from Vallesia dichtoma [8] and subsequently, Djerassi pro-
posed its structure [9]. Another alkaloid (—)-aspidophytine (5)
differs from 1-acetylaspidoalbidine (4) only in the degree of
unsaturation and the substitution pattern on the aromatic ring
(Figure 1).
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OMe
1 R = H,: aknadinine sinococuline
2 R = O: aknadilactam 3

Figure 1: Various alkaloids containing propellane frame work.

The design of propellanes demands unique synthetic methods
and these include: manganese or palladium-catalyzed transfor-
mations [10], the Diels—Alder (DA) reaction [11,12], and rear-
rangement of spiro-ketones, nucleophilic substitutions of
alkenes, and photochemical addition reactions. Multicompo-
nent reactions (MCRs) are also used for the synthesis of hetero-
propellanes [13,14]. Recently, heterocyclic propellanes have
been reviewed [15,16]. Our group also developed simple syn-
thetic approaches to propellanes via ring-closing metathesis
(RCM) as a key step [17,18].

The development of new synthetic strategies to C3-symmetric
molecules bearing propellane moieties from commercially
available starting materials is worthy of systematic investiga-
tion. To this end, our efforts are directed to design star-shaped
molecules that involve a wide range of structural variations. To
the best of our knowledge there are no synthetic reports avail-
able for C3-symmetric molecules bearing propellane moieties.
As part of our major program aimed at designing star-shaped
C3-symmetric molecules [19-30], here, we conceived new
strategies to N-containing star-shaped molecules. Such star-
shaped molecules are generally used in organic light-emitting
diodes (OLEDs) [31-33], organic photovoltaics (OPVs) [34],
organic field-effect transistors (OFETs) [35,36], and other opto-
electronic devices. Our approach to C3-symmetric molecules
containing propellane moieties involve DA reaction [37],
cyclotrimerization [19] and RCM [38-41] as key steps.

Results and Discussion

The synthesis of propellane-bearing C3-symmetric derivatives
starts with commercially available dicyclopentadiene and
maleic anhydride (7). Here, we used a DA reaction of freshly
cracked cyclopentadiene (6) and maleic anhydride (7) to obtain
the endo-DA adduct 8 [42] in 98% yield. Next, this cyclo-
adduct 8 was treated with commercially available 4-aminoace-
tophenone (9) in the presence of triethylamine (Et3N) in tolu-
ene at 140 °C to obtain the acetophenone derivative 10 in excel-
lent yield (92%) [43]. Later, the acetophenone derivative 10

was subjected to trimerization reaction under ethanol/silicon

1-acetylaspidoalbidine

Beilstein J. Org. Chem. 2018, 14, 2537-2544.

OMe H

(-)- aspidophytine
4 5

tetrachloride (EtOH/SiCly) conditions to deliver the trimerized
product 11 (64%). Having the trimerized product 11, we
attempted to open the norbornene system due to the fact that not
all norbornene rings open up during RCM to generate propel-
lane derivative. After allylation, RCM is not a clean reaction
and it gave a mixture of the C3-symmetrical compounds. There-
fore it is desirable to open the norbornene double bond before
the trimerization sequence. To this end, the trimerized product
11 was treated with Grubbs first generation (G-I) catalyst in
CH,Cl, under ethylene atmosphere but, we were unable to get
the ring-opened product 12 (Scheme 1).

Later, we considered an alternate route to synthesize compound
12. In this regard, we employed different ruthenium-based cata-
lysts (Figure 2) and reaction conditions to obtain the ring-
opening metathesis (ROM) product 13 from norbornene
derivate 10. Under these conditions the starting material was not
consumed completely. After some experimentation, we found
that G-I catalyst (5 mol %) in CH,Cl, is suitable to generate the
ROM product 13 in 56% yield (Table 1).

Having the ROM product 13 in hand, it was subjected to trimer-
ization in the presence of EtOH/SiCly at 0 °C to room tempera-
ture to afford the trimerized product 12 in 54% yield. Next, the
C3-symmetric product 12 was reacted with allyl bromide in the
presence of sodium bis(trimethylsilyl)amide (NaHMDS,
1 M solution in THF) at =75 °C to deliver the RCM precursor
14 in good yield (78%). The hexaallyl derivative 14 was sub-
jected to RCM in the presence of Grubbs second generation
(G-II) catalyst in CH,Cl, under nitrogen to give the propellane
moiety bearing C3-symmetric product 15 in good yield (87%).
Its structure was established on the basis of NMR spectral data,
and its molecular formula was confirmed by HRMS data
(Scheme 2).

Along similar lines, we expanded the scope of this strategy. To
this end, commercially available anthracene (16) was reacted
with maleic anhydride (7) in a screw-capped tube at 150 °C in
o-xylene to obtain the DA adduct 17 in 94% yield [44,45].
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Scheme 1: Synthesis of the star-shaped norbornene derivative 11 via trimerization.
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Figure 2: Selected list of ruthenium-based catalysts used for ROM.

Table 1: Different conditions attempted to obtain the ROM product 13.

H O
N 0 conditions
| \©\< N\©\<O
H ethylene atm.
(0]
endo-10
entry catalyst mol % solvent temp time (h) yield (%)
1 G-l 50r 10 CHCly rt 48 56
2 G-l 50r10 CH,Cly reflux 32 48
4 G-Il 50r10 toluene rt 46 24
5 G-Il 5 toluene reflux 43 20
6 Ru-II 50r10 CHCly rt 48 52
7 GH-I 50r 10 CHCly rt 40 53
8 GH-I 50r10 CH,Cl, reflux 40 50
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Scheme 2: Synthesis of the C3-symmetric molecule 15 bearing propellane moieties via trimerization and RCM.

Later, the DA adduct 17 was treated with 4-aminoacetophe-
none (9) in the presence of Et3N in toluene at 140 °C to deliver
the acetophenone derivative 18 (91% yield) and it was subject-
ed to trimerization in the presence of EtOH/SiCly at 0 °C to rt to
obtain the trimerized product 19 in 64% yield. Afterwards, the
trimerized product 19 was treated with allyl bromide to accom-
plish C-allylation in the presence of NaHMDS (1 M solution in
THF) at =75 °C to deliver the hexaallyl derivative 20 in 84%
yield. Then, RCM in the presence of G-II catalyst in CH,Cl,
under nitrogen atmosphere gave the propellane moieties bear-
ing C3-symmetric product 21 in good yield (91%). Its structure
was established with the help of 'H NMR, 13C NMR spectral
data and was further supported by HRMS details (Scheme 3).

Conclusion
We have demonstrated a simple synthetic methodology to

Cs-symmetric star-shaped molecules containing propellane

moieties at the periphery which may be useful for material
science applications. Here, we have prepared DA adducts 8 and
17 from commercially available maleic anhydride (7), which
was further utilized for trimerization and RCM sequence. We
have successfully synthesized C3-symmetric molecules 15 and
21 bearing propellane moieties by employing RCM in the pres-
ence of 2nd generation (G-II) catalyst.

Experimental

General information

Some of these reactions were carried out in screw-capped tubes
and other reactions under nitrogen or argon and ethylene atmo-
sphere in oven-dried glassware. Air- and moisture-sensitive
reactions were performed in degassed solvents. Transfer of
moisture-sensitive materials were carried out using standard
syringe—septum techniques. All the commercial grade reagents

were used without any purification until otherwise specified.
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Scheme 3: Synthesis of C3-symmetric molecule 21 bearing propellane moieties via trimerization and RCM.

Melting points were recorded on a Veego or Biichi melting
point apparatus and are uncorrected. NMR Spectra were gener-
ally recorded on Bruker (Avance 400 or Avance III 500) spec-
trometers operated at 400 or 500 MHz for 'H and 100 or 125.7
MHz for 13C nuclei. NMR Samples were generally made in
chloroform-d solvent, and chemical shifts (6 values) are re-
ported in parts per million (ppm). Coupling constants (J values)
were reported in hertz (Hz). HRMS measurements were carried

out using a Bruker (Maxis Impact) spectrometer. IR spectra

were recorded on a Nicolet Impact-400 or Cary 630 FTIR spec-
trometer.

Synthesis of norbornene-based trimerized

product 11

To a solution of norbornene derivative 10 (500 mg, 1.77 mmol)
in EtOH (8 mL), silicon tetrachloride (SiCly, 0.61 mL,
5.36 mmol) was added dropwise at 0 °C and the reaction mix-

ture was stirred for 10—15 min at the same temperature. Later,
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the reaction mixture was stirred at room temperature for 20 h.
After completion of the reaction (TLC monitoring), the reac-
tion mixture was quenched with sat. aq NH4Cl. Thereafter, the
reaction mixture was diluted with EtOAc (10 mL) washed with
water and brine (2 x 10 mL). Then, the aqueous layer was
extracted with EtOAc (3 x 10 mL) and the combined organic
layers were dried over NaySQOy. The solvent was removed under
reduced pressure and the crude product was purified by silica
gel column chromatography (65% EtOAc/petroleum ether) to
afford the trimerized product 11 (321 mg, 64%) as a colourless
solid. R¢=0.54 (6:4 EtOAc/petroleum ether); mp 203-206 °C;
TH NMR (400 MHz, CDCl3) & 7.68 (d, J = 5.2 Hz, 6H), 7.66 (s,
3H), 7.24 (d, J=2.4 Hz, 6H), 6.28 (s, 6H), 3.51-3.44 (m, 12H),
1.79 (d, J = 8.8 Hz, 3H), 1.61 (d, J = 8.8 Hz, 3H) ppm;
13C NMR (125 MHz, CDCl3) 8 177.0, 141.8, 141.3, 134.8,
131.4,128.2, 127.2, 125.7, 52.4, 46.0, 45.7 ppm; HRMS (ESI,
Q-ToF) m/z: [M + H]" calcd for C5;H4oN30g, 790.2912; found,
790.2918; IR (neat) Vpax: 2918, 1706, 1512, 1371, 1173,
754 cm™L.

Synthesis of ring open metathesis (ROM)

product 13

The solution of compound 10 (500 mg, 1.76 mmol) in dry
CH,Cl, (25 mL) was degasified by ethylene and G-I (5 mol %)
was added to the reaction mixture at rt. Further, the reaction
mixture was stirred for 48 h under ethylene atmosphere at rt.
After completion of the reaction (TLC monitoring), the solvent
was removed under reduced pressure. Later, the crude product
was purified by silica gel column chromatography
(30% EtOAc/petroleum ether) to obtain the ROM product 13 as
a colourless solid (310 mg, 56%); Ry = 0.68 (4:6 EtOAc/petro-
leum ether); mp 143—145 °C; 'H NMR (400 MHz, CDCl3)
6 8.03 (d, J= 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 6.12-6.03
(m, 2H), 5.20-5.15 (m, 4H), 3.43 (q, J = 2.0 Hz, 2H), 3.08-3.00
(m, 2H), 2.60 (s, 3H), 2.08-2.02 (m, 1H), 1.57 (t, J = 6.4 Hz,
1H) ppm; 13C NMR (100 MHz, CDCl3) & 197.2, 175.4, 136.7,
136.2, 136.1, 129.2, 126.5, 116.3, 49.1, 46.4, 35.4, 26.8 ppm;
HRMS (ESI, Q-ToF) m/z: [M + Na]" calcd for CjoH9NO3Na,
332.1257; found, 332.1254; IR (neat) Vyax: 2325, 1671, 1263,
746 cm .

Synthesis of trimerized compound 12

Based on the earlier procedure of trimerization, compound 13
(500 mg, 1.61 mmol) was treated with SiCly (0.55 mL,
4.84 mmol) in the presence of EtOH (8 mL) for 16 h to afford
trimerized product 12 after silica gel column chromatography
(60% EtOAc/petroleum ether) as a colourless solid (254 mg,
54%); mp 152—154 °C; R¢ = 0.55 (5:5 EtOAc/petroleum ether);
'H NMR (400 MHz, CDCl3) & 7.72 (d, J = 8.0 Hz, 6H), 7.70 (s,
3H), 7.37 (d, J = 8.4 Hz, 6H), 6.15-6.07 (m, 6H), 5.19 (q,
J = 8.4 Hz, 12H), 3.43 (dd, J; = 2.0 Hz, J, = 2.0 Hz, 6H),

Beilstein J. Org. Chem. 2018, 14, 2537-2544.

3.07-2.99 (m, 6H), 2.04 (q, J = 6.8 Hz, 3H), 1.58 (q,
J=13.2 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) & 175.7,
141.7, 141.1, 136.4, 131.4, 128.1, 126.9, 125.6, 116.1, 49.1,
46.3, 35.5 ppm; HRMS (ESI, Q-ToF) m/z: [M + Na]" calcd
for C57H51N30¢'Na, 896.3670; found; 896.3678; IR (neat)
Vmax: 2342, 1709, 1512, 1183, 919, 736 cm™ ..

Synthesis of trimerized product 19

Based on the earlier procedure of trimerization, compound 18
(500 mg, 1.27 mmol) was treated with SiCly (0.43 mL,
3.83 mmol) in the presence of EtOH (8 mL) for 20 h to give the
trimerized product 19 after silica gel (100-200 mesh) column
chromatography (50% EtOAc/petroleum ether) as a colourless
solid (324 mg, 64%); Ry= 0.61 (4:6 EtOAc/petroleum ether);
mp 224-226 °C; 'H NMR (500 MHz, CDCl3) & 7.56 (s, 3H),
7.51 (d, J = 8.0 Hz, 6H), 7.43 (d, J = 3.0 Hz, 6H), 7.37 (d,
J=3.0 Hz, 6H), 7.24-7.22 (m, 12H), 6.62 (d, J = 8.5 Hz, 6H),
4.92 (s, 6H), 3.41 (s, 6H) ppm; 13C NMR (125 MHz, CDCls)
§176.3, 141.5, 141.4, 138.9, 128.2, 127.4, 127.1, 127.0, 125.3,
124.5, 47.2, 46.1 ppm; HRMS (ESI, Q-ToF) m/z: [M + Na]*
calcd for C7gHs51N304-Na, 1148.3670; found, 1148.3672;
IR (neat) V. 2318, 1266, 745, 707 cm™ L.

Synthesis of hexaallyl derivative 14

To the solution of compound 12 (200 mg, 0.22 mmol) in an-
hydrous THF (15 mL) was added NaHMDS (2 mL of
1 M solution in THF, 1.93 mmol) at =75 °C and the reaction
mixture was stirred for 30 min under nitrogen atmosphere. Then
allyl bromide (0.11 mL, 1.60 mmol) was added to the reaction
mixture and stirred for 2 h at =75 °C. Later, the reaction mix-
ture was stirred to room temperature for 10 h. After completion
of the reaction (TLC monitoring), the reaction mixture was
quenched with 1 M aq HCl solution, and the aqueous layer was
extracted by EtOAc (3 x 10 mL). Then the organic fraction was
washed with brine solution, dried over Na;SO4 and concen-
trated. The crude residue was purified by silica gel column
chromatography (10% EtOAc/petroleum ether) to afford hexa-
allyl derivative 14 as a colourless solid (199 mg, 78%).
R¢ = 0.60 (3:7 EtOAc/petroleum ether); mp 204-206 °C;
TH NMR (500 MHz, CDCl3) 8 7.71 (d, J = 5.5 Hz, 6H), 7.69 (s,
3H), 7.33 (d, J = 8.5 Hz, 6H), 6.08-5.96 (m, 12H), 5.28-5.13
(m, 24H), 2.77-2.66 (m, 18H), 2.04-2.00 (m, 3H), 1.65 (q,
J=12.5 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3) & 178.2,
141.9, 141.3, 136.5, 132.8, 131.5, 128.1, 127.1, 125.7, 120.3,
117.1, 59.9, 51.2, 36.6, 35.1 ppm; HRMS (ESI, Q-ToF) m/z:
[M + Na]* caled for C75sH75N304-Na, 1136.5548; found,
1136.5544; IR (neat) Vmay: 2345, 1671, 1263, 746 cm™!.

Synthesis of hexaallyl product 20

Based on the earlier procedure of allylation, compound 19
(336 mg, 0.29 mmol) was treated with NaHMDS (2.3 mL of
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1 M solution in THF, 2.39 mmol) and allyl bromide (0.14 mL,
1.93 mmol) for 17 h to deliver hexaallyl product 20 after silica
gel column chromatography (20% EtOAc/petroleum ether) as a
colourless solid (345 mg, 84%); Ry = 0.83 (2:8 EtOAc/petro-
leum ether); mp 195-197 °C; 'H NMR (400 MHz, CDCl3)
8 7.57 (s, 3H), 7.51 (d, J = 8.8 Hz, 6H), 7.40 (q, J = 3.2 Hz,
6H), 7.32 (q, J = 3.2 Hz, 6H), 7.24-7.20 (m, 12H), 6.58 (d,
J = 8.0 Hz, 6H), 6.33-6.23 (m, 6H), 5.20 (dd, J; = 11.6 Hz,
Jy = 17.2 Hz, 12H), 4.68 (s, 6H), 2.45 (dd, J; = 5.6 Hz,
J, = 5.6 Hz, 6H), 2.16 (q, J = 8.8 Hz, 6H) ppm; 13C NMR
(100 MHz, CDCl3) 6 178.5, 141.7, 141.4, 139.9, 139.4, 133.6,
131.0, 128.1, 127.2, 127.1, 126.7, 126.5, 125.6, 125.3, 119.4,
55.7, 51.6, 37.3 ppm; HRMS (ESI, Q-ToF) m/z: [M + Na]*
calcd for CggH75N304°Na, 1388.5548; found, 1389.5585;
IR (neat) Vmax: 2925, 2335, 1706, 1461, 1376, 1273, 741 cm™ ..

General procedure for ring-closing
metathesis (RCM)

The solution of hexaallyl derivatives 14 or 20 in dry CH,Cl,
(20 mL) was degassed by nitrogen and G-II (10 mol %) was
added to the reaction mixture. Further, the reaction mixture was
stirred for 6 h under nitrogen atmosphere at room temperature.
After completion of the reaction (TLC monitoring), the solvent
was removed under reduced pressure. The crude product was
purified by silica gel column chromatography (EtOAc/petro-
leum ether) to afford the propellane bearing C3-symmetric prod-
ucts 15 or 21.

Synthesis of RCM derivative 15

Colourless solid, 87% (121 mg, starting with 150 mg of hexa-
allyl compound 14); Ry = 0.60 (3:7 EtOAc/petroleum ether);
mp 272-275 °C; 'H NMR (400 MHz, CDCl3) & 7.71 (d,
J = 2.0 Hz, 6H), 7.69 (s, 3H), 7.35 (d, J = 8.4 Hz, 6H),
6.08-5.99 (m, 12H), 5.18-5.14 (m, 12H), 2.76 (dd, J; = 4.0 Hz,
Jy =3.2 Hz, 6H), 2.67-2.61 (m, 6H), 2.23 (dd, J; = 2.0 Hz,
Jy = 2.0 Hz, 6H), 2.04-1.98 (m, 3H), 1.58 (q, J = 12.8, 3H)
ppm; 13C NMR (100 MHz, CDCl3) & 178.2, 141.8, 141.2,
136.2, 131.6, 128.5, 128.1, 126.9, 125.7, 116.4, 58.7, 53.3, 35.7,
30.9 ppm; HRMS (ESI, Q-ToF) m/z: [M + Na]" caled
for Cg9Hg3N304'Na, 1052.4609; found, 1052.4617; IR (neat)
Vmax: 2305, 1651, 1363, 844 cm™ 1.

Synthesis of RCM derivative 21

Colourless solid, 91% (258 mg, starting with 300 mg of hexa-
allyl product 20); R¢ = 0.75 (3:7 EtOAc/petroleum ether);
mp 264-267 °C; 'H NMR (400 MHz, CDCl3) & 7.56 (s, 3H),
7.49 (d, J = 6.8 Hz, 6H), 7.43 (d, J = 2.4 Hz, 6H), 7.34 (d,
J=2.4Hz, 6H), 7.25-7.23 (m, 12H), 6.57 (d, J = 7.6 Hz, 6H),
5.83 (s, 6H), 4.47 (s, 6H), 2.90 (d, J = 14.4 Hz, 6H), 1.80 (d,
J=14.8 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3) & 180.0,
141.6, 141.4, 140.4, 140.2, 131.2, 128.0, 127.9, 127.2, 127.1,
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127.0, 126.5, 125.6, 125.2, 57.4, 51.5, 30.2 ppm; HRMS (ES]I,
Q-ToF) m/z: [M + K]* caled for CogHg3zN304'K, 1320.4348;
found, 1320.4344; IR (neat) V. 2328, 1708, 1383, 837,
690 cm !,

Supporting Information
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Copies of IH, 13C NMR and HRMS spectra of new
compounds.
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Ring-opening metathesis (ROM) of various unsaturated, constrained bicyclic ring systems has been investigated with the use of

commercial ruthenium-based catalysts. Starting from various cyclodienes, the corresponding derived bicyclic lactone, lactam, and

isoxazoline derivatives were submitted to ROM under ethenolysis. These functionalized, strained bicyclic systems afforded novel

highly-functionalized diolefinated heterocyclic scaffolds in ROM reactions with stereocontrol, through the conservation of the con-

figuration of the stereogenic centers of the starting compounds.

Introduction

Metathesis reactions, among them ring-opening metathesis
(ROM), have received a great deal of attention in synthetic
organic chemistry, affording access to various highly functio-
nalized, alkenylated molecular entities [1-10].

Highly functionalized three-dimensional organic scaffolds with
multiple stereogenic centers as small molecular entities repre-
sent an important segment of organic and pharmaceutical chem-

istry. Therefore, selective syntheses with stereocontrol of such

scaffolds [11,12], such as highly-functionalized olefinated de-
rivatives [13], are of main importance and a major challenge in
synthetic organic chemistry. Thus, ring-opening metathesis is a
powerful and widely applied methodology for the synthesis of
such derivatives, including alkenylated molecular scaffolds with
multiple stereogenic centers [14-16] and references cited
therein. Diversity-oriented synthesis (DOS), with the aim of the
preparation of structurally diverse elements of small molecules,

has become increasingly important in drug research, and well
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recognized as a common approach to generate molecular
libraries. Results with respect to the various strategies
utilized in DOS with special focus on selective and stereocon-
trolled methods have been published [17-20]. The major
features of these studies are the use of readily available
and easily accessible starting materials towards the
construction of diverse and complex scaffolds and the
application of the resulting compound collections in drug
discovery.

Since their ring C—C double bond offers a number of possible
chemical transformations, cyclic dienes with different ring sizes
might be considered to be important starting materials for the
generation of structurally diverse molecules. Among the large
number of possible transformations, the ring olefinic bond of
alicyclic dienes may lead to valuable B-lactams [21-23] or
v-lactams [24], shown to be highly important precursors for the
access of various structures (e.g., amino acids, azido esters,
hydroxylated amino esters, fluorinated amino esters, etc.) with
various functional groups as well as stereochemical and skeletal
diversity [21-23].

earlier work:

R
CO.R!
X N R
NHz R'=H, Et
R =H, CO,Me, COMe

R2 = COPh

Scheme 1: ROM of various bicyclic unsaturated p-lactams [14-16].
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Results and Discussion

Recently, we have demonstrated the high utility of various con-
strained cyclic dienes, such as norbornadiene as well as 1,5- and
1,3-cyclooctadienes in the context of their applicability towards
the access of diverse, highly functionalized olefinated mole-
cules [14-16]. The corresponding B-lactams derived from cyclo-
dienes were used as starting substances for further functionali-
zation with ROM. We have described a stereocontrolled synthe-
tic route to access difunctionalized cyclic B-amino acid deriva-
tives [14] and B-lactams [15,16] based on ring-opening metathe-
sis (ROM) through ethenolysis of the structurally restricted
cycloalkene B-amino acids or unsaturated bicyclic B-lactams,
followed by cross-coupling metathesis (CM) of the newly
created C—C double bonds (Scheme 1).

Our current goal was to expand the study of the ROM protocol
of functionalized strained ring systems to the investigation of
functionalized derivatives such as bicyclic lactones, y-lactams
or isoxazolines, derived from various cyclodienes and to eval-
uate their chemical behavior under Ru-catalyzed ring-opening

conditions (Scheme 2).

R'0,C  NHR?

RN\ w/ R

current work:

ring-opening
(0] .
metathesis R
O H
NHBoc

Scheme 2: ROM of various constrained bicyclic unsaturated systems (y-lactones, d-lactones, y-lactam, isoxazoline).
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First, the ring opening of racemic bicyclic y-lactone (+)-3
(derived from cyclodiene 1 via B-lactam (+)-2) [25] was investi-
gated. Ring opening was performed in ethylene atmosphere at
20 °C in the presence of four commercially available Ru-based
catalysts (5 mol %, Figure 1). Note that based on our earlier
results [15], bicyclic unsaturated lactam (+)-2 bearing the
azetidinone ring fused with a six-membered ring system thus
possessing ring strain, did not afford any ROM products. Inter-

PCy Mes~NsN-Mes
Cleg 3 Cleg
oY o v

PCyFh POy

Grubbs Grubbs
1st generation 2nd generation
(G-1) (G-2)

Beilstein J. Org. Chem. 2018, 14, 2698-2707.

estingly, lactone (+)-3 in the presence of second generation
catalysts (G-2 and HG-2) provided the corresponding ring-
opened compound (£)-5 albeit with modest yields (Scheme 3,
Table 1).

In the presence of G-2 and HG-2 catalysts, bicyclic lactone
(£)-4 a stereoisomer of (£)-3 furnished olefinated y-lactone
(+)-6 similar to (£)-5 (Scheme 3, Table 2). Unfortunately, ROM

. PCys Mes’C'\Ij\/N‘Mes
CIVR|U_ CI'FTU_
0} (0]

\(

Hoveyda—Grubbs
1st generation

\(

Hoveyda—Grubbs
2nd generation

(HG-1) (HG-2)
Figure 1: Commercial Ru-based catalysts used in the current work.
O
0 0O
ref. [28] g 1R* ethylene
NH catalyst
ref.[&r (£)-2 2S,NHBoc CH,Cl,
(+)-3
@ \ref. [25]
O
! O
58* 1R* ethylene o) \
— 3R*
catalyst X R
2rNHBOC ey el 58 NHBoc
(x)-4 (x)-6

Scheme 3: ROM of lactones (+)-3 and (+)-4.

Table 1: Isolated yields for compound (z)-5 formed in the ring-opening reaction of lactone (+)-3 with ethylene in ROM reactions with various catalysts.

catalyst G-1 catalyst G-2 catalyst
product
(£)-5 0% 21%

HG-1 catalyst HG-2 catalyst

0% 25%

Table 2: Isolated yields for compound (+)-6 formed in the ring-opening reaction of lactone (+)-4 with ethylene in ROM reactions with various catalysts.

catalyst G-1 catalyst G-2 catalyst
product
(+)-6 0% 26%

HG-1 catalyst HG-2 catalyst

36%

traces
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reactions, however, took place with total conversions, they were
always accompanied by the formation of a significant amount
of polymeric materials (ROMP) responsible for the observed
modest yields of these reactions. Noteworthy, neither the varia-
tion of the catalyst loading (amount or in portion) nor the sub-
strate concentration (in 5, 10, 20 or 30 mL of solvent) had any
significant influence on the yield of the products.

Next, racemic lactone (+)-9 (synthesized from 1,3-cyclohexa-
diene (7) through lactam (+)-8) [26] was subjected to ring-
opening reactions with all four catalysts.

It should be noted again, that based on our earlier findings [15],
bicyclic lactam (£)-8 did not provide any ring-opened product,

while bicyclic lactone (+)-9 could be opened with G-2 and
HG-2 catalysts (5 mol %) affording olefinated amino lactone
(£)-10 at 20 °C. Notably, the yield of the transformation with
catalyst HG-2 to obtain lactone derivative (+)-10 was twice as
high as in the case of G-2 (Scheme 4, Table 3).

From the above comparative results it may be assumed that
unsaturated bicyclic B-lactams (£)-2 and (+)-8, bearing the
fused four-membered and six-membered ring system, have a

lower ring strain than bicyclic, unsaturated y-lactones (+)-3,

(£)-4 and (£)-9. Because of their higher constraint, the latter
compounds underwent ring opening providing the correspond-
ing monocyclic, dialkenylated amino lactones, albeit with
modest yields (Scheme 5); (for relevant literature date for the
ROM for various cyclic systems with ring strain see ref.
[27-29].

We continued our ring-opening investigations with other model
derivatives possessing a larger ring system. According to results
published previously [15] and in contrast with bicyclic cyclo-

@ ref. [26] Ej_l_( ref. [26] e
NHBoc

(1)-9

Scheme 4: ROM of lactones (+)-9.
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hexene-fused lactams (£)-2 and (£)-8, lactam (£)-12 [30],
derived from 1,5-cyclooctadiene, afforded the corresponding

dialkenylated ring-opened product under ROM protocol.

The isolated yields of (+)-15 were higher than those of the anal-
ogous cyclohexene systems in the presence of both G-2 and
HG-2 catalysts because of the higher ring strain of the eight-
membered framework. Bicyclic, unsaturated bridged lactone
(+)-14 (derived from (+)-12) underwent ring-opening not only
with second generation catalysts but also with HG-1 (5 mol %),
leading at 20 °C to d-lactone derivative (+)-15 although with
low yield (Scheme 6, Table 4). In continuation, we selected a
cyclooctene-fused system, namely isoxazoline (£)-16 which, in
turn, was accessed through nitrile—oxide dipolar cycloaddition,
by using nitroethane, DMAP and Boc,0.

Ring opening proved to be successful with second generation
catalysts, yielding the corresponding diolefinated isoxazoline
(£)-17 (Scheme 6).

Our studies were continued with the ROM reactions of confor-
mationally restricted y-lactam (+)-18 (Vince’s lactam) as model
compound [24]. The ring opening in ethylene atmosphere of
bridged pyrrolidinone (+)-18 took place at 20 °C and afforded
the corresponding divinylated lactam (£)-19 [31,32]. Some-
what surprisingly, in contrast to model derivatives used previ-
ously, the highest yield (70%) was attained with first genera-
tion catalyst HG-1 (5 mol %). In the presence of the second
generation catalysts, in turn, the ring-opened pyrrolidinone de-
rivative (£)-19 could be isolated only in low yields (Scheme 7,
Table 5).

As observed, the ROM reactions of the investigated unsatu-
rated cyclic substrates (namely (£)-3, (£)-4, (£)-9, (¥)-14,

\.s:0
ethylene \S
catalyst R R *
CH2C|2 BocHN ”’/\

(+)-10

Table 3: Isolated yields for compound ()-10 formed in the ring-opening reaction of lactone (+)-9 with ethylene in ROM reactions with various cata-

lysts.
catalyst G-1 catalyst G-2 catalyst
product
(£)-10 0% 16%

HG-1 catalyst HG-2 catalyst

traces 35%
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O O
. ROM
bicyclic, unsaturated
NH NH lactams
(2)-2 ()-8 (lower ring-strain)
O O
O O
_ £/ XH NHBoc H H
H —
H H H Hz( NHBoc
H H bicyclic, unsaturated ROM
(£)-3 +)-4 lactones —
0 ®) (higher ring-strain)
o
N
N H
H NHBoc
H
(£)-9
Scheme 5: ROM of structurally constrained bicyclic lactones and lactams.
e} 0]
o) o) Q
O ref. [30]@( ref. [30] DBU S R
NH oo NHBoc THF/reflux ~NHBoc
+)-12 38%
11 (&)- ()13 ()14
EtNO,, Boc,O ethylene
DMAP, THF, 24 h catalyst
20 °C, 62% CH,Cl,
N
ethylene 0 N-Me
catalyst R’ R
CH.Cl, =
(£)17

Scheme 6: ROM of bridged lactone (+)-14 and cyclooctene-fused isoxazoline (+)-16.

Table 4: Isolated yields for compounds formed in the ring-opening reaction of lactone (+)-14 and isoxazoline (+)-16 with ethylene in ROM reactions

with various catalysts.

catalyst G-1 G-2
catalyst catalyst
product
(£)-15 0% 52%
(£)17 38% -

(£)-16 and (£)-18) gave different results in view of the used
Ru-based catalyst, which allowed us to conclude that all these

transformations are highly substrate and catalyst dependent, the

HG-1 HG-2
catalyst catalyst
1% 59%
- 0%

nature of the structure of the cyclic starting material deter-
mining the outcome of the transformations. It is well known

that the prediction of the behavior of the catalyst efficiency is a
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(£)-18
catalyst
ethylene CH,Cl, 5
o)
0 HCI/EtOH 0 AL HN
HN HN Y
\ SN A, 69% \ */ catalyst Y\SR 3:,;«";/
R* R3S CHCl, O
(%)-23 (£)-19 (%)-20
0 catalyst selective
\)I\OMe CH,Cl,
O o}
HN HN
MeO OMe
o ()-21 @22 °

mixture

Scheme 7: ROM and transformations of lactam (+)-18.

Table 5: Isolated yields for compound ()-19 formed in the ring-opening reaction of lactam (+)-18 with ethylene in ROM reactions with various cata-

lysts.
catalyst G-1 catalyst G-2 catalyst
product
(£)-19 9% 29%

rather difficult task. Metathesis reactions are known to be often
catalyst or substrate dependent. Electronic or steric factors, and
chelation effects may contribute to the outcome of metathesis in
view of the yield. Moreover, possible H-bonding interactions in
the intermediate phase between the catalyst chlorine and the
substrate may be responsible for the accomplishments of the
reactions, which were deeply investigated and discussed in the
literature [33-37] and see references therein. In our case it was
observed that the imidazole carbene-based catalysts (G-2 and
HG-2) were effective in case of bridged lactones with a six-
membered ring part in their framework, with O-functionalities
(£)-3, (¥)-4, (¥)-9 and (+)-14. In case of isoxazoline-fused de-
rivative (£)-16 G-1 gave the best result, while in case of lactam
(£)-18 HG-1 was the most efficient. The observed results
regarding the current ROM processes were somewhat
surprising, the overall comparison of these experimental investi-
gations in the ROM may depend strongly on the structure of the
substrates.

HG-1 catalyst HG-2 catalyst

70% 15%

The valuable dialkenylated compounds (lactones, lactams, isox-
azolines) with multiple stereogenic centers thus synthesized can
be considered interesting scaffolds for further transformations
in view of the access of novel three-dimensional functionalized
scaffolds through cross-metathesis (CM). An illustrative exam-
ple is shown on Scheme 7. Divinylated y-lactam (+)-19 selected
as a model compound was first subjected to CM with methyl
acrylate. When the reaction was performed in the presence of
Ru-based catalysts, in CH,Cly, either at reflux temperature or at
20 °C, it gave a mixture of monometathesised products ((£)-21
and (+)-22) after 6 h together with a large amount of polymeric

materials.

The products could not be separated by means of chromatogra-
phy. Interestingly, however, the CM of (£)-19 with methyl vinyl
ketone induced by G-2, HG-1 or HG-2, afforded a single deriv-
ative, monometathesised compound (£)-20 bearing the oxo

group closest to the amide N-atom (Scheme 7, Table 6). Com-
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Table 6: Isolated yields for compound ()-20 formed in the reaction of lactam (+)-19 in CM reactions with various catalysts.

catalyst G-1 catalyst G-2 catalyst
product
(£)-20 0% 5%

pound (£)-20 was formed in low yields and E-selectively with
the chemodiscrimination of the olefinic bonds. The observed
low yields for the formation of (+)-20 might be explained by
stereoelectronic factors. The coordinating ability of both the
O- and N-atom of the amide with the Ru atom in the metalla-
cyclobutane intermediate may reduce the reactivity of the
olefinic bonds. Furthermore, the chelating ability of the amide
heteroatoms is also assumed to be responsible for the chemodis-
crimination of the vinyl groups. Namely, the chelating five-
membered structure T1 is more favored than T2 and, therefore,
the vinyl group closest to the ring N-atom becomes more reac-
tive in cross-metathesis (Figure 2).

0. H O

HN—( . N
. Ru Ru
T1 T2

more-favored
chelate intermediate

less-favored
chelate intermediate

Figure 2: Chelate intermediates in CM of (+)-19.

Similar chemodiscriminations of C—C double bonds were previ-
ously observed in the transformation of various alkenylated
lactams or amino esters [16]. Lactams are known to be useful
precursors for the preparation of amino acids and amino esters
[21,22]. When compound (+)-19 was subjected to either acid-
catalyzed hydrolysis or ethanolysis at reflux, it furnished a
pyrrolidinone derivative identified as (+)-23, instead of the ex-
pected product (amino acids or amino ester) formed via the
opening of the heteroring, (Scheme 7). The process involves
isomerization through olefin bond migration proceeding
Z-selectively.

Conclusion
The ring-opening metathesis (ROM) of some ring-constrained,
unsaturated bicyclic frameworks has been studied in the

presence of commercially available ruthenium-based

HG-1 catalyst HG-2 catalyst

19% 28%

catalysts. The bicyclic systems, derived from various cyclodi-
enes, such as lactone, lactam or isoxazoline derivatives,
were investigated under ROM through ethenolysis, which
afforded novel dialkenylated scaffolds formed under
stereocontrol with the conservation of the configuration
of the stereogenic centers. The resulting diolefinated aminolac-
tones, isoxazolines or lactam derivatives with multiple stereo-
genic centers might be considered to be interesting highly-func-
tionalized three-dimensional compounds for further derivatiza-
tions. Extensions of the ROM of various bicyclic, conforma-

tionally restricted derivatives are currently being studied by our
group.

Experimental
General procedure for the ring-opening
metathesis

To a solution of bicyclic olefin derivative (150 mg) in an-
hydrous CH,Cl, (20 mL) the catalyst (5 mol %) was added (see
Tables) and the mixture was stirred at 20 °C in the presence of
an ethylene atmosphere for the time indicated in the text (moni-
tored by TLC). After completion of the reaction, the mixture
was concentrated under vacuum and purified by column chro-
matography on silica gel (n-hexane/EtOAc).

General procedure for cross-metathesis

To a solution of y-lactam derivative (80 mg) in anhydrous
CH,Cl, (15 mL), catalyst (5 mol %, see Table) and methyl
vinyl ketone or methyl acrylate (4 equiv) were added and the
mixture was stirred for the time and temperature indicated in
text. After completion of the reaction (monitored by TLC), the
mixture was concentrated under vacuum and the residue was
purified by column chromatography on silica gel (n-hexane/
EtOAc).

General procedure for the nitrile—oxide
cycloaddition

To a solution of 1,5-cyclooctadiene (1.5 mmol) in THF
(20 mL), EtNO; (5 equiv), DMAP (0.3 mmol, 20 mol %) and
Boc,O (4.5 mmol, 3 equiv) were added and the mixture was
stirred at 20 °C for 24 h. The reaction mixture was then diluted
with H,O (30 mL) and extracted with EtOAc (3 x 15 mL). The
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combined organic layer was washed with brine (2 X 20 mL),
dried (NaySOy) and concentrated under vacuum. The crude
residue was purified by column chromatography on silica gel
(n-hexane/EtOAc).

Characterization of the synthesized substances
tert-Butyl (($*)-1-((3R*,55%)-2-0x0-5-vinyltetrahydrofuran-
3-yDallyl)carbamate ((+)-5).

Yellow oil; yield 25%; R 0.70 (n-hexane/EtOAc 2:1); '"H NMR
(CDCls, 400 MHz) & 1.41 (s, 9H, ¢-Bu), 1.82-1.88 (m, 1H,
CH,), 2.40-2.47 (m, 1H, CHy), 2.98-3.06 (m, 1H, H-3),
4.33-4.39 (m, 1H, CHN), 4.78-4.84 (m, 1H, H-5), 5.23-5.32
(m, 4H, CH=), 5.66—5.82 (m, 3H, CH= and NH); 13C NMR
(CDCl3, 100 MHz) § 29.0, 29.7, 44.7, 52.5, 79.4, 80.1, 118.7,
119.3, 134.8, 135.1, 155.1, 174.2; MS (ESI, pos) (m/z): 288
[M + 1], 168 [M — Boc]; anal. calcd for C14H1NOy4: C, 62.90;
H, 7.92; N, 5.24; found, C, 62.55; H, 7.58; N, 4.89.

tert-Butyl ((R*)-1-((3R*,55%)-2-0x0-5-vinyltetrahydrofuran-
3-yDallyl)carbamate ((£)-6).

7\
0 R
N 3R,
58* NHBoc

Yellow oil; yield 36%; R 0.72 (n-hexane/EtOAc 2:1); TH NMR
(CDCl3, 400 MHz) 8 1.47 (s, 9H, #-Bu), 1.94-1.99 (m, 1H,
CHj), 2.46-2.51 (m, 1H, CHj), 3.00-3.09 (m, 1H, H-3),
4.48-4.54 (m, 1H, CNH), 4.73-4.85 (m, 2H, H-5 and NH),
5.27-5.33 (m, 3H, CH=), 5.40-5.46 (m, 1H, CH=), 5.77-6.01
(m, 2H, CH=); '3C NMR (CDCl3, 100 MHz) & 28.9, 29.4, 45.7,
52.0, 79.0, 80.1, 116.8, 118.6, 135.2, 135.7, 155.6, 175.7,
MS (ESI, pos) (m/z): 288 [M + 1], 168 [M — Boc]; anal. calcd
for Ci4H>1NOy4: C, 62.90; H, 7.92; N, 5.24; found, C, 62.59; H,
8.30; N, 4.87.

tert-Butyl ((25*,3R*,4R*)-4-allyl-5-0x0-2-vinyltetrahydro-
furan-3-yl)carbamate ((+)-10).

\\"‘“S* O o
RY»—/R*
BocHN /\

Yellow oil; yield 35%; R 0.70 (n-hexane/EtOAc 2:1); 'H NMR
(CDCl3, 400 MHz) & 1.48 (s, 9H, #-Bu), 2.42-2.49 (m, 1H,

Beilstein J. Org. Chem. 2018, 14, 2698-2707.

CHj), 2.53-2.58 (m, 1H, CHj), 2.61-2.67 (m, 1H, H-4),
3.91-3.97 (m, 1H, H-3), 4.52-4.62 (m, 2H, H-2 and NH),
5.06-5.12 (m, 2H, CH=), 5.33-5.38 (m, 1H, CH=), 5.42-5.48
(m, 1H, CH=), 5.75-5.85 (m, 2H, CH=); 13C NMR (CDCl;,
100 MHz) 6 18.9, 22.7, 29.4, 45.7, 57.3, 82.4, 118.8, 119.4,
133.1, 133.2, 154.7, 174.3; MS (ESI, pos) (m/z): 288 [M + 19],
168 [M — Boc]; anal. calcd for Ci4Hy1NOg4: C, 62.90; H, 7.92;
N, 5.24; found, C, 62.59; H, 7.60; N, 4.86.

tert-Butyl ((1R*,25%,65%,Z)-8-0x0-7-0xabicyclo[4.2.2]dec-4-
en-2-yl)carbamate (()-14).

@]

S* R*
NHBoc

White solid; yield 38%; mp 101-102 °C; R¢= 0.50 (n-hexane/
EtOAc 2:1); 'H NMR (CDCl3, 400 MHz) § 1.40 (s, 9H, ¢-Bu),
1.68-1.75 (m, 1H, CHj), 1.83-1.99 (m, 2H, CH,), 2.28-2.35
(m, 2H, CH,), 1.42-1.50 (m, 1H, CHy), 3.02-3.06 (m, 1H,
H-1), 3.90-3.99 (m, 1H, H-2), 5.00-5.08 (brs, 1H, NH),
5.10-5.15 (m, 1H, H-6), 5.47-5.53 (m, 1H, H-4), 5.83-5.92 (m,
1H, H-5); 13C NMR (CDCls, 100 MHz) & 21.4, 25.3, 28.4,
46.8, 55.6, 78.7, 79.8, 125.9, 129.0, 154.6, 173.0;
MS (ESI, pos) (m/z): 288 [M + 1], 168 [M — Boc]; anal. calcd
for C;4H, NOy4: C, 62.90; H, 7.92; N, 5.24; found, C, 63.22; H,
7.59; N, 4.88.

tert-Butyl ((S*)-1-((3R*,68*)-2-0x0-6-vinyltetrahydro-2H-
pyran-3-yl)but-3-en-1-yl)carbamate ((£)-15).

White solid; yield 59%; mp 64-65 °C; Ry 0.65 (n-hexane/
EtOAc 2:1); '"H NMR (CDCl3, 400 MHz) & 1.42 (s, 9H, ¢-Bu),
1.67-1.74 (m, 2H, CHj), 1.93-2.02 (m, 2H, CH,), 2.32-2.42
(m, 2H, CH,), 2.74-2.81 (m, 1H, H-3), 3.78-3.85 (m, 1H,
CHN), 4.81-4.86 (m, 1H, CH=), 5.13-5.10 (m, 2H, CH=),
5.25-5.35 (m, 2H, CH=), 5.38 (brs, 1H, NH), 5.69-5.80 (m, 2H,
CH=); 13C NMR (CDCl3, 100 MHz) & 20.5, 26.3, 27.0,
35.0,44.0, 51.1, 78.4, 79.2, 117.4, 117.5, 135.5, 135.7, 155.6,
172.8; MS (ESI, pos) (m/z): 296 [M + 1]; anal. calcd for
C16H25NOy4: C, 65.06; H, 8.53; N, 4.74; found, C, 64.69; H,
8.19; N, 4.39.
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(3aR*,9aR*,Z)-3-Methyl-3a,4,5,8,9,9a-hexahydrocyclo-
octa[d]isoxazole ((£)-16).

Yellow oil; yield: 62%; Ry 0.37 (n-hexane/EtOAc 4:1);
TH NMR (CDCl3, 400 MHz): & 1.80-1.87 (m, 2H, H-4), 1.95
(s, 3H, CH3), 2.02-2.19 (m, 3H, H-5, H-8), 2.21-2.36 (m, 1H,
H-8), 2.4-2.54 (m, 1H, H-9), 2.97-3.06 (q, 1H, J' = 8.64 Hz,
J? = 8.46 Hz, J3 = 8.64 Hz, H-3a), 4.37-4.45 (m, 1H, H-9a),
5.55-5.64 (m, 1H, H-6), 5.65-5.73 (m, 1H, H-7); 13C NMR
(DMSO, 125 MHz) 6 12.3, 24.4, 24.7, 25.1, 28.5, 51.0, 83.9,
129.0, 130.7, 160.9; anal. calcd for C1yH5NO: C, 72.69; H,
9.15; N, 8.48; found, C, 72.38; H, 8.80; N, 8.11.

(4R*,5R*)-4,5-Di(but-3-enyl)-3-methyl-4,5-dihydroisoxazole
(®-17).

Yellow oil; yield 38%; Ry = 0.57 (n-hexane/EtOAc 4:1);
TH NMR (CDCl3, 400 MHz) & 1.51-1.74 (m, 4H, CH,), 2.00 (s,
3H, CHj3), 2.08-2.19 (m, 3H, CH,), 2.39-2.48 (m, 1H, CH,),
2.97-3.05 (m, 1H, H-4), 4.46-4.52 (m, 1H, H-5), 5.02-5.16 (m,
4H, CH=), 5.68-5.79 (m, 2H, CH=); !3C NMR (DMSO,
125 MHz) § 12.6, 24.5, 27.6, 30.7, 32.0, 51.0, 81.7, 115.6,
115.8, 138.4, 138.6, 159.8; anal. calcd for C;,H9NO: C, 74.57;
H, 9.91; N, 7.25; found, C, 74.20; H, 9.65; N, 6.86.

(35*,5R*)-3,5-Divinylpyrrolidin-2-one ((+)-19).

White solid; yield 70%; mp 67-68 °C; R¢ = 0.40 (n-hexane/
EtOAc 1:2); '"H NMR (CDCl3, 400 MHz) & 1.65-1.72 (m, 1H,
CH,), 2.47-2.53 (m, 1H, CHy), 3.09-3.18 (m, 1H, H-3),
4.05-4.13 (m, 1H, H-5), 5.13-5.25 (m, 4H, CH=), 5.74-5.81
(m, 1H, CH=), 5.84-5.92 (m, 1H, CH=), 6.00 (brs, 1H, NH);
13C NMR (CDCl3, 100 MHz) & 34.9, 46.0, 55.2, 116.8, 117.7,
135.0, 138.5, 177.4; MS (ESI, pos) (m/z): 138 [M + 1]; anal.
calcd for CgH|NO: C, 70.04; H, 8.08; N, 10.21; found, C,
69.69; H, 7.81; N, 9.86.

Beilstein J. Org. Chem. 2018, 14, 2698-2707.

(38*,5R*)-5-((E)-3-Oxobut-1-en-1-yl)-3-vinylpyrrolidin-2-
one ((£)-20).

0

Yl
(0]

5R™ 35+

White solid; yield 28%; mp 58-89 °C; R¢ = 0.45 (n-hexane/
EtOAc 1:2); 'TH NMR (CDCl3, 400 MHz) & 1.75-1.82 (m,1H,
CHy), 2.36 (s, 3H, CHj3), 2.53-2.62 (m, 1H, CHj), 3.27-3.35
(m, 1H, H-3), 4.29-4.37 (m, 1H, H-5), 5.27-5.35 (m, 2H,
CH=), 5.88-5.97 (m, 1H, CH=), 6.20-6.27 (d, /= 16.1 Hz, 1H,
CH=), 6.51 (brs, 1H, NH), 6.60-6.68 (dd, J = 16.2 Hz,
J = 6.6 Hz, 1H, CH=); '3C NMR (CDCl3, 100 MHz) § 27.6,
34.1, 45.7, 53.4, 118.2, 130.5, 134.3, 145.3, 177.7, 197.7,
MS (ESI, pos) (m/z): 181 [M + 1]; anal. calcd for C;ogH3NO;:
C, 67.02; H, 7.31; N, 7.82; found, C, 67.33; H, 7.01; N, 7.52.

(R*,Z)-3-Ethylidene-5-vinylpyrrolidin-2-one ((+)-23).

White solid; yield 69%; mp 49-50 °C; R¢ = 0.35 (n-hexane/
EtOAc 1:2); '"H NMR (CDCl3, 400 MHz) 5 1.77 (d, J = 6.9 Hz,
3H, CH3), 2.45-2.51 (m, 1H, CHj), 2.98-3.04 (m, 1H, CH>),
4.19-4.28 (m, 1H, H-5), 5.02-5.08 (d, J =10.1 Hz, 1H, CH=),
5.20-5.27 (d, J =16.6 Hz, 1H, CH=), 5.78-5.88 (m 1H, CH=),
6.48-6.54 (m, 1H, CH=), 7.51 (brs, 1H, NH); 13C NMR
(CDCl3, 100 MHz) & 14.8, 31.2, 53.9, 115.6, 128.6, 131.5,
139.2, 171.5; MS (ESI, pos) (m/z): 138 [M + 1]; anal. calcd for
CgHNO: C, 70.04; H, 8.08; N, 10.21; found, C, 69.70; H,
7.80; N, 9.84.

Supporting Information

Supporting Information File 1

Copies of NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-247-S1.pdf]
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The metathesis of norbornene derivatives with alkynyl side-chain with Grubbs’ ruthenium alkylidine as catalyst has been investigat-

ed with the objective of constructing condensed polycyclic structures. This investigation demonstrated that the generally observed

domino reaction course involving a ring-opening metathesis of the norbornene unit and a ring-closing enyne metathesis is influ-

enced to a great extent by the nature of the functional group and the substrate structure and may follow a different reaction course

than what is usually observed. In cases where ROM—RCEYM occurred, the resulting 1,3-diene reacts in situ with the dienophile to

provide condensed tetracyclic systems.

Introduction

The metathesis of norbornene derivatives having an alkene side-
chain on the norbornene nucleus with Grubbs’ ruthenium cata-
lysts has been extensively investigated. Generally the reaction
proceeds through a domino process involving a ring opening of
the norbornene nucleus and ring closing with the alkene side
chains to produce ring rearrangement products (path 1,
Scheme 1) [1-4]. This protocol has been employed by several
groups [5-22] as well as by our group [23-33] for the synthesis
of a variety of complex ring systems such as condensed,

bridged and spirocycles difficult to obtain otherwise. On the
contrary, the domino process involving a ring-opening metathe-
sis (ROM) followed by a ring-closing enyne metathesis
(RCEYM) [34-37] of norbornene derivatives with a suitably lo-
cated alkynyl side-chain on the nucleus (path 2, Scheme 1) to
form carbocycles has been less explored. The greatest advan-
tage of this protocol lies in its potential in increasing the molec-
ular complexity through Diels—Alder reaction of the resulting

ring system. Domino metathesis of oxa- and aza-norbornenes
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with alkyne side chains [38-40] as well as norbornene deriva-
tives having ether linked alkynes [41,42] in combination with
Diels—Alder reaction of the resulting 1,3-dienes have been in-
vestigated to construct polycycles with heteroatoms. In spite of
the great potential little attention has been paid [43] for
exploring its application in the synthesis of complex carbo-
cyclic ring systems, backbones of innumerable natural products.

7 path 1
> /
—
—
/ path 2
7
o —
p—
)

Scheme 1: Metathesis of norbornene derivatives.

We undertook a program for the synthesis of condensed poly-
carbocyclic scaffolds using a metathesis of norbornene deriva-
tives with suitably located alkynyl side-chains as the key step.
The structurally unique sesterterpenes retigeranic acid A (1a)
and retigeranic acid B (1b, Figure 1) are representative exam-
ples of such complex polycyclic structures [44-47]. We specu-
lated that domino ROM—RCEYM of the norbornene derivative
2 would provide the tricyclic 1,3-diene 3 which on Diels—Alder
reaction with a dienophile would enable access to condensed
polycyclic structures 4 (Scheme 2). Thus an appropriately
chosen norbornene derivative and a dienophile may provide the
B/C/D/E ring system of retigeranic acids. Herein we describe
the results of metathesis of norbornene derivatives 2 with
alkynyl side-chains.

1 a, R = isopropyl, RZ = H
b, R' = H, RZ = isopropyl

Figure 1: Structures of retigeranic acids A (1a) and B (1b).

Results and Discussion

Initially Grubbs’ 1st generation catalyst (G-I) was used for
metathesis of norbornene derivatives 2. In case G-I failed to
accomplish metathesis in the desired direction, 2nd generation
catalyst (G-1I) was used. The norbornene derivative 7a was first

chosen for investigating ROM—RCEYM. Compound 7a was

Beilstein J. Org. Chem. 2018, 14, 2708-2714.

Scheme 2: Synthesis plan.

prepared in the following way (Scheme 3). Reaction of the
known lactol 5 [33] with propargyl magnesium bromide
afforded the diol 6 in 88% yield (For detailed experimental pro-
cedures and characterization data see Supporting Information
File 1). The stereochemical orientation of the secondary
hydroxy group was determined through X-ray crystal structure
of a compound derived from it in a subsequent step. The prima-
ry hydroxy group in the diol 6 was then selectively protected to
provide the silyl ether 7a in 92% yield. Two different paths can
be invoked for metathesis of compound 7a. Metathesis initia-
tion may occur by attack of the ruthenium alkylidene at the
alkyne unit to produce the more substituted vinyl alkylidine
intermediate 8a which may undergo concomitant ROM—RCM
with the norbornene nucleus to provide the triene 9a (path 1).

Alternatively the metathesis initiation may occur initially at the
norbornene double bond to provide the ring-opened ruthenium
alkylidine intermediate 10 (path 2). The latter then undergoes
RCEYM to provide the tricycle 9a. With this background a
solution of the compound 7a in toluene under ethylene atmo-
sphere was heated at 65 °C with Grubbs 1st generation catalyst
(G-I). Compound 7a was found to be inert even after a
prolonged reaction time. However, with G-II as the catalyst the
metathesis went smoothly. Without isolation, the metathesis
product was treated in situ with dimethyl acetylenedicarboxyl-
ate (DMAD). In case the Diels—Alder reaction would take place
through the triene 9a the tetracyclic structure 12a would be
formed. However, '3C NMR spectra of the product revealed the
presence of eight methylene carbon signals at & 28.6, 28.9, 30.9,
33.5,36.7, 41.1, 45.7 and 68.8, one more aliphatic methylene
unit than what the structure 12a requires (see Supporting Infor-
mation File 1). This indicates that the metathesis product is not
9a. The structure of the metathesis product was finally settled
by X-ray crystal structure (Figure 2) [48] (see Supporting Infor-
mation File 2) of the 3,5-dinitrobenzoate derivative 13,
mp 171-172 °C, prepared in two steps (51%) from the metathe-
sis product on reaction with 3,5-dinitrobenzoyl chloride
(DNBC) followed by acid-induced desilylation. Thus com-
pound 7b on metathesis produced exclusively triene 11 and ac-
cordingly the structure of the Diels—Alder adduct is 14. The for-
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Br
; — /Mg, HgCl, ; path 1 7
> —_— —
> < OTBS
o X OR G-Il (for 7a)
Ho” O Et,0, 0 °C, 88% A OR? G-I (for 7b) OR
5 ethene, toluene, R
- 65 °C u
TBSOT, lutidine 6,R'=R“=H _
DCM, 0 °C, 92% [ 7a,R'=TBS, R2=H 8;» ';: XC
Ac,0, DMAP, Et;N l: '
DCM, 0 °C, 77% 7b, R'=TBS, R2= Ac
CM
path 2 with ethene
/ _OTBS ROM
3 N
or| RCEYM ;
R [ ~OTBS ~QOTBS
! OH OH
Il \
9a, R=H 11
b, R =Ac 10
DMAD, toluene () 3,5-DNBC, DMAP
651°C E“t3N, DCM, rt DMAD, toluene
66% (for 12b (i) 8 N HCI, THF/H,0O 65 °C, 76%
o (for 12b) 51% (in two steps)
7
’ L ~OTBS
OH
NO, OH
(o]
N
o}
E
NO, £
12a,R=H 13
b, R=Ac = -
E = COOMe DNBC = dinitrobenzoyl chloride 14 E=COOMe
N_ N
P Ms~ ~Ms
Cl.Fécy"' cﬂR/
ol Iu::\ cr |u:\
Pcy; Ph Pcy; Ph
G-l G-Il

Scheme 3: Metathesis of norbornene derivatives 7a and 7b.

mation of triene 11 could be attributed to cross metathesis of the
ruthenium alkylidene 8a with ethylene. No product arising out
of ROM of norbornene derivative 7a was formed. It is worth
mentioning that Spandl et al. [43] reported the metathesis of
norbornene derivatives with an alkynyl side chain affording the
major product arising from domino ROM—-RCEYM while the

enyne metathesis product was observed only in very low yield.

In order to realize our objective and to find out if the free
hydroxy group has any influence on the outcome of the meta-
thesis, the hydroxy group in compound 7a was protected to

provide the acetate derivative 7b. The metathesis of compound

7b with G-I as the catalyst proceeded smoothly and the result-
ing product without isolation was allowed to react with DMAD
to produce the tetracycle 12b in overall 66% yield. The struc-
ture of compound 12b was established through analysis of its
NMR spectra. Isolation of 12b dictated that metathesis of 7b
proceeded through the formation of the triene 9b. Stereochemi-
cal assignment to the adduct follows from addition of the dieno-
phile from the least hindered face (opposite to CH,OTBS
group) of the diene. Thus unlike metathesis of 7a, metathesis of
its acetate analogue 7b occurred through a domino
ROM-RCEYM process. Addition of the Ru-carbene 10 arising
from ring opening of norbornene unit in 7b could add to the
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Figure 2: ORTEP of compound 13 (ellipsoids at 30% probability).

acetylenic unit of another molecule of 7b leading to copolymer-
ization. However, this process generally does not take place
under such low molar concentration of the substrate [38-43].
We also did not isolate any copolymerization product. This may
be attributed to the much faster rate of addition of the
Ru-carbene 10 to the yne unit intramolecularly resulting in ring
closure rather than intermolecular addition to an acetylenic unit
of another molecule of 7b. It may be noted that changing the
functional group from hydroxy to acetate the metathesis fol-
lowed a different reaction course.

In order to construct a polycyclic structure analogous to the
B/C/D/E ring of retigeranic acids, the norbornene derivative 16
was chosen. Addition of lithium (trimethylsilyl)acetylide to the
lactol 5 followed by desilylation by using methanolic K,CO3
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afforded diol 15 (Scheme 4). The primary hydroxy group in
compound 15 was selectively protected to produce the silyl
ether 16 in 95% yield. The attempted metathesis of compound
16 with G-I or G-II catalyst under the conditions used for the
metathesis of 7a led to a complete recovery of 16. Since meta-
thesis of the acetate derivative 7b proceeded smoothly in the
desired direction, we chose to use the acetate 17 for metathesis.
The acetate 17 also remained inert when subjected to metathe-
sis conditions with G-I as well as with G-II. Neither ring
opening of the norbornene nucleus nor cross metathesis of the
alkyne with ethylene did occur. To have an understanding about
the inertness of 17 towards metathesis we decided to prepare the
ring-opened product 18 using an alternative path. The double
bond in the norbornene nucleus in compound 17 was cleaved in
the traditional way by treatment with OsO4/NalO4 and the re-
sulting dialdehyde on Wittig reaction provided the diene 18 in
66% yield in two steps. Amazingly when compound 18 was
treated with G-I or G-II as catalyst, the metathesis was found to
take place. After disappearance of the starting material (TLC),
the reaction mixture was allowed to react with DMAD. The
product obtained in 76% yield was assigned the structure 20
based on spectral data. Isolation of 20 indicates that metathesis
of 18 proceeded through RCEYM to produce the triene 19. The
latter then after in situ Diels—Alder reaction with DMAD deliv-
ered the product 20. The tetracyclic compound 20 represents the

B/C/D/E tetracyclic core structure of retigeranic acids.

Based on the above observations a mechanistic rationale
regarding the metathesis of norbornene derivatives with an
alkynyl side chain may be postulated (Figure 3). Possibly the

1. LiE=—TMS 1. NalOy4, OsO4 N
THF,0°C 7 THF/H,0, rt N
> ~OR1 —_—
OR ~
2. KoCO3/MeOH, rt, 90% ) 2. CH3PPh3Br, KHMDS / oTBS
(in two steps) = OR THF, 0 °C, 66% & TOAc
(in two steps) 18
TBSOTH, lutidine ,; 15,R'=R2=H
DCM, 0 °C, 95%
’ ’ 1= 2=
Ac,0, DMAP, Et3N l; 16,R7=0TBS,R"=H
DCM, 0 °Cto rt, 83% 17,R'= 0TS, R2=Ac
/ _/OTBS
G-ll, toluene DMAD -
. toluene, 65 °C, 76%
65°C (in two steps)
19 20, E = COOMe

Scheme 4: Metathesis of the norbornene derivative 17.
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metathesis is initiated at the acetylenic unit to form the rutheni-
um alkylidine such as 8. In case of 8a the ruthenium alkylidine
is stabilized by formation of the chelate 21 (R = H) which
prohibits intramolecular addition of the ruthenium alkylidine to
form ruthena cyclobutane 22. The alkylidine 21 then undergoes
cross metathesis with ethylene to form the product 11. The ru-
thenium alkylidine 8b possibly fails to form chelate 21 (R = Ac)
due to the electron deficient nature of the OAc group. It forms
intramolecularly the ruthena cyclobutane 22 which undergoes
ring opening to give rise to the triene 9b. That the metathesis
does not proceed through path 2 (Scheme 3) involving
ROM-RCM is indicated by failure of the norbornene deriva-
tive 17 to undergo ROM. Steric shielding of the acetylenic unit
in 17 inhibits metathesis initiation at the acetylenic unit. The
norbornene derivative 17 just remains inert under metathesis
conditions. Thus metathesis in these examples proceeds through
path 1 (Scheme 3).

~0TBS
OAc

22

Figure 3: Probable metathesis intermediates.

Conclusion

In conclusion we have developed a protocol for the synthesis of
condensed polycycles from metathesis of norbornene deriva-
tives with alkynyl side-chain. This investigation demonstrated
that domino metathesis of norbornene derivatives with alkynyl
side-chain requires metathesis initiation at the acetylene unit.
Further, the nature of functional groups as well as the substrate
structure play a significant role in determining the metathesis
reaction course.

Experimental

General experimental methods are similar as described in [49]

Synthesis of triene 11. A solution of the silyl ether 7a (120 mg,
0.35 mmol) in degassed toluene (7 mL) with Grubbs’ catalyst
G-1I (30 mg, 0.035 mmol) was heated at 65 °C for 6 h under a
positive pressure of ethylene atmosphere. After completion
(TLC) of the reaction toluene was removed under vacuo. The
residual mass was purified by column chromatography
(7% EA/PE) to afford diene 11 (89 mg, 69%) as an oil;
TH NMR (500 MHz) & 6.42 (dd, J = 11, 17.5 Hz, 1H), 6.12 (s,
2H), 5.28 (d, J=17.5 Hz, 1H), 5.15 (d, /=29 Hz, 2H), 5.04 (d,
J=11Hz, 1H), 3.98 (s, 1H), 3.63 (d, /= 10 Hz, 1H), 3.56 (s,
2H), 2.53 (s, 1H), 2.45-2.42 (m, 1H), 2.36-2.22 (m, 3H),
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1.95-1.92 (m, 1H), 1.82-1.74 (m, 3H), 1.47-1.38 (m, 2H),
1.33-1.28 (m, 1H), 0.89 (s, 9H), 0.07 (s, 6H); '3C NMR
(125 MHz) & 144.3, 139.8, 136.4, 136.1, 117.0, 113.1, 71.9,
68.6, 63.4, 61.2, 52.2, 52.0, 45.8, 36.8, 36.0, 33.8, 28.8,
26.0 (x 3), 18.4, 5.4, —5.6; HRMS-ESI m/z: [M + Na]" caled
for Cy3H330,SiNa 397.2539; found, 397.2537.

Diels—Alder reaction of diene 11. Synthesis of adduct 14. A
mixture of the diene 11 (40 mg, 0.11 mmol) and dimethyl
acetylenedicarboxylate (0.02 mL, 0.16 mmol) in toluene (5 mL)
was heated at 65 °C for 2 h. The solvent was removed under
reduced pressure and was purified by column chromatography
(12% EA/PE) to afford the Diels—Alder adduct 14 (42 mg,
76%) as an oil; 'H NMR (500 MHz) § 6.12—6.11 (m, 2H), 5.52
(s, 1H), 4.26 (s, 1H), 3.89-3.88 (m, 1H), 3.78 (s, 3H), 3.76 (s,
3H), 3.60-3.52 (m, 3H), 3.05-2.97 (m, 3H), 2.45 (s, 1H), 2.32
(s, 1H), 2.18-2.17 (m, 3H), 1.93-1.89 (m, 1H), 1.83—1.78 (m,
2H), 1.75-1.68 (m, 2H), 1.48-1.41 (m, 1H), 1.39-1.33 (m, 2H),
0.88 (s, 9H), 0.08 (s, 6H); 13C NMR (75 MHz) & 169.0, 168.7,
136.4, 135.8, 133.6, 132.4, 132.2, 117.9, 72.0, 68.8, 63.1, 61.2,
52.3 (x 2), 52.1 (x 2),45.7,41.1, 36.8, 33.6, 30.9, 28.9, 28.6,
26.0 (x 3), 18.4, —5.4, —5.6; IR: 2952, 1728, 1471 cm™!;
HRMS-ESI m/z: [M + Na]* caled for Cy9gH4404SiNa 539.2805;
found, 539.2802.

Synthesis of tetracycle 12b. A solution of the norbornene de-
rivative 7b (70 mg, 0.18 mmol) in degassed toluene (6 mL) was
heated with Grubbs’ catalyst G-I (15 mg, 0.018 mmol) under
ethylene atmosphere at 65 °C for 12 h. After completion (TLC)
of the metathesis reaction, dimethyl acetylenedicarboxylate
(0.04 mL, 0.27 mmol) was added to the reaction mixture. The
reaction mixture was then heated for 12 h till the Diels—Alder
reaction of the diene 9b generated in situ was complete. The
solvent was removed under vacuo and the product was purified
by column chromatography (15% EA/PE) to afford the tetra-
cycle 12b (66 mg, 66%) as a colorless oil; "H NMR (300 MHz)
8 5.99-5.87 (m, 1H), 5.63-5.57 (m, 1H), 5.35-5.34 (m, 1H),
4.99-4.94 (m, 2H), 3.74 (s, 3H), 3.73 (s, 3H), 3.58-3.48 (m,
2H), 3.25-3.16 (m, 2H), 3.10-3.07 (m, 1H), 2.85-2.75 (m, 1H),
2.14-2.07 (m, 2H), 2.04 (s, 3H), 2.02-1.85 (m, 2H), 1.69-1.59
(m, 4H), 1.53-1.25 (m, 3H), 0.94 (s, 9H), 0.02 (s, 3H), —0.03 (s,
3H); 13C NMR (75 MHz) & 170.1, 169.3, 168.7, 139.5, 136.9,
134.0, 132.5, 115.9, 115.0, 73.4, 65.1, 60.6, 57.6, 56.2, 53.1,
52.4,52.1,40.9, 37.6, 36.2, 34.9, 34.7, 28.2, 26.2 (x 3), 22.1,
21.8, 17.9, —5.8, —6.1; IR: 2950, 1737, 1434, 1249 cm™!;
HRMS-ESI m/z: [M + Na]" calcd for C31Hy607SiNa 581.2911;
found, 581.2914.

Synthesis of the tetracycle 20. The dienyne 18 (100 mg,

0.25 mmol) in degassed anhydrous toluene (7 mL) was treated
with Grubbs’ catalyst G-II (22 mg, 0.025 mmol) at 65 °C for
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5 h. On completion of the reaction (TLC), dimethyl acetylene-
dicarboxylate (0.06 mL, 0.37 mmol) was added to the resulting
reaction mixture. The mixture was heated at 65 °C for 8 h.
Removal of the solvent under vacuo followed by column chro-
matography (15% EA/PE) afforded the Diels—Alder adduct 20
(102 mg, 76%) as a colorless oil; 'H NMR (300 MHz)
8 6.06-6.02 (m, 1H), 6.00-5.94 (m, 1H), 5.24-5.21 (m, 1H),
5.03-4.95 (m, 2H), 3.80 (s, 3H), 3.75 (s, 3H), 3.53 (s, 2H),
3.19-3.11 (m, 1H), 3.09-3.02 (m, 1H), 3.00-2.86 (m, 1H),
2.43-2.34 (m, 1H), 2.14 (s, 3H), 2.08-1.98 (m, 2H), 1.96-1.78
(m, 2H), 1.55-1.50 (m, 2H), 1.46—1.41 (m, 1H), 1.34-1.25 (m,
1H), 1.12-0.99 (m, 1H), 0.91 (s, 9H), 0.04 (s, 3H), 0.02 (s, 3H);
13C NMR (75 MHz) § 170.0, 169.0, 167.5, 140.1, 139.3, 139.2,
129.0, 115.3, 109.8, 74.4, 65.6, 62.3, 58.1, 56.7, 54.7, 52.4,
52.3,41.9, 40.1, 35.9, 35.6, 27.6, 26.2 (x 3), 22.9, 21.1, 18.2,
-5.8, =5.9; IR: 2950, 1731, 1434, 1257 cm™'; HRMS—ESI
m/z: [M + Na]" calcd for C39H4407SiNa 567.2754; found,
567.2756.
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A convenient and sustainable three-step synthesis of the tyrosinase inhibitor 2-hydroxy-6-tridecylbenzoic acid was developed that

starts directly from the anacardic acid component of natural cashew nutshell liquid (CNSL). Natural CNSL contains 60-70% of

anacardic acid as a mixture of several double bond isomers. The anacardic acid component was converted into a uniform starting

material by ethenolysis of the entire mixture and subsequent selective precipitation of 6-(w-nonenyl)salicylic acid from cold

pentane. The olefinic side chain of this intermediate was elongated by its cross-metathesis with 1-hexene using a first generation

Hoveyda—Grubbs catalyst, which was reused as precatalyst in a subsequent hydrogenation step. Overall, the target compound was

obtained in an overall yield of 61% based on the unsaturated anacardic acid content and 34% based on the crude CNSL.

Introduction

Cashew nutshell liquid (Scheme 1) is an ideal renewable feed-
stock. This non-edible industrial waste product, derived from
the cashew nut processing, is abundant available and cheap
[1-3]. The annual production of cashew nuts with shell reached
4.9 million tons in 2016 [4], leading to an estimated CNSL pro-
duction of 1.2 million tons per year [5]. CNSL is a mixture of
phenolic compounds such as anacardic acid (1), cardol and
cardanol, each bearing a C-15 side chain in meta-position to the

hydroxy group with a varying degree of unsaturation [6].

CNSL exhibits a broad range of biological properties and indus-
trial applications, for instance in surfactants, plasticizers, resins,
soft materials and diverse medical applications [7]. Isolated via
cold-press or solvent extraction processes, it contains predomi-
nantly anacardic acid (1). Upon distillation or any other ther-
mal treatment, anacardic acid is known to decarboxylate easily
with formation of technical cashew nutshell liquid (tCNSL),
which consists mainly of cardanol. Due to this industrial pro-

cessing method, the main focus in research aiming at the chemi-
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cal valorization and modification of CNSL is on cardanol-
derived products [8-10]. These include aromatic amines as
polymers [11,12], cardanol-based phosphates as modifiers for
epoxy resins [13], cardanol grafted natural rubber as rubber
plasticizers [14], amine-based surfactants [15] and phenol/
cardanol-formaldehyde based adhesives [16].

The chemical valorization of anacardic acid (1) is even more
attractive, because it contains an additional functional group.
However, the separation and purification of this CNSL compo-
nent without decarboxylation is laborious and relies on wasteful
and tedious processes such as fractionate precipitation or
column chromatography [6,17]. A limited number of derivatiza-
tions of anacardic acid are reported by now, including the syn-
thesis of lactones [18-20], sulfonamides [21] or hydrazones
[22], typically bioactive compounds though with low commer-
cial value. However, several studies suggest that anacardic acid
and its derivatives display a broad range of biological activities
such as antimicrobial [23], antioxidant [24], molluscicidal [25]
and antiplaque [26]. Ginkgolic acids, structurally closely related
analogues of anacardic acid, have been reported to exhibit
tyrosinase inhibitory activity [27]. We herein report a concise
synthesis of the most potent tyrosinase inhibitor among them,
the ginkgolic acid (13:0), starting from crude CNSL (Scheme 1,
left).

Tyrosinase is an enzyme [28] which is responsible for browning
of fruits and vegetables as well as skin pigmentation [29].
Furthermore, it is linked to several neurodegenerative diseases
[30]. Therefore, the study and development of tyrosinase inhibi-
tors from renewable resources is of particular interest for
research and industry [31,32]. Fu et al. investigated naturally
occurring ginkgolic acids which they selectively synthesized
from 2,6-dihydroxybenzoic acid (4), and found that the tride-

Scheme 1: Targeted conversion of CNSL into a tyrosinase inhibitor.
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canyl substituted derivative ginkgolic acid (13:0, 3) exhibits the

most promising inhibitory activity.

While this modular approach is very appealing for drug-
discovery, the use of expensive y-resorcylic acid as the sub-
strate basis and the low overall yield over several reaction steps
are certainly drawbacks for larger scale production (Scheme 2)
[27].

Due to the structural similarity of ginkgolic and anacardic acids,
we believed that a particularly desirable synthesis of 2-hydroxy-
6-tridecylbenzoic acid (3) would involve CNSL as the substrate
basis. However, the functionalization of the anacardic acid com-
ponent of CNSL presents several challenges. Since CNSL
consists of a mixture of acids, phenols and resorcins with satu-
rated and unsaturated side chains, it seemed to be impossible to
derive a single product with a shorter side chain via a cross-me-
tathesis with a short olefin, since inevitable, an inseparable mix-
ture of many compounds would result. It is, thus, necessary to
converge as many components as possible into one single com-
pound.

Based on concepts that we had previously utilized for the chem-
ical modification of the cardanol component, we first investigat-
ed strategies based on cross-metathesis of CNSL with ethylene
[33-35]. Each unsaturated double bond isomer has the first
double bond located at the C-8 position, so that no matter how
many other double-bonds are present, the unsaturated side
chains of all arenes will be shortened to @-nonenyl groups if
ethylene is added in excess. The main difficulty is that thermal
purification of CNSL would inevitably lead to decarboxylation,
and that unpurified CNSL, as it is obtained in an extraction
process, contains a wealth of side components, many of which

act as catalyst poisons.
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Scheme 2: Previous synthesis of 2-hydroxy-6-tridecylbenzoic acid by Fu et al.

However, if an ethenolysis could be conducted with crude
CNSL, it would lead to the shortened derivatives of all unsatu-
rated components. We reasoned that it might be possible to
selectively precipitate the 2-hydroxy-6-(non-8-enyl)benzoic
acid (2) from this product mixture and use this as a substrate for
a consecutive cross-metathesis with 1-hexene followed by a
hydrogenation and thus, selectively obtain the target product
2-hydroxy-6-tridecylbenzoic acid (3).

Results and Discussion
Ethenolysis of crude CNSL

After thorough optimization, we found that natural CNSL, a
highly viscous brown oil, obtained by ether extraction of
cashew nutshells, undergoes smooth ethenolysis only in
dichloromethane as the solvent (Scheme 3). Using more sus-

PCY3
Clon..|

o=

O
\< (0.5 mol %)
CoHy (10 bar)

CNSL >
DCM, rt, 12 h

2, precipitation from
cold pentane

Scheme 3: Ethenolysis of the crude CNSL.

tainable solvents or no solvent at all, the reaction gave almost
no turnover, regardless of the ruthenium catalyst employed.
However, as a 1.1 M solution in dichloromethane, the unsatu-
rated components of CNSL were converted in high yields at
10 bar of ethylene in the presence of 0.5 mol % of the first gen-
eration Hoveyda—Grubbs catalyst Ru-1.

The resulting mixture was filtered through celite, and the
dichloromethane solvent was removed in vacuo. After addition
of pentane, the mixture was chilled causing selective precipita-
tion of the desired product 2 as a colorless solid in an amount
that is equivalent to 80% of the anacardic acid content or 84%
of the unsaturated anacardic acid. Anacardic acid makes up for
ca. 70% of the CNSL, so that the yield is 56% based on the
entire CNSL. We were pleased to find that the saturated

OH O OH OH
+ OH
X R! HO R\R? R\R?
Ri= *
RZ= NSy
residue
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C15-anacardic acid stays in solution along with cardanol and
cardol derivatives. This residue may be utilized for chemical
valorization after purification via distillation. This ethenolysis/
purification sequence was successfully performed on multi-
gram scales, yielding up to 16 g product in a single run.

One-pot cross-metathesis/hydrogenation

We next sought for suitable conditions that would allow the
cross-metathesis of 2 with 1-hexene to give 2-hydroxy-6-
(tridec-8-enyl)benzoic acid (5). When performing the hexenol-
ysis of 2 with 7 equivalents of 1-hexene using 1 mol % of Ru-1
in dichloromethane at rt, the desired product was obtained
only in unsatisfactory yield after 12h (Table 1, entry 1). High
amounts of starting material were detected in the reaction mix-
ture which points towards either a low conversion or an unfa-
vorable position of the metathesis reaction equilibrium. We
tested several methods to shift the equilibrium by purging the
ethylene byproduct from the reaction mixture with inert gas, but
finally found that the best yields were obtained when allowing

the ethylene to slowly evaporate from the reaction mixture via

Beilstein J. Org. Chem. 2018, 14, 2737-2744.

an oil bubbler. This way, the yield was improved to 53%
(Table 1, entry 2).

The yield was further improved by raising the reaction tempera-
ture to 60 °C (Table 1, entry 3). Now, only 3% starting material
2 was detected, but unwanted homocoupling of 2 (product 6,
see Supporting Information File 1) became a major side reac-
tion.

We tested several solvents including sustainable solvents like
dimethyl carbonate and p-cymene. Unfortunately, this led to a
decreased conversion and just 44—-47% yield of the desired
product. The use of the halogenated solvent dichloromethane
was still most efficient. Comparative tests with varying amounts
of 1-hexene revealed that an excess of 7 equivalents was
optimal. With a smaller amount the yield was decreased
(Table 1, entry 9 and 10), while a higher excess leads to de-
creased conversion. This can be explained by the undesired
homocoupling of 1-hexene as a side reaction, which delivers the

less active 5-decene (7, see Supporting Information File 1). In

Table 1: Cross-metathesis of 2-hydroxy-6-(non-8-enyl)benzoic acid (2) with 1-hexene.?

OH O OH
OH Ru-cat OH 4
X+ solvent, T, h A + H,C=CH,
2 5
entry catalyst solvent 1-hexene [equiv] time conversion [%] 5 [%]b

1¢ Ru-1 DCM 7 12h 35 33
2d Ru-1 DCM 7 12 h 55 53

3 Ru-1 DCM 7 12h 97 73

4 Ru-1 p-cymene 7 12h 28 3

5 Ru-1 DMC 7 12h 66 44

6 Ru-1 Me-THF 7 12h 64 47

7 Ru-1 acetone 7 12h 76 59

8 Ru-1 THF 7 12h 51 42

9 Ru-1 DCM 5 12h 94 69
10 Ru-1 DCM 3 12h 81 65
11 Ru-1 DCM 7 6 h 96 74
12 Ru-2 DCM 7 6h 98 72
13 Ru-3 DCM 7 6 h 98 65
14 Ru-4 DCM 7 6 h 98 56
15 Ru-5 DCM 7 6 h 93 55
16 Ru-6 DCM 7 6 h 46 27
17 Ru-7 DCM 7 6 h 98 45
18¢ Ru-1 DCM 7 6 h 97 76 (72)f

aReaction conditions: 0.5 mmol 2, given equiv 1-hexene, 1 mol % Ru-cat, 60 °C, given time, open system via oil bubbler, PYields determined by GC
using n-tetradecane as internal standard. °rt, closed system; drt; €2 mol % Ru-cat; fisolated yield.
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principle, these internal olefins can still undergo metathesis
albeit with less activity, depending on the catalyst. It was
possible to reduce the time of the reaction to 6 h with almost the
same yield (Table 1, entry 11).

We investigated various ruthenium catalysts in search for the
optimal performance (Figure 1). The second generation
Hoveyda—Grubbs catalyst previously used to change the
olefinic side chain of cardanol via cross-metathesis [36], only
reached a yield of 45% (Table 1, entry 17). Several modified
second generation catalysts were tested, reaching yields of up to
72% of the desired product (Table 1, entry 12). However, the
first generation Hoveyda—Grubbs catalyst Ru-1, which was re-
ported in literature to be highly efficient for the ethenolysis of
several CNSL components [35], showed the best activity. In-
creasing the catalyst loading to 2% gave only insignificantly
better yields (Table 1, entry 18).

It is known that ruthenium metathesis catalysts can be trans-
formed in situ into an active hydrogenation catalyst [37,38].
We, thus added charcoal and methanol to the crude reaction
mixture of the cross-metathesis and stirred the reaction for addi-
tional 2 h under 5 bar of hydrogen. This way, the products were
fully hydrogenated in quantitative yield. We were pleased to
find that the desired product 3 could easily be purified by frac-
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tionate precipitation from cold pentane. The one-pot cross-
methathesis/hydrogenation was successfully scaled up to multi-
gram (8 mmol) scale yielding 72% of the hydrogenated product
3. Combined with the ethenolysis/precipitation step, the entire
sequence afforded 61% overall yield based on unsaturated
anacardic acids present in the CNSL (Scheme 4).

Conclusion

In conclusion, a straightforward sequence of an ethenolysis,
cross-metathesis and hydrogenation was developed for the syn-
thesis of the tyrosinase inhibitor 3 from the non-edible waste
product CNSL. The key step to this process is the ethenolysis of
crude CNSL followed by a selective precipitation of 2-hydroxy-
6-(non-8-enyl)benzoic acid (2), which transforms the complex
substrate mixture into a single, pure compound. The subse-
quent hexenolysis can be combined with an hydrogenation to an
efficient one-step process to obtain the target molecule
2-hydroxy-6-tridecylbenzoic acid (3). Interestingly, it is a first-
generation Hoveyda—Grubbs catalyst Ru-1 that is most effi-

cient for both metathesis steps.

Experimental

General methods
All reactions were performed in oven-dried glassware contain-
ing a Teflon-coated stirring bar and dry septum under argon at-

Mes’N‘ﬁ/’N‘Mes‘&\Ph Mes-NYN\MeS

Clum... Cl,,
CI""RI)U_
/9\(0
Ru-4
N:c-N
Mes™N N —Mes py,
Ru-7
Figure 1: State-of-the-art metathesis catalysts.
1. Ru-1 (1 mol %)
Ru-1 (05mol%)  OH O 1-hexene (7 equiv) OH O
C,H4 (10 bar) DCM, 60 °C, 6 h
CNSL OH . OH
DCM, 1t, 12h X 2.charcoal
2,84% Hz (5 bar) 3,72%

MeOH, 50 °C, 2 h

Scheme 4: Overall process in a preparative scale.
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mosphere. All optimization reactions were monitored by GC
using n-tetradecane as internal standard. Products were sily-
lated in GC vials with N-methyl-N-(trimethylsilyl)trifluoroacet-
amide. Response factors of the products with regard to
n-tetradecane were obtained experimentally by analyzing
known quantities of the substances. GC analyses were carried
out using an HP-5 capillary column (phenyl methyl siloxane,
30 m x 320 x 0.25, 100/2.3-30-300/3) and a time program
beginning with 2 min at 60 °C, heating rate 30 °C/min, 3 min at
300 °C. NMR spectra were measured at ambient temperature
using CDClIj as solvent, with proton, and carbon resonances at
300 MHz/400 MHz and 75 MHz, respectively. All NMR data
are reported in ppm relative to the solvent signal. CHN-
elemental analyses were performed with a Hanau Elemental

Analyzer vario Micro cube.

Commercial substrates were used as received unless otherwise
stated. All solvents and liquid reactants were degassed with
Argon for 15 min prior to use. Ethylene was purchased from Air
Liquide GmbH (purity 99,95%). All catalysts were donated by

Umicore.

Preparation of CNSL

Cashew nutshell liquid was extracted following the procedure
described in the reference [34]: Cashew nutshells (500 g),
collected from Naliendele in Mtwara, Tanzania, were commin-
uted into =1 mm small particles which were than treated by
Soxhlet extraction with Et,O (500 mL) at 50 °C for 6 h.
Removal of the solvent in vacuo resulted in a highly viscous
brown oil (160 g, 32 wt %). The CNSL was used without
further purification.

Synthesis of 2-hydroxy-6-(non-8-enyl)benzoic acid
(2) via ethenolysis of CNSL

A 1 L Parr autoclave was charged with the metathesis catalyst
Ru-1 (330 mg, 0.55 mmol), CNSL (37.7 g, 110 mmol) and
DCM (100 mL) under ethylene atmosphere. The system was
evacuated and backfilled with ethylene (5 bar) three times and
finally pressurized to 10 bar. The mixture was stirred at
500 rpm at room temperature for 12 h. After the reaction time,
the reaction mixture was filtered through celite and the filter
cake was washed with DCM (2 x 10 mL). The solvent was re-
moved in vacuo and the residue was dissolved in pentane
(50 mL) and stored in the freezer until precipitation of the solid.
The precipitate was filtered and washed with cold pentane
(2 x 20 mL) yielding the product 2-hydroxy-6-(non-8-
enyl)benzoic acid (2) as colorless solid (16,2 g, 84%). CHN-
elemental analysis calcd for C14H»,03: C, 73.25; H, 8.45;
found: C, 73.55; H, 8.53; 'H NMR (300 MHz, CDCl3) § 10.98
(br. s., 1H), 7.38 (dd, J = 8.4, 7.5 Hz, 1H), 6.89 (dd, J = 8.3,
1.3 Hz, 1H), 6.79 (dd, J= 7.5, 1.3 Hz, 1H), 5.82 (ddt, /= 17.0,

Beilstein J. Org. Chem. 2018, 14, 2737-2744.

10.2, 6.7, 6.7 Hz, 1H), 5.03 (q, J = 1.7 Hz, 1H), 4.89-4.99 (m,
1H), 2.94-3.05 (m, 2H), 2.00-2.10 (m, 2H), 1.56-1.68 (m, 2H),
1.29-1.44 (m, 8H) ppm; '3C NMR (75 MHz, CDCl3) & 176.1,
163.7, 147.8, 139.2, 135.5, 122.8, 115.9, 114.1, 110.3, 36.4,
33.8, 31.9, 29.7, 29.3, 29.1, 28.9 ppm. The analytical data
matched those reported in the literature [38].

Optimization of the reaction conditions for the
synthesis of 2-hydroxy-6-(tridec-8-enyl)benzoic

acid (5)

An oven-dried 20 mL vial was charged with Ru-1 (3 mg,
5.00 pmol), 2 (131 mg, 0.5 mmol) and closed with a crimp cap.
The vial was evacuated and backfilled three times with argon.
1-Hexene (3.50 mmol, 0.45 mL) and DCM (1 mL) were added
simultaneously via syringe under an argon atmosphere. The
continuous elimination of formed ethylene was performed by
connecting the reaction vessel via an open system to an oil
bubbler. The resulting mixture was stirred at 60 °C for 6 h.
After the reaction was complete, the mixture was filtered
through celite and the filter cake was washed with DCM
(2 x 5 mL). The solvent was removed in vacuo and the residue
was dissolved in pentane (5 mL) and stored in the freezer until
precipitation of the solid. Product 5 was isolated as colorless
solid (120 mg, 72%). CHN-elemental analysis calcd for
CyoH3003: C, 75.43; H, 9.50; found: C, 75.43; H, 9.36;
I'H NMR (400 MHz, CDCl3) & 11.00 (s, 1H), 7.38 (t,
J =179 Hz, 1H), 6.86-6.91 (m, 1H), 6.76-6.82 (m, 1H),
5.33-5.44 (m, 2H), 2.95-3.03 (m, 2H), 1.92-2.08 (m, 4H),
1.56-1.66 (m, 2H), 1.25-1.43 (m, 12H), 0.86-0.92 (m, 3H)
ppm; 13C NMR (75 MHz, CDCls) § 175.9, 163.7, 147.8, 135.5,
130.4, 130.3, 129.9, 129.8, 122.8, 115.9, 110.3, 36.5, 32.6, 32.3,
32, 31.8, 29.8, 29.6, 29.3, 29.1, 26.9, 22.3, 22.2, 14 ppm. The
analytical data matched those reported in the literature [39].

One-pot synthesis of 2-hydroxy-6-tridecylbenzoic
acid (3)

An oven-dried 20 mL vial was charged with Ru-1 (3 mg,
5.00 pmol), 2 (131 mg, 0.50 mmol) and closed with a crimp
cap. The vial was evacuated and backfilled three times with
argon. 1-Hexene (3.50 mmol, 0.45 mL) and DCM (1 mL) were
added simultaneously via syringe under an argon atmosphere.
The continuous elimination of formed ethylene was performed
by connecting the reaction vessel via an open system to an oil
bubbler. The resulting mixture was stirred at 60 °C for 6 h.
After the reaction was complete, methanol (0.5 mL) and acti-
vated charcoal (20.0 mg) were added. The vial was closed with
a septum cap, penetrated with a cannula for pressure equilibra-
tion and placed into an autoclave. The system was purged twice
with Hj (5 bar) and finally pressurized to 5 bar. The resulting
mixture was stirred for 3 h at 50 °C. After cooling down to

room temperature, the pressure was slowly released under con-
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stant stirring at 300 rpm. The reaction mixture was filtered
through celite and the filter cake was washed with DCM
(2 x 5 mL). The solvent was removed in vacuo and the residue
was dissolved in pentane (5 mL) and stored in the freezer until
precipitation of the solid. The precipitate was filtered and
washed with cold pentane (2 x 5 mL), yielding the product 3 as
colorless solid (120 mg, 72%). CHN-elemental analysis calcd
for C,oH3,03: C, 74.9; H, 10.1; found: C, 74.8; H, 9.8;
TH NMR (300 MHz, CDCls) & 10.98 (s, 1H), 7.38 (dd, J = 8.3,
7.6 Hz, 1H), 6.89 (dd, J = 8.3, 1.2 Hz, 1H), 6.79 (dd, J = 7.5,
1.1 Hz, 1H), 2.92-3.06 (m, 2H), 1.54-1.70 (m, 2H), 1.21-1.44
(m, 20H), 0.84-0.93 (m, 3H) ppm; 3C NMR (75 MHz, CDCls)
8 176.1, 163.6, 147.9, 135.5, 130.3, 122.8, 115.9, 110.4, 36.5,
32.0, 31.9, 29.8, 29.69, 29.68, 29.65, 29.6, 29.5, 29.4, 29.3,
22.7,22.2, 14.1 ppm. The analytical data matched those re-
ported in the literature [40].

Supporting Information

Supporting Information File 1

Additional screening and NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-252-S1.pdf]
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This review summarizes the recent progress of Grubbs—Hoveyda (GH) type olefin metathesis catalysts incorporated into the robust

fold of B-barrel proteins. Anchoring strategies are discussed and challenges and opportunities in this emerging field are shown from

simple small-molecule transformations over ring-opening metathesis polymerizations to in vivo olefin metathesis.

Introduction

Olefin metathesis constitutes the rearrangement of C=C double
bonds in the presence of transition metal catalysts based on V,
Mo, W, Re, Ru, and Os together with alkylating co-catalysts.
This transformation is widely used in organic synthesis as well
as in polymerization of various unsaturated monomers [1]. Ac-
cording to the Chauvin mechanism, the catalytically active
species are Schrock-type carbenes or alkylidenes [2]. Olefin
metathesis greatly profited from the isolation of structurally
well-defined metal alkylidene complexes [3,4]. The best studied

and most commonly employed catalysts are based on Mo, W,
and Ru [1].

Initially, these complexes were considered to be sensitive
towards air and moisture. Nevertheless, adding Ru, Os and Ir
salts to an aqueous solution or emulsion of a norbornene deriva-
tive led to ring-opening metathesis polymerization to give the
corresponding polymer [5,6]. Through modification of the first
coordination sphere by adding an N-heterocyclic carbene
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(NHC) ligand and a chelating styrene to the so-called Grubbs
st generation catalyst, the relatively air- and moisture-stable
Grubbs—Hoveyda type (GH-type) catalysts were obtained [7].
These catalysts do not only show stability towards moisture, but
can also be directly used in water, allowing to perform olefin
metathesis reactions in aqueous solutions [8,9].

Olefin metathesis is not known in biological systems and there-
fore can be regarded as bio-orthogonal. The group of Davis
utilized the olefin metathesis reaction to perform post-expres-
sional protein modifications [10-12]. For example, a single
cysteine mutant of subtilisin from Bacilus lentus (SBL-S156C)
was modified via sulfide bond formation with allyl cysteine
displaying an allyl function on the protein surface. This allyl
group was modified with a GH-type catalyst and carbohydrate
or small polyethylene glycol (PEG) groups were attached [11].
As another strategy to modify a protein surface with olefin me-
tathesis, Isarov and Pokorski introduced a Grubbs 3rd genera-
tion catalyst on the surface of lysozyme and performed ring-
opening metathesis polymerization (ROMP) on the protein sur-
face employing a PEGylated norbornene derivative as substrate
[13]. This led to proteins modified with PEG chains. These two
examples illustrate the potential applications of olefin metathe-
sis in protein modification. Further applications would be the
implementation of olefin metathesis into natural metabolic
pathways to allow synthesis of fine chemicals [14]. Also, a
targeted reaction in a certain environment within a living cell
with a precise release or activation of the catalyst would enable
new ways of drug delivery. The challenge to overcome this
regard is the deactivation of the catalyst inside the cells and
the transport within organisms without triggering or activating a
response of the corresponding target [15]. Additionally, the
(kinetic) stability of the catalysts in aqueous solutions needs to
be improved for this purpose. For application in organic synthe-
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sis in aqueous environments, water solubility is also essential
[16-18].

A promising approach is the embedment of the GH-type cata-
lyst into well-defined protein scaffolds [19]. The combination
of an engineered protein with a synthetic metal catalyst leads to
artificial metalloproteins [20-23]. In the case of a metathesis
catalyst, so-called artificial metatheases are obtained, which
could open new areas of biological applications [19]. The pro-
tein as second coordination sphere might take influence on the
formation of the metallacyclobutane that was initially postu-
lated by Chauvin [2]. The formation of the £ or the Z product is
dependent on the orientation of the R groups in this step of the
catalytic cycle (Scheme 1).

In this short review, we focus on the status of embedding the
GH-type catalyst into B-barrel proteins and show their applica-
tion in various reactions using benchmark substrates. These
transformations include all three fundamental olefin metathesis
reactions: ring-opening metathesis polymerization (ROMP),
ring-closing metathesis (RCM) as well as cross metathesis
(CM) (Scheme 2).

Review
Artificial metatheases — anchoring
approaches

Metalloproteins that contain one or more metal ions such as
Mg, Ca, Mn, Fe, Ni, Co, Cu, Zn etc. within a protein are abun-
dant in nature [24]. As metalloenzymes, these metalloproteins
are capable of catalyzing various important reactions in biosyn-
thesis and key steps in cellular energy metabolism. The embed-
ded metal ion mainly acts as a Lewis acid catalyst or redox cata-
lyst. Various metalloenzymes have been applied in laboratory-

scale reactions and a few metalloenzymes such as nitrile

steric
'/\N—R repulsion

! [ N-R

R/N\g
N

R R

coordination sites, where the protein might take
influence and affect the equilibrium

Scheme 1: Left: Mechanism of the olefin metathesis reaction postulated by Chauvin [2]. Right: Potential influence of the protein as second coordina-
tion sphere in the transition state that lead to different metathesis products.
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Scheme 2: (i) Ring-opening metathesis polymerization (ROMP), (ii) ring-closing metathesis (RCM) and (iii) cross metathesis (CM).

hydratase (cobalt(IIl) in the active site) for the production of
acrylamide have found application in industry [25]. Notably,
however, the reaction scope of natural enzymes is quite limited.
Apart from engineering natural enzymes, the approach of
connecting abiotic co-factors (such as organometallic com-
plexes) to natural or re-engineered protein scaffolds offers an
attractive combination of both, broad reaction scope of chemi-
cal transformations as well as control of selectivity and speci-
ficity as found in natural enzymes. These so-called artificial
metalloproteins or metalloenzymes offer two ways of fine-
tuning activity and selectivity: As chemical means, the metal
site can be adjusted and fine-tuned through modification of the
ligands surrounding the metal. As biotechnological means, the
protein cavity acting as second coordination sphere can be opti-
mized to tune specificity as well as stereo- and regioselectivity.
The extensive literature of artificial metalloproteins has been
summarized in various comprehensive reviews [20-22].

One of the challenges to overcome in the construction of artifi-
cial metalloproteins is to find a method to incorporate a synthe-
tic metal complex into a protein scaffold [26]. The common
strategies are shown in Figure 1.

Strept(avidin)

Supramolecular anchoring

Dative anchoring

In Figure 1, the three commonly utilized methods to incorpo-
rate a synthetic cofactor are shown. Strategies utilized are
supramolecular, dative and covalent anchoring. Supramolecular
anchoring was pioneered by Wilson and Whitesides in 1978
[27]. They made use of the high affinity of (strept)avidin (Sav)
to biotin that represents one of the strongest supramolecular
interactions found in nature with a dissociation constant of
approximately Kq ~ 107!5 M [28]. Initially, an achiral
Wilkinson-type catalyst was attached to perform hydrogenation
[27]. Nowadays, a broad variety of artificial metalloproteins
based on this technology has been established [20,29]. Dative
anchoring offers the possibility to liberate the active site from
the protein easier as compared to supramolecular anchoring.
However, the design of catalysts capable of undergoing dative
anchoring is usually based on interactions of inhibitors with the
active site of the protein. This makes the catalyst design chal-
lenging and the application is limited. Covalent anchoring of an
organometallic complex offers the precise positioning of a cata-
lyst within a protein scaffold. Formation of the covalent bond
between cofactor and protein ensures an irreversible binding of
the active site (i.e., the metal complex). This approach is highly
versatile, because it is not necessary to have or to design inter-

Covalent anchoring

Figure 1: Common anchoring strategies for metal-complex or metal ion incorporation into protein scaffolds.
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actions that are required for non-covalent anchoring, e.g., supra-

molecular or dative anchoring.

All three anchoring approaches — supramolecular, dative
and covalent — have been utilized to construct artificial
metalloproteins capable of catalyzing olefin metathesis reac-
tions [19]. To date, eight artificial metatheases have been re-
ported. Among them, B-barrel proteins play a central role as

protein scaffolds.

B-Barrel proteins

Proteins are constructed from two major secondary structural el-
ements, namely a-helices and B-sheets. Notably, the latter are
generally regarded to be more rigid than disordered or a-helix
structures [30,31]. B-Barrels are structural motifs found in nu-
merous proteins in which (mostly) antiparallel B-strands twist
and coil to form closed, quasi-cylindrical structures held
together by a network of hydrogen bonds [32]. Characterized by
an amphiphilic nature with either hydrophobic “barrel” inte-
riors and hydrophilic surfaces (as in globulins, carriers of
hydrophobic molecules and fluorescent proteins) or hydrophilic
cores and hydrophobic surfaces (as in membrane-bound
B-barrels like porins and channel proteins), they can be present
as minor motifs or even dominate the overall protein structure
[33,34].

Small B-barrels such as lipocalins (i.e., transporters of small
hydrophobic molecules that play vital roles in many biological
processes [35]) or heme-containing nitrophorins/nitrobindins of
the all-B-barrel type (involved in NO transport, storage and
sensing as well as heme metabolism [36]) usually constitute
eight to ten antiparallel B-strands and tightly packed hydro-
phobic or hydrophilic barrel interiors [37]. Membrane-bound
B-barrels are confined to mitochondrial and chloroplast mem-
branes and the outer membranes of Gram-negative bacteria
[38]. They constitute up to 24 strands, require sophisticated
assembly machineries for membrane integration [39] and are
usually “plugged” by hydrophilic loops and helices that either
ensure the binding of small molecules, or their (energy-depend-
ent) transport across the outer membrane. TIM-barrels (named
after triosephosphate isomerase, TIM), in turn, contain both a-
and fB-structures, i.e., a B-barrel structure (eight strands)
enclosed by a series of eight a- helices. The TIM-barrel repre-
sents a very common — yet evolutionarily diverse — protein
structure [40].

While following very similar structural patterns, B-barrel and
TIM-barrel proteins occupy a tremendous sequence space and
are highly versatile in terms of metabolic functions, binding
properties, transport and catalytic activities. The compact barrel

structure can be regarded as a prototype of stable protein scaf-

Beilstein J. Org. Chem. 2018, 14, 2861-2871.

folds/motifs exhibiting stabilities against a wide range of
external influences including high salt concentrations, high tem-
peratures and organic solvents [41-45]. These properties make
them excellent scaffolds for the construction of artificial metal-
loenzymes, which is achieved by removing the native cofactors
or the cork/plug domains to reveal otherwise occupied pockets
or pores that can then be loaded with artificial catalysts.

Artificial metatheases within 3-barrel proteins
(Strept)Avidin

Artificial metalloproteins for olefin metathesis based on the
supramolecular anchoring approach were synthesized by Ward
[29]. A GH-type second generation olefin metathesis catalyst
was modified at the periphery of an NHC ligand with a biotin
moiety [46]. The small B-barrel protein avidin (Avi) or strepta-
vidin (Sav) was incubated with the catalyst to give the artificial
metalloprotein. This (strept)avidin-based catalyst was tested in
the RCM reaction of N,N-diallyl-4-toluenesulfonamide (1) in
aqueous buffer solution [46]. Conversions up to 95% with Avi
as a protein scaffold were achieved (catalyst loading of
5 mol %). This was the first example describing olefin metathe-
sis performed within a protein cavity. During this study, already
a hint at the importance of the spacer length became apparent. A
short spacer between the GH-type catalyst (Ru-1) and the biotin
moiety did not lead to a successful conversion of the substrate.
Elongation of the spacer (Ru-2) and therefore moving the active
site slightly out of the protein cavity led to improved conver-
sion (Scheme 3) [46].

The combination of the GH-type catalyst and (strept)avidin was
further developed in a system that performs RCM reactions
within a whole cell [47,48]. The scaffold protein Sav was pro-
duced into the periplasm of Escherichia coli (E. coli) [47]. The
recombinant cells were incubated with a biotinylated GH-type
catalyst Ru-3 that reaches the target protein via diffusion
through the outer membrane (Scheme 4). Characterization of
this whole-cell system included ICP analysis. Whole-cells con-
taining Sav showed an approximately three-fold increase in ru-
thenium content as compared to cells lacking the Sav variant
(80,000 Ru atoms per cell and 29,000 Ru atoms per cell, respec-
tively) [47].

This system was subjected to directed evolution. The twenty
amino acid positions closest to the active site were saturated,
and the best mutant formed the starting variant for the next
iterative round. As screening substrate, the pre-fluorescent
styrene derivative 3 was used. Following RCM, the fluorescent
molecule umbelliferone (4) was generated. In total, five
rounds of directed evolution were performed, yielding the
mutant Sav_K121R N49K A119G T114Q_V47A (Sav_Mut)
[47].
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HN-Biotin
Biotin O,
/
NH
NH

Mes’N N‘Mes
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Ru—= Cl

Ru-1 Ru-2

Scheme 3: Biotinylated GH-type catalysts for conjugation to (strept)avidin and their catalyzed ring-closing metathesis [46].

Cytosol

Periplasm

Escherichia
coli

Outer Membrane

/

Inner membrane

Conjugation

-

Biotin

Scheme 4: Whole-cell artificial metatheases designed by Ward et al. [47].

As a rescreening, the RCM reaction of a water-soluble,
charged diallylamine 5 was performed. Cells harboring the
Sav_. WT, Sav_Mut and no Sav were tested. Whole-cell
Sav_WT and Sav_Mut reached both a turnover number per cell
TON(per cell) of about 300,000. Cells without Sav reached

Screening

RCM in cellulo

Mutation

iy

SE
|

0=8=0
o/

N
6

TON(per cell) = 20,000. The small difference between Sav. WT
and the mutant Sav_Mut is explained by electrostatic
repulsion of the positively charged substrate and the arginine at
position 121. Another round of site-saturation mutagenesis
yielded the variant Sav_R121L N49K_A119G _T114Q_V47A
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(Sav_Mut2), which exhibited an improved activity of
TON(per cell) = 500,000 compared to Sav. WT [47]. This is the
first example of a whole-cell metathesis biohybrid catalyst,
opening up new possibilities to utilize olefins in biological
systems in the context of artificial metabolism [14].

Nitrobindin

Nitrobindin (NB) is a small, soluble -barrel protein with a mo-
lecular weight of 19 kDa [49]. NB wild-type has 10 B-strands
and contains a heme as a prosthetic group [49]. Upon modifica-
tion of the axial histidine that coordinates the heme, the robust
B-barrel structure with a relatively small cavity is retained [S0].

Further mutations within the cavity of NB provide a hydro-
phobic cavity. Several studies reported on the utilization of NB
as scaffold for incorporated metal complexes, including the
work of Hayashi et al. capitalizing on the polymerization of
phenylacetylene [50,51], the Diels—Alder reaction [52,53], and
hydrogen evolution [54]. Further, Lewis et al. employed the NB
scaffold for epoxidation of styrene and other olefins [55]. In all
studies, the catalyst incorporated into the NB scaffold showed
increased activity as compared to the protein-free catalyst under
similar conditions.

Engineered variants of NB were used to construct artificial
metatheases [56]. The cavity of NB was enlarged by intro-
ducing five mutations compared to the NB wild-type. Two
histidines were substituted by leucine or alanine. Furthermore, a
cysteine was introduced allowing covalent anchoring, and the
two methionines inside the cavity were substituted by leucines.
This yielded the two mutants NB4 (leucine for histidine; muta-
tions in comparison to NB wild-type: M75L/H76L/Q96C/

water, TRIS-buffer 10 mM
pH 7.5, NaCl 50 mM

Beilstein J. Org. Chem. 2018, 14, 2861-2871.

M148L/H158L) and NB11 (alanine for histidine; mutations in
comparison to NB wild-type: M75L/H76L/Q96C/M148L/
H158A) [56]. Notably, the introduced mutations further
affected the cavity size of the proteins. NB4 has a cavity
volume of 855 A3 and NB11 has an enlarged volume of
1161 A3 [52,56]. These two mutants were tested for the con-
struction of artificial metatheases. As catalyst, GH-type cata-
lysts with different spacer lengths were investigated, including
methylene (Ru-4), ethylene (Ru-5) to a propylene (Ru-6) spac-
ers [56]. Thereby, it was aimed to locate the active center prop-
erly within the protein cavity. The challenge in the conjugation
of the GH-type catalyst into narrow protein cavities is to over-
come the space demand of the bulky NHC ligand. The conjuga-
tion was performed via maleimide-thiol “click” reaction under
slightly basic (pH 7.5) conditions. Within the small cavity of
NB4, only the GH-type catalyst Ru-6 with the longest spacer
was able to undergo conjugation; however, the conjugational
yield was very low (25%). Within the bigger cavity of NB11,
all three catalysts Ru-4/5/6 were able to undergo conjugation,
and gradually increasing conjugation yields by elongation of the
spacer was observed (from 29% for Ru-4 up to 89% for Ru-6;
Scheme 5) [56].

These artificial metalloproteins were purified and characterized
by different analytical methods [56]. Structural integrity of the
B-barrel fold was confirmed by CD spectroscopy. ICP-OES
was used to determine the metal content. A little less than
one metal center per protein molecule was found to be present.
Additional absorption bands in the UV—vis spectra around
A = 380 nm indicated the presence of the GH-type catalyst.
Finally, the peak for the biohybrid conjugate was observed in
ESI-TOF-MS suggesting successful covalent anchoring.

cl _N_ _N-
all 1-10 (v/v)% DMSO, 1 h, 23 °C Mes™ N ¢y Mes
cl” Ru=
. cr'\
0] NB4 or NB11 0.1 equiv 5

n =1: Ru-4
n =2: Ru-5
n = 3: Ru-6

Scheme 5: Coupling of GH-type catalysts Ru-4/5/6 to NB4 or NB11.

n =3, NB = NB4: Ru-6@NB4

n =1, NB = NB11: Ru-4@NB11
n =2, NB = NB11: Ru-5@NB11
n =3, NB = NB11: Ru-6@NB11
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Beside ring-closing metathesis (RCM) of 2,2-diallylpropane-
1,3-diol to yield the corresponding cyclopentane derivative, the
synthesized biohybrid catalysts were tested in the ring-opening
metathesis polymerization of a 7-oxanorbornene derivative 7
(Table 1) [56].

Table 1: Ring-opening metathesis polymerization (ROMP) of oxanor-

bornene 7 catalyzed by artificial metatheases based on NB.

0 catalyst (0.008 mol %) N

MOMe n
4 OMe water, 200 mM NacCl

MES buffer (5 mM)

7 pH 6.0, 12 h, 25°C OMe SOMG
Entry Catalyst Conversion? [%] cis/trans® TON
19¢  Ru-4/5/6 <5 n.d. n.d.
2 Ru-6@NB4 10 40:60 1100
3 Ru-4@NB11 <5 n.d. n.d.
4 Ru-5@NB11 18 43:57 2000
5 Ru-6@NB11 78 43:57 9700

aDetermined by "H NMR spectroscopy in CDCl3; Pcontaining 10% (v/v)
THF; catalyst loading: 0.01 mol %.

With a catalyst loading as low as 0.01 mol %, no activity of the
protein-free catalysts Ru-4/5/6 was detected (Table 1, entry 1)
[56]. In turn, the catalysts immobilized within the protein cavity
showed activity. Within the small cavity of NB4, moderate
conversions up to 10% were obtained, and activity was only ob-
served when Ru-6 (longest spacer) was incorporated (Table 1,
entry 2) [56]. By contrast, within the larger cavity of NB11, all
catalysts Ru-4/5/6 showed activity (Table 1, entries 3-5).
Again, Ru-6 (longest spacer) was most effective among
the catalysts, and up to 78% conversion (corresponds to a
TON = 9700; Table 1, entry 5) were achieved with the corre-
sponding Ru-6@NB11 [56]. The corresponding polymer had a
molecular weight of M;, = 180,000 g/mol and a narrow molecu-
lar weight distribution (PDI = 1.05), suggesting the living
nature of the ROMP even within the protein scaffold. Neither
regioselectivity (cis/trans) nor tacticity were affected [56].

The transmembrane protein FhuA

The B-barrel proteins introduced for the construction of artifi-
cial metatheases up to this point are relatively small and soluble
proteins. As introduced vide supra, membrane-spanning porins
and transporters of the all-B-barrel type, which are found in cel-
lular outer membranes, constitute substantially larger “barrel”
interiors and were thus utilized as scaffolds to house bulky
GH-type catalysts.

Ferric hydroxamate uptake protein component A (FhuA) is

naturally located in the outer membrane of E. coli, where it is

Beilstein J. Org. Chem. 2018, 14, 2861-2871.

involved in cellular iron import. It has a robust -barrel struc-
ture consisting of 22 antiparallel B-strands [57]. By genetic
engineering, Braun and co-workers modified this transporter
and removed the cork domain that is responsible for the iron
transport [58]. This generated an “empty” barrel offering suffi-
cient space to incorporate bulky organometallic catalysts. The
variant lacking the cork domain is termed FhuA A1-159 (amino
acids from 1 to 159 are deleted compared to the wild-type pro-
tein). For covalent anchoring, a cysteine residue was intro-
duced at position 545 [59]. This position is suggested to be in a
conformationally stable environment within the B-barrel struc-
ture. Additionally, mutation N548V was introduced to enable
access of the metal catalyst to position C545. Furthermore,
E501 was substituted by phenylalanine to prevent coordination
of the Glu side chain to the metal site and deactivation of the
catalyst. Two specific TEV (Tobacco Etch Virus protease)
cleavage sites were further introduced into loops 7 and 8 to
facilitate MALDI-TOF-MS analysis. The final mutant utilized
for the construction of artificial metatheases is termed FhuA
A1-159 C545 V548 F501 tev (FhuA ACVF™) [59]. Conju-
gation was performed with GH-type catalysts Ru-4/5/6 in the
presence of SDS (Scheme 6).

Utilization of SDS as detergent resulted in partial denaturation
of the FhuA — called unfolded FhuA — and facilitates the access
of the GH-type catalysts to the cysteine C545 [59]. The result-
ing biohybrid catalysts Ru-4/5/6@FhuA* were washed repeat-
edly to remove unbound catalyst. The protein structure was
restored (“renaturation”) leading to the refolded biohybrid cata-
lysts Ru-4/5/6@FhuA (Scheme 6) which were tested in the
ROMP of oxanorbornene 7 (Table 2) [59,60].

The biohybrid catalysts Ru-4/5/6@FhuA* in SDS solution
showed activities comparable to the protein-free catalyst
(Table 2, entries 1-4) [59,60]. Under slightly basic conditions
(pH 7.4), 90% conversion was achieved (Table 1, entry 1).
Under slightly acidic conditions (pH 5.8), full conversion was
observed with the metal complex coupled to the fully unfolded
protein (Table 2, entries 2—4) [59,60]. This effect was attri-
buted to the pH and was investigated in detail [61].

After refolding, the activity decreased (Table 2, entries 5-8)
[59,60]. This may be related to the steric demand of the
refolded B-barrel structure that fully surrounds the metal site.
Additionally, the activity of catalyst Ru-6@FhuA with the
shorter linker increased (Table 2, entry 6 compared to entries 7
and 8) [60]. The restricted movement of the catalyst with
shorter spacer within the channel seems advantageous for the
turnover. Additionally, a few potentially coordinating residues
(glutamic acid and tyrosine) are further away from the active

site when the shorter spacer is utilized [60].
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) (6]
(o] n /_(‘O
Mes-NN-Mes ~ H20/SDS 1% (wiw) Mes-N-N~Mes
pH 7.4, NaOH, 16 h T
Cl Cl
Ru— tev Ru—
or \ FhuA ACVF o \
_<O ‘<O
=1: n =1: Ru-4@FhuA*
o ;3 Eﬂi n = 2: Ru-5@FhuA*
n= 3: Ru-6 n =3: Ru-6@FhuA*

Scheme 6: Anchoring and refolding of GH-type catalysts Ru-4/5/6 to FhuA.

Table 2: ROMP of substrate 7 catalyzed by Ru-4/5/6@FhuA.

o catalyst (0.1 mol %) (o)

), ©

Beilstein J. Org. Chem. 2018, 14, 2861-2871.

o-FhUA ACVFtev

N

n. .
dialysis
PE-PEG (0.125 mM)
pH 7.4 or 5.8 NaP;
2x24h

n =1: Ru-4@FhuA
n = 2: Ru-5@FhuA
n = 3: Ru-6@FhuA

=+

n

7 OMe

NaP; buffer (100 mM)

detergent
7 10% (viv) THF OMe OMe
8
Entry2 Catalyst Detergent pH Conv.P [%)] TON cisltrans®
1 Ru-4@FhuA* SDS¢ 7.4 90 900 60/40
2 Ru-4@FhuA* SDS¢ 5.8 99 990 61/39
3 Ru-5@FhuA* SDS¢ 5.8 99 990 60/40
4 Ru-6@FhuA* SDS°¢ 5.8 99 990 60/40
5 Ru-4@FhuA PE-PEGH 7.4 7 94 57/43
6 Ru-4@FhuA PE-PEGH 5.8 41 555 58/42
7 Ru-5@FhuA PE-PEGH 5.8 24 325 56/44
8 Ru-6@FhuA PE-PEGH 5.8 37 365 56/44

aConditions: Protein concentrations determined with BCA assay and catalyst loading determined with ThioGlo titration (approx. 0.09 mM);
bdetermined by 'H NMR spectroscopy in CDCls; Scontaining 1% (w/w) SDS; 9[PE-PEG] = 0.125 mM.

Structural expansions of 3-barrel proteins

Comparing the activities of biohybrid catalysts based on the
small B-barrel proteins NB and Sav with the large membrane
protein FhuA reveals striking differences. Interestingly, much
higher activities were observed when the catalysts were incor-
porated into the cavities of small B-barrel proteins. For the
ROMP reaction, no change in regioselectivity was observed in
both proteins. Within FhuA, the activity significantly dropped.
This observation suggests that a particular fine-tuning is re-
quired to optimally utilize the combination of the metal catalyst
with the spacing unit and the protein‘s precise 3D-structure that
forms the second coordination sphere of the metal ion. The

active site needs to be situated in the protein cavity to sense the

protein environment. The cavities of NB and Sav are too small
to fully surround the bulky catalysts. Methods have been de-
veloped to enlarge the cavity or to introduce additional struc-
tural motifs to improve the protein—metal interaction. In case of
NB4, two additional B-sheets were introduced to give a variant
comprising 12 B-sheets, denoted expanded NB (NB4exp) [62].
These two additional B-sheets increased the cavity volume from
855 A3 to 1399 A3 (Figure 2) [62].

NB4exp was subjected to conjugation of catalysts Ru-4/5/6.
Indeed, all catalysts underwent covalent anchoring with high
conjugational yield (confirmed via ICP-OES and ESIMS) [62].
Upon catalysis, Ru-S@NB4exp as well as Ru-6@NB4exp
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Figure 2: Top: NB4 (PDB 3WJB); bottom: NB4exp. Highlighted in blue are the additional two B-sheets. Highlighted in red is the diameter of the cavity.

showed high activity in the ROMP of norbornene 7 with TONs
up to 10,000. For the catalyst Ru-4 with the short linker, the ac-
tivity of Ru-4@NB4exp dropped to TON = 3,000, even though
the conjugation was almost quantitative [62]. However, this “in-
fluence” on the activity could not be transferred to the regio-
and stereoselectivity of the polymer microstructure. Apart from
ROMP, the artificial metatheases based on NB4exp were
capable of catalyzing both CM and RCM. This makes NB4exp
based biohybrid catalysts the first artificial metatheases to cata-
lyze all basic metathesis reactions [62].

For the artificial metathease based on Sav, additional structural
motifs — a-helices — were introduced into the loops. These loops
are supposed to embed the active site. However, in first ring-
closing metathesis reactions, the influence of the newly intro-
duced a-helices was negligible [63].

Conclusion
In this review, we discussed the combination of GH-type cata-
lysts and B-barrel proteins to construct artificial metatheases.

The B-barrel motif offers a robust, well-defined but easily modi-
fiable second coordination sphere. This makes the artificial
metatheases applicable in all basic metathesis reactions. The
channel provided by B-barrel proteins is a potentially useful fea-
ture to immobilize the GH-type complex within the protein. So
far, no advantage has been drawn out of this feature. Strategies
to enlarge small cavities of small B-barrel proteins likely will
lead to more selective artificial metatheases. Directed evolution
may open new opportunities for catalyst optimization [64].
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Cationic carbenes are a relatively new and rare group of ancillary ligands, which have shown their superior activity in a number of

challenging catalytic reactions. In ruthenium-based metathesis catalysis they are often used as ammonium tags, to provide water-

soluble, environment-friendly catalysts. In this work we performed computational studies on three cationic carbenes with the formal

positive charge located at different distances from the carbene carbon. We show that the predicted initiation rates of Grubbs,

indenylidene, and Hoveyda—Grubbs-like complexes incorporating these carbenes show little variance and are similar to initiation

rates of standard Grubbs, indenylidene, and Hoveyda—Grubbs catalysts. In all investigated cases the partial charge of the carbene

carbon atom is similar, resulting in comparable Cgyrhene—Ru bond strengths and Ru—P/O dissociation Gibbs free energies.

Introduction

The isolation of the first stable N-heterocyclic carbene (NHC)
by Arduengo [1] was a milestone in organic chemistry which
allowed for thorough and systematic studies on all aspects of
NHC chemistry in the past 25 years [2-7]. It was soon realized
that NHCs are a very useful class of ligands for transition metal
catalysis as both their steric and electronic properties can be

easily controlled and tuned to obtain very efficient and specific

catalysts. One of the most successful uses of NHCs in catalysis
is the olefin metathesis, which nowadays became one of the
most commonly used tool in modern synthesis [8-10]. The vast
popularity of metathesis results from the high stabilities and
efficiencies of Ruthenium catalysts stabilised by NHC moieties.
In this class of compounds NHC ligands, with the poor
m-acceptor and strong o-donor properties, stabilize the 14-elec-
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tron ruthenium active species during the catalytic cycle [11,12].
Today there are hundreds of examples of second generation
Grubbs and Hoveyda—Grubbs catalyst derivatives bearing dif-
ferent NHCs to form specialized catalysts for metathesis
[13,14].

An interesting attempt to further modify the electronic proper-
ties of NHCs is to introduce a charged moiety to form either an-
ionic or cationic carbenes [15-18]. Cationic ligands with a posi-
tive charge close to the coordinating atom are relatively rare, as
their coordination ability of transition metals, bearing also a
formal positive charge, is weakened. Nevertheless, stable metal
complexes with cationic ligands have been synthesized and
used in catalysis [19-21]. With respect to olefin metathesis
cationic carbenes have been introduced as early as in 2007,
where Grubbs described the first ammonium-tagged Hoveyda-
type catalyst [22]. The goal of that study was to develop
systems that are active and stable in water and, therefore, envi-
ronmentally-friendly. The idea of incorporating a quaternary
ammonium moiety into the imidazole part of the carbene was
later expanded by several other groups, including a number of
new water-soluble catalysts synthesized by Skowerski et al.
[23,24]. In the meantime Schanz and co-workers synthesized
also Hoveyda-like complexes with ammonium groups intro-
duced into the aryl rings of the NHC ligands [25]. Most of these
complexes showed good efficiency in selected metathesis reac-

tions.

Interestingly in all reported cases of ammonium tagged
Ru-alkylidene metathesis catalysts the ammonium tag is rela-
tively far from the carbene carbon atom chelating the rutheni-
um core. The reason behind such design was likely the low
probability of the ammonium tag influencing the ruthenium
core and therefore, having a potential negative effect on the
efficiency and reaction rate of the catalyst as well as the ease of
synthesis. In 2013 Kosnik and Grela performed a study to check
the influence of the length of the spacer between the NHC
ligand and the onium tag, by synthesizing the tag with an eight
—(CHj)- linker [26]. The authors concluded that the extension
of the linker does not affect the efficiency of the catalyst in
model metathesis reactions in comparison to Skowerski’s com-
plexes with only one —CH,— unit. Curiously, carbenes with the
cationic group even closer to the imidazole moiety (with no
spacer) or incorporated into the imidazole core have been syn-
thesized only very recently and examples of their transition
metal complexes are scarce. In 2013 Ganter described a cationic
NHC with a fused pyridinium moiety and the formal +1 charge
just one bond away from the imidazole core [27]. In 2017 César
synthesized a cationic imidazolylidene NHC with an ammoni-
um tag attached directly to the imidazole core [28]. Finally, in
the same year Ganter described a triazoliumylidene with the
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formal +1 charge incorporated into the five-membered ring
[29]. Several complexes formed by these carbenes have been
also described, however, no ruthenium complexes with such

carbenes have been synthesized.

In this work we have performed a systematic study of three
cationic carbenes with the formal +1 charge located at different
distances from the carbene carbon atom using a computational
approach (Scheme 1). We considered the impact of the positive
charge on the electronic properties of carbenes, but also on the
properties and initiation rates of the most important ruthenium-
based metathesis catalysts, including Grubbs, indenylidene, and
Hoveyda—Grubbs complexes, as well as carbene dimerization.
We also considered two different solvents: dichloromethane,
which is a standard solvent for performing metathesis reactions
and water, which is commonly used in the case of ammonium-

tagged metathesis catalysts.

Results and Discussion

Computational benchmarks

The M06 method has become the method of choice for obtain-
ing accurate energies for ruthenium metathesis for a number of
groups investigating this class of catalysts [30-44]. Since the
MO6 functional already includes some medium-range disper-
sion it is usually used without additional corrections to better
describe dispersion interactions. The commonly used D3 semi-
empirical correction for density functionals has been, however,
derived also for the M06 functional and shown to improve
results for many organic reactions when calculating the differ-
ences in relative energies [45,46]. Others have, however,
pointed out that M06-D3 may overestimate the effect of disper-
sion due to double-counting of these effects [47]. To resolve
this issue we performed benchmark calculations for standard
metathesis catalyst Grl, as well as newly developed catalyst
featuring a labile carbodicarbene ligand (as a model of
1-3-GrII) [48]. In the case of GrI we found the Gibbs free
energy of initiation in the M06 method equal to 20.4 kcal/mol,
in perfect agreement with the experimental value of
19.88 kcal/mol [21]. The addition of the D3 dispersion correc-
tion increases this value to 29.2 kcal/mol. For the carbodicar-
bene catalyst the experimental value is 23.5 kcal/mol [48] and
we found the value of 23.9 kcal/mol, using M06-D3 approach.
Previously we have shown that the addition of D3 correction
gives very good agreement with the experimental data for Hov
and Hoveyda-like systems as well as for investigations of
carbenes dimerization [38,49]. As a result we decided to use the
MO06-D3 functional in calculations of Gibbs free energies all
system apart from st generation Grubbs and indenylidene-like
complexes, for which we used pure M06. Results for all
systems and both M06 and M06-D3 methods are listed in Sup-
porting Information File 1.
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Scheme 1: NHC'’s and their ruthenium complexes studied in this work; L = carbene 1, 2 or 3.

Dimerization

The tendency of selected NHC to dimerize is a well-known and
interesting phenomenon, despite its very limited impact on their
propensity to form transition metal complexes (Scheme 2) [50].
Many works have been devoted to the study of carbene
dimerization and present evidence that mechanism of mono-
mer—dimer equilibrium depends on the balance between the
electronic and steric properties of NHCs [49,51-54]. In general,
all unsaturated carbenes have strong preference for the
monomeric form due to the electronic effect. On the other hand

saturated carbenes prefer the dimeric form if either their side-

groups are relatively small (e.g., methyl or ethyl) or if the
carbenes are asymmetric [55,56]. Unfortunately the subtle
Wanzlick equilibrium between many saturated carbenes may
easily shift to either the dimeric or monomeric form with a
small structural change and it is not a trivial task to predict the
more stable form of the carbene based solely on its structural
features.

Since all investigated carbenes are asymmetric we considered
the possibility of formation of two different dimers, marked A

(symmetric) and B (asymmetric), respectively (Table 1).
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o Lo Y
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dimer A dimer B

Scheme 2: Schematic representation of carbene dimerization and atom numbering scheme used throughout this work.
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Table 1: Calculated dimerization energies (AG4) in CH,Cl; for
carbenes 1 and 2 and the Ccarpene—C carbene boNd lengths of all corre-
sponding dimers.

structure AGj [kecal/mol] Ccarbene—C carbene [A]
1A -9.4 1.362
1B -9.0 1.361
2A -10.3 1.362
2B -10.0 1.359
3A - 1.365
3B - 1.365

Results obtained for carbenes 1 and 2 suggest a strong prefer-
ence for both systems to dimerize, with a slightly lower Gibbs
free energy difference for the symmetric dimer A. In the case of
carbene 3, the Gibbs free energy of dimerization could not be
estimated due to instability of the monomer during geometry
optimization. Thus, the results indicate higher stability of
dimers for all examined NHC, which are in agreement with
previous literature reports for asymmetrical N-heterocyclic
carbenes, as well as accurate DLPNO-CCSD(T) calculations
(see Supporting Information File 1) [49,55]. The change of the
solvent from CH,Cl, to water only slightly altered the calcu-
lated dimerization energies and also indicated higher stabilities
of dimers on solution (see Supporting Information File 1).

First generation Grubbs and M1 indenylidene

catalyst

In the next step of the study we performed a computational in-
vestigation of possible pathways of the initiation of cationic ru-
thenium catalyst based on the commonly used 1st generation
Grubbs catalyst (GrlI) and M1 indenylidene catalyst (Ind). New
complexes were formed by replacing one PCy; phosphine
ligand with the cationic NHC 1-3 (Scheme 1). We considered
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only the dissociative mechanism of initiation, in agreement with
the numerous reports on the initiation of Grubbs catalyst [57],
but we also considered the possibility of cationic carbene disso-
ciation as the first step of the metathesis catalytic cycle
(Scheme 3).

+P(Cy)s

PCy3
L
L S ey
Ru:\
R‘CI c” Ind
u=
o | ng AG/‘”
P
ﬁ v \A\fs cl
Ru=
10N
| g *E

PCY3

Scheme 3: Dissociative mechanism of initiation for Grubbs-like
1-3-Grl and M1 indenylidene type complexes 1-3-Ind; L = carbene 1,
2o0r3.

The results of the computational study are presented in Table 2
and show that in all cases the energy barriers for the dissocia-
tion of phosphine ligand (AG,) are 0.4-3.1 kcal/mol lower com-

Table 2: The comparison of dissociation energies AGo—AGs and structural parameters of investigated compounds.

complex AG; [kcal/mol] AG3 [kecal/mol] Ru-P [A] Ru—Cecarbene [A]
1-Grl 20.9 24.0 2.464 2.056
2-Grl 23.3 23.7 2.478 2.036
3-Grl 18.7 - 2.466 2.056
Grl2 exp. 19.88 - 2.435 2.397
Grl calculated 18.9 18.9 2.440 2.434
complex AGy [keal/mol] AGs [keal/mol] Ru-P [A] Ru—Cecarbene [A]
1-Ind 18.7 25.6 2470 2.073
2-Ind 16.7 225 2.487 2.056
3-Ind 21.9 - 2.478 2.084
Ind® exp. 21 - 2.410 2.415

aSee ref. [58]; PSee refs. [59,60].
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pared to carbene dissociation (AG3). We can speculate that the
positive charge of carbenes 1-3 lowers the Ru—C bond strength,
making it easier to dissociate than for neutral carbenes. Interest-
ingly, the estimate of the Gibbs free energy of initiation for
complex 3-Grl suggest faster activation than first generation
Grubbs catalysts, for which the experimental value of AG, was
found at 19.88 kcal/mol [58].

Similarly, in the case of indenylidene complexes (1-3-Ind) the
dissociation of phosphine is also preferred over the loss of the
cationic carbene. For this series of complexes 3-Ind displays
the activation Gibbs free energy AG4 (21.9 kcal/mol) very simi-
lar to Ind, for which it was experimentally determined at
21 kcal/mol [60]. Both 2-Ind and 1-Ind show, however, longer
Ru-P bonds and lower estimates of activation Gibbs free ener-
gies, suggesting their relatively fast activation during the cata-
lytic cycle. The estimates of free energies in water follow
exactly the same trends, although are always a few kcal/mol
lower, indicating that in this solvent Grubbs-like complexes

may initiate faster (see Supporting Information File 1).

It is worth mentioning that for the 1st generation Grubbs com-
plexes the DLPNO-CCSD(T) results give consistently Gibbs
free energy value which are 8—12 kcal/mol higher than those
obtained using DFT approach. This is also true for Grl for
which the computational DLPNO-CCSD(T) method gives the
28.1 kcal/mol value, almost 9 kcal/mol higher than the experi-
mental value. Clearly, DLPNO-CCSD(T) overestimates
AG values for this series, though it gives very consistent results
with the DFT method for other studied systems, described later.
At this point we cannot provide any explanation of this discrep-

ancy.

Second generation Grubbs catalyst

Second generation Grubbs complexes featuring either SIMes
(1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene)
or IMes (1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)
ligands are another class of important ruthenium-based metathe-
sis catalysts, where the initiation relies on phosphine dissocia-
tion. The experimental values for PCyj dissociation for these
catalysts are 23.0 = 0.4 and 24 + 1 kcal/mol for SIMes-contain-
ing and IMes-containing systems, respectively [57]. Recently
Grubbs synthesized and described also a novel metathesis cata-
lyst featuring a labile carbodicarbene ligand replacing PCys
[48]. Inspired by these results we decided to design similar
systems with either SIMes or IMes and cationic carbenes.

For all systems 1-3-GrII and 1-3-GrII_IMes the energy
barriers of initiation are relatively high (30—40 kcal/mol,
Scheme 4), indicating that these complexes are completely

unsuitable for olefin metathesis. Precatalysts with unsaturated
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NHC ligands are estimated to have slightly lower Gibbs free
energy barriers than saturated ones by ca. 3—5 kcal/mol
(Table 3). Interestingly, the free energies in water are
3-12 kcal/mol lower indicating that 1-GrII and 2-GrlI may act
as very slow metathesis catalysts (see Supporting Information
File 1).

Mes N N-Mes ag, Ri=
KCI / Cl Ph
Ru=
cr’ ‘ _\ph \Af7
L <l
/RU:\ / \
cl ‘ Ph + Mes~N~_-N~Mes
L
Mes~ N~ N-Mes
B Ta +L
Mes~N<_N~Mes AGg Ru—\
4
I@ Cl Ph
Ru=
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Cl" _\ph + MesN<_N~-Mes
L

Scheme 4: Dissociative mechanism of initiation of 2nd generation
Grubbs-like saturated 1-3-Grll and unsaturated 1-3-Grll_IMes com-
plexes; L = carbene 1, 2 or 3.

Hoveyda—Grubbs catalysts

In the last step of our study we also designed Hoveyda-like
precatalyst 1-3-Hov with new cationic carbenes replacing
SIMes (see Scheme 1). In our investigation we only considered
the dissociative mechanism, which was shown to be the most
feasible for medium and large-sized olefins (Scheme 5) [61,62].
Results presented in Table 4 suggest that the incorporation of
cationic NHC increases the Gibbs free energy (AGp)
barriers by ca. 4-6 kcal/mol with respect to the standard
Hoveyda—Grubbs catalyst (Hov) [63]. Given the accuracy of
our computational methods, estimated at around 1-2 kcal/mol,
we can expect that cationic Hoveyda-type catalysts are only
slightly slower than the Hoveyda—Grubbs catalyst. This result is
in agreement with experimental reports on various onium tag-
modified systems [23,24] showing moderate activities of these
systems in model CM reactions. For this group of catalysts the
results in water are virtually identical to those in CH,Cl, (see

Supporting Information File 1).
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Table 3: The comparison of Gibbs free energies AGg—AGg and structural parameters of investigated compounds.

complex
1-Grll
2-Grll

3-Grll
complex
1-Grll_IMes
2-Grll_IMes
3-Grll_IMes

AGg [keal/mol]

38.0
355

AGg [kecal/mol]

33.3
30.9

AGy [keal/mol]

38.5
37.0
40.1

AGg [kcal/mol]

356.5
34.1
36.7

Ru—C [A] Ru—Cearpene [Al
2.118 2.109
2.134 2.078
2.115 2.098
Ru-C [A] Ru—Ccarbene [Al
2.130 2.102
2.141 2.066
2.122 2.079

L
“‘\CI /k
AG 1y (Ru_ o]

Scheme 5: Dissociative mechanism of activation for complexes 1-3-Hov; L = carbene 1, 2 or 3.

Table 4: The comparison of Gibbs free energies AG1g and AG11 and selected structural parameters of Hov and 1-3-Hov catalysts.

complex

1-Hov
2-Hov
3-Hov
Hov? X-ray
aSee ref. [64].

AGqg [keal/mol]

24.5
26.3
24.9

19-20

AGq1 [kcal/mol]

14.2
15.3
16.4

Surprisingly the differences in AGs for 1-3-Hov as well as all

other candidates for catalysts are relatively small and close to

the computational accuracy of our protocol. To justify the lack

of influence of the position of the quaternary amine on the

Gibbs free energies of initiation we decided to perform a

Ru-Cearbene [Al Ru-Ca [A] Ru-01 [A]
1.944 1.839 2.299
1.930 1.842 2.296
1.925 1.843 2.277
1.979(1) 1.829(1) 2.256(1)

detailed analysis of partial charges of these systems, as well as
complexes 1-3-GrI (Table 5). Interestingly both natural partial
charges and Mulliken partial charges (Table S8 in Supporting
Information File 1) show no meaningful differences for the
Cearbene atom. This result has important consequences concern-

Table 5: Natural partial charges distribution in carbenes of 1-3-Hov and 1-3-Grl.

atom

Ccarbene

N1
N2
C1
C2
Mes1
Mes2
N*
Ru1

1-Hov

0.49
-0.51
-0.48
0.15
0.24
0.24
0.26
0.94
0.31

2-Hov

0.46
-0.53
-0.48
0.42
0.25
0.27
0.27
0.55
0.33

3-Hov

0.47
-0.32
-0.50
0.49
0.31
0.28
0.51
0.32

Hov

0.49
-0.49
-0.49
0.22
0.22
0.23
0.24

0.31

1-Grl 2-Grl 3-Grl Gril
0.41 0.38 0.40 0.41
-0.50 -0.52 -0.31 -0.48
-0.47 -0.47 -0.49 -0.48
0.15 0.42 - 0.22
0.24 0.25 0.49 0.22
0.24 0.28 0.32 0.24
0.25 0.27 0.28 0.22
0.94 0.54 0.50 -
0.14 0.15 0.13 0.14
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ing the strength of the Ru—C_ypene bond which is at least
partially driven by the electrostatic interaction between Ru and
Cearbene atoms. As a result the similar partial charge of Cgarpene
in 1-3-Hov translates into similar bond strength of the
Ru—C,arpene bond. This, in turn, has an impact on the Ru-O1
bond strengths due to the well-known trans effect which shows
that there is a balance between the strength/bond length of the
opposite bonds of the ruthenium center [38-41,65]. As a result
the Ru—O1 bond strength in 1-3-Hov is very similar, resulting
in similar Gibbs free energies of initiation. The same argument
can be made for 1-3-Grl which also shows very similar natural
partial charges on Ccyrhene atoms, resulting in very similar rates
of initiation. It is interesting to note that the excess positive
charge is located mostly on the -CH,N(CHj3)3" group in the
case of 1-Grl and 1-Hov, but in the case of 2-3-GrI and 2-3-
Hov it gets distributed over the imidazole core and mesityl
groups. A similar feature has been observed by us earlier in
carbene dimers formation, where mesityl groups, which usually
act as weakly electron-donating moieties, could also accommo-
date a substantial amount of excess negative or positive charge
[49].

Conclusion

Despite hundreds of examples of ruthenium-based olefin me-
tathesis catalysts synthesized up to date the rational design of
new catalysts remains a non-trivial task. To gain general insight
into the structure—activity relationship for this class of com-
pounds we computationally investigated three different
carbenes bearing a formal +1 charge, in form of quaternary
amine, and their impact on the activation rates of olefin metath-
esis catalysts. We predict that these carbenes are likely to
dimerize, similarly to other asymmetric carbenes synthesized
earlier. We also demonstrate that most of the examined com-
plexes, derivatives of Grubbs and Hoveyda—Grubbs catalysts
1-3-Grl, 1-3-Ind and 1-3-Hov have initiation Gibbs free
energy values in the range of standard metathesis catalysts, like
Grl, Ind and Hoveyda—Grubbs and are likely an interesting al-
ternative for them. On the other hand ruthenium complexes with
two carbenes are predicted to have relatively high initiation
energies. Our partial charges analysis reveals that the location
of the quaternary amine and its distance from the carbene car-
bon atom has little influence on the electronic features of the
crucial parts of the catalyst and, therefore, little influence on the
initiation rates of catalyst bearing these moieties. The excess
positive charge of the quaternary ammonium is, in most cases,
distributed over the imidazole core and mesityl groups and does
not affect the ruthenium core nor the ruthenium—Cypene bond.

Experimental
We used density functional theory (DFT) using a computa-
tional protocol similar to our previous studies. We have used
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all-atom models for all studied catalysts. Starting models for
carbenes and precatalyst were prepared on the basis of avail-
able CSD crystal structures of a Grubbs and Hoveyda—Grubbs
precatalysts (refcodes: ABEJUMO1, GUBQUP, ZETLOZ and
LOVPAP) [58,59,64,66]. In the geometry optimization step we
used the M06 density functional with the 6-31G** basis set for
C, N, O, CI and H atoms, while the Ru atom, which was de-
scribed by the Los Alamos angular momentum projected effec-
tive core potential (ECP) using the double-( contraction of
valence functions (denoted as LACVP**). The choice of the
MO6 functional was made due to its very good performance in
accurate description of ruthenium-based catalysts, giving accu-
rate energies for a number of Grubbs and Hoveyda systems
[31,67]. Since the M06 functional has already medium-range
dispersion implemented, M06-D3 may overestimate the effect
of dispersion due to double-counting of these effects [47]. On
the other hand the addition of D3 correction to M06 was shown
to improve the results for many organic reactions when calcu-
lating the differences in relative energies, therefore we decided
to use it in this investigation [31,67,68]. To assess the need to
use the D3 correction we have performed additional benchmark
calculations for selected ruthenium catalysts and compared
them with the experimental data. Based on these results we
decided to use the D3 correction in the estimation of all Gibbs
free energies apart from the Grubbs-like systems, where the
D3 correction was omitted.

In all calculations we have used the standard energy conver-
gence criterion of 5 x 107> Hartree. For each structure frequen-
cies were calculated to verify the nature of each stationary point
(zero imaginary frequencies for minima and one imaginary fre-
quency for transition states). In the second step we performed
solvation energy calculations using the Poisson—Boltzmann
self-consistent polarizable continuum method as implemented
in Jaguar v.7.9 (Schrodinger, 2013) to represent dichloro-
methane, using the dielectric constant of 8.93 and the effective
radius 2.33 A. The solvation calculations were performed using
the M06-D3/LACVP** level of theory and the gas-phase opti-
mized structures. We also used the same polarizable continuum
method to estimate the solvation energies in water (dielectric
constant of 80.73 and the effective radius 1.40 A) and these
results are presented in Supporting Information File 1. For all
stationary points we have also performed single-point energy
calculations with the valence polarized basis set denoted as
LACV3P++**, Free energies discussed in this work for station-
ary points are calculated as the sum of electronic energy (from
single-point LACV3P++** calculations), solvation energy,
zero-point energy correction, thermal correction to enthalpy,
and the negative product of temperature and entropy (at 298 K).
All final estimates of Gibbs free energies include the counter-

poise correction [69].
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To further validate our results we used the very accurate, single-
point DLPNO-CCSD(T) calculations using the DFT-optimized
geometries and the def2-svp basis set using Orca v4.0.0.1
program [70,71]. Complete DLPNO-CCSD(T) results are
presented in Supporting Information File 1.

Supporting Information

Supporting Information File 1

Mulliken partial charges, energy values and Cartesian
coordinates for all investigated systems.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-266-S1.pdf]
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Highly active olefin metathesis catalysts were prepared by thermal spreading MoO3 and/or MoO;(acac), on MWW zeolites (MCM-

22, delaminated MCM-56) and on two-dimensional MFI (all in NH4" form). The catalysts* activities were tested in the metathesis

of neat 1-octene (as an example of a longer chain olefin) at 40 °C. Catalysts with 6 wt % or 5 wt % of Mo were used. The acidic

character of the supports had an important effect on both the catalyst activity and selectivity. The catalyst activity increases in the
order 6MoO3/HZSM-5(25) (Si/Al = 25) << 6Mo00;(acac),/MCM-22(70) < 6MoO3/2D-MFI(26) < 6M0o0O3/MCM-56(13) < 6MoO3/
MCM-22(28) reflecting both the enhancing effect of the supports* acidity and accessibility of the catalytic species on the surface.

On the other hand the supports‘ acidity decreases the selectivity to the main metathesis product C14 due to an acid-catalyzed double

bond isomerization (followed by cross metathesis) and oligomerization. 6Mo0O3/2D-MFI(26) with a lower concentration of the

acidic centres resulting in catalysts of moderate activity but with the highest selectivity.

Introduction

Molybdenum oxide on silica, alumina or silica-alumina belongs
to the well-known and long-time used metathesis catalysts [1].
Albeit typical ill-defined catalysts they are still popular as rela-
tively cheap catalysts finding industrial applications especially
in the treatment of low olefins [2-5]. Their catalytic activity
depends on many factors, especially on Mo loading, support

acidity, and pre-reaction activations. Surface isolated MoOg4

tetrahedra were proved as the main precursors of the catalytic
species [6,7], thus the perfect dispersion of MoOj3 on the sur-
face is a crucial precondition for a high catalytic activity. The
mechanisms of transformation of these precursors to the sur-
face Mo carbenes as real catalytically active species has been
suggested [6,7]. The replacement of ordinary silicas for meso-

porous molecular sieves SBA-15 or MCM-41 increased the
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catalyst activity substantially, which allowed performing the
metathesis of long chain olefins under mild reaction conditions
[8-10]. The positive effect of these supports on the catalyst ac-
tivity was ascribed to their high surface areas enhancing the
spreading of MoO3 molecules on the surface and large pores in-
creasing the substrates/products transport rate.

Microporous zeolites like HZSM-5 impregnated by ammonium
heptamolybdate solutions were used for the metathesis of low
olefins (ethylene, propylene, butenes) [11-13]. In the case of
bulkier substrates they suffer, however, of micropore size limi-
tations. To overcome these limitations a decrease in crystal size
and the application of two-dimensional zeolites can be used
[14-17]. Two dimensional 2D-MFI and MWW delaminated
zeolite MCM-56, which have been prepared recently [18-21],
represent two types of these materials, which exhibit relatively
high surface areas and high accessibility of catalytic sites on the
surface as well [22]. Therefore, we supported MoO3 and/or
MoOs(acac); on (i) 2D-MFI (and ordinary HZSM-5 for com-
parison) and similarly on (ii)) MCM-56 and its 3D analogue
MCM-22 (both in NH4* form) and examined their activity in
the metathesis of neat 1-octene (Scheme 1) under ambient pres-
sure and 40 °C. According to our best knowledge, none of these
materials have been tested as supports for MoOj3 based cata-
lysts for metathesis of higher alkenes up to now. MoO, on
MCM-22 combined with y-Al,O3 was used in cross metathesis
of 2-butene and ethylene in a stream (125 °C, 1 MPa) [23].
MCM-22, and MCM-56 were also used as supports for
Hoveyda—Grubbs type hybrid catalysts active in metathesis of
long-chain unsaturated esters [24].

Results and Discussion

Catalyst preparation and characterization

XRD patterns and texture properties (Table 1, Figure 1
A,B,C,D) of prepared MCM-22, MCM-56 and 2D-MFI zeolites
proved a high quality of these supports. For catalyst labelling
following the mode has been adopted: x MoO3/MCM-22(y),
where x = Mo concentration in wt % Mo, y = Si/Al molar ratio.
After spreading Mo compounds over the support surface areas
(SBET, Sext) as well as void volumes (V) decreased. Similar
reduction of these quantities has been already observed earlier
[9,10,24]. For x MoO3/MCM-22(28), XRD patterns of cata-
lysts are similar to those of their parents approximately up to
x =6 wt % of Mo (0.9 Mo atoms per nm?). At higher Mo con-
centrations signals of crystalline MoOj3 appeared (marked with
* in Figure 1 A,B,D). It suggests 6 wt % of Mo being the

—_—

2 CH,=CH(CH3)sCH3

Scheme 1: 1-Octene metathesis reaction.

CH2=CH2
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optimal Mo loading. On the other hand, x MoO3/MCM-22(70)
catalyst with x = 6 wt % Mo exhibited slight MoOj3 signals,
when prepared from MoOj3 probably due to the lower surface
area (especially external one) comparing with MCM-22(28).
However, when MoO»(acac), was used as a source of Mo, cata-
lysts with 6 wt % (and lower) content of Mo did not exhibit any
MoOs signals. It is consistent with the previous observation that
MoO;(acac), provided better catalyst than MoO3 [9]. XRD
patterns of 6MoO3/MCM-56(13) and 6M00O3/2D-MFI(26) indi-
cated also a good MoO3 spreading, contrary to 6MoO3/HZSM-
5(25) where MoOj signals were clearly visible, probably as a
result of lower external surface area.

Table 1: Texture properties of catalysts and corresponding supports.

catalyst SBET Sext 4
(mlg)  (m?g) (cm®/g)
1 MCM-22(28) 455 119 0.59
2  6Mo0O3/MCM-22(28) 423 119 0.38
3 6MoOy(acac),/MCM-22(28) 426 94 0.57
4  MCM-22(70) 421 58 0.29
5 6MoO3/MCM-22(70) 180 39 0.25
6 6MoOy(acac),/MCM-22(70) 355 41 0.24
7  2D-MFI(26) 565 343 0.61
8 6MoO3/2D-MFI(26) 478 221 0.57
9 MCM-56(13) 469 164 0.57
10 6MoO3/MCM-56(13) 269 129 0.55
11 HZSM-5(25) 410 44 0.23
12 6MoO3/HZSM-5(25) 388 38 0.23

SgeT = BET area, V = total void volume (p/pg = 0.95), Sext = external
surface (from t-plot).

Contrary to the all-siliceous mesoporous sieves (like SBA-15)
which are neutral, zeolites are acidic and their acidity (both
Brensted and Lewis-type) plays an important role for catalysis.
The acid site concentrations of zeolitic supports and the corre-
sponding catalysts measured using FTIR spectroscopy of
adsorbed pyridine are shown in Table 2, while the relevant
IR spectra are shown in Supporting Information File 1 (Figures
S1-S5). It is seen that all supports contained both Brensted and
Lewis acid sites of various strength. MCM-22(28) and MCM-
56(13) exhibited the highest concentrations of acid sites (both
Bronsted and Lewis) in accord with their highest Al concentra-
tions. The acid sites concentrations of MCM-22(70) and
2D-MFI(26) were lower and close to each other. The Bronsted
acid site concentration of HZSM-5(25) was as high as that of

+ CHj3(CH3)sCH=CH(CH3)sCH3
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Figure 1: A,B,C,D: XRD patterns of parent supports and catalysts used. Asterisk marks MoO3.

Table 2: Acid site concentrations in catalysts and corresponding supports.?

sample
150 °C

MCM-22(70) 0.11
6Mo0O3/MCM-22(70) 0.02
6Mo0O5(acac),/MCM-22(70) 0.06
MCM-22(28) 0.29
6Mo0O3/MCM-22(28) 0.07
6MoO5(acac),/ MCM-22(28) 0.09
2D-MFI1(26) 0.13
6Mo0O3/2D-MF1(26) 0.06
HZSM-5(25) 0.29
6Mo0O3/HZSM-5(25) 0.14
MCM-56(13) 0.23
MoO3/MCM-56(13) 0.04

aDetermined by FTIR. PBransted acid site. “Lewis acid site.

2(28) MCM-22(70)
Ak A A P | | | | [ [ Sy | M ey Y
40 5 10 15 20 25 30 35 40
2 Theta, °
D
3 « Mo /HZSM-5(25)
© *
2
2 6Mo0,/2D-MFI(26)
9
£
2D-MFI(26)
aaaad o s ool s aa ol aaaa ool aa sl aaaa
40 5 10 15 20 25 30 35 40
2 Theta, °
¢(B)P, mmollg ¢(L)¢, mmol/g
250 °C 350 °C 450 °C 150 °C 250 °C 350 °C 450 °C
0.12 0.09 0.02 0.06 0.04 0.03 0.03
0.01 - - 0.10 0.01 0.01 -
0.06 0.05 0.02 0.16 0.07 0.04 0.03
0.32 0.30 0.19 0.13 0.09 0.08 0.06
0.09 0.07 0.04 0.31 0.10 0.03 0.01
0.07 0.05 0.02 0.23 0.08 0.03 0.01
0.13 0.08 0.02 0.07 0.07 0.06 0.04
0.04 0.03 0.01 0.10 0.03 0.01 -
0.28 0.22 0.07 0.04 0.03 0.02 0.02
0.12 0.09 0.03 0.17 0.07 0.04 0.04
0.17 0.13 0.04 0.18 0.12 0.09 0.08
0.03 0.01 - 0.17 0.06 0.03 0.02
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MCM-22(28), however, its Lewis acid site concentration was
significantly lower. After supporting Mo compounds the con-
centrations of Bronsted acid sites decreased significantly which
may indicate that MoO,. species reacted predominantly with
Brensted acid sites of the supports. It is manifested by intensity
decrease of the band in the region 3609-3625 cm™ !, ascribed to
OH vibration in the Si-O(H)—Al acid site (see Supporting Infor-
mation File 1, Figures S1-S5) [25]. On the other hand, the con-
centrations of Lewis acid sites in the catalysts was slightly
higher compared to the parent supports. It may be explained by
the formation of some amount of Mo in a lower oxidation state
which has been already described for siliceous supports (MCM-
41, SBA-15) [9,26].

Catalytic activity

MCM-22-based catalysts

Na™ forms of zeolites turned out to be unsuitable supports for
metathesis catalysts. For example, by supporting MoO3 on
MCM-22(28) in Na* form (6 wt % of Mo) we obtained materi-
al providing only 0.5% l-octene conversion in 19 h
(1-octene/Mo = 320, ¢t = 40 °C). Therefore, we converted Na*
forms to NH,4" forms, which were used for supporting Mo com-
pounds by thermal spreading method.

The time development of 1-octene conversion over 6MoO3/
MCM-22(28) is shown in Figure 2. The GC chromatogram of
the final product is shown in Figure S6 (in Supporting Informa-
tion File 1). It is seen that in addition to the main metathesis
product (7-tetradecene), alkenes from C13 to C9 are present in
considerable amounts. It is a consequence of the 1-octene
double bond isomerization followed by cross metathesis. More-
over, a certain amount of oligomers (mainly dimers) were also
observed in the reaction mixtures. Both isomerization and olig-
omerization are due to the acidic character of the support (vide
infra). In addition to the total conversion of 1-octene (Ki), the
conversion to all metathesis products (Kpet), and the conver-
sion to tetradecene (Kc14) calculated according to the following

equations are plotted in Figure 2.

_ CEmM+ 2mg M+ 3m M)

tot

K _ (22}711 /Ml)
M (2% IM+ 2my IM g+ 3my /M +meg IM og)

(2mc14/Mcyy)
(2Zmi/Mi+ 2md/Md+ 3mt/Mt+ mCS/MCS)

Kcis=

where m; and M; (i = 9-14) are weight amounts and molecular
weights of alkenes from C9 to C14; mq4, my and My, M; are

weight amounts and molecular weights of octene dimers and
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trimers, respectively; mcg is weight amount of octene (all

isomers) and Mg is the molecular weight of octene.
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© 40 —m— total conversion
6MoO,/MCM-22(28)
20 —A— total conversion
—/\— conv. to metathesis
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time, h

Figure 2: Conversion vs time curves for 1-octene metathesis over
6MoO3/MCM-22(28) and 6MoO3/SBA-15. Neat 1-octene,
1-octene/Mo = 320, t = 40 °C.

For comparison, the conversion curve over 6MoO3/SBA-15 is
added in Figure 2. 6Mo0O3/SBA-15 was prepared from all-
siliceous SBA-15 (Sgpt = 877m2/g, ¥ =1.07cm?/g, pore diame-
ter D = 6.4 nm) and it is known as a very active and selective
catalyst [9,10]. Under reaction conditions applied the selec-
tivity to tetradecene was about 98% during the whole experi-
ment, and therefore only Ki is plotted in Figure 2 in this case.

Both Ko and Kjpet for 6MoO3/MCM-22(28) were significantly
higher than the total conversion for 6MoO3/SBA-15 (Figure 2).
Conversions to oligomers (K = Kiot — Kipet) Were about 12%
(at 2 h) and practically did not change in the further course of
the reaction. However, the conversions to tetradecene were
rather low (maximum conversion about 20% was achieved).
Higher catalytic activity of molybdenum oxide on zeolitic
support in metathesis may be ascribed to the higher acidity of
supports. The enhancing effect of Bronsted acidity on the cata-
Iytic activity has been already described [6] and it assumed that
most of Mo active species in zeolite-based catalysts are formed
by reacting molybdenum oxide with Si-O(H)-Al groups [12,27].
Similarly, Lim et al. showed recently [28], that Brensted acid
sites improve dispersion of molybdenum oxide on the surface.
Moreover, for related system based on tungsten oxide in zeolite,
it was suggested using high resolution STEM that Brensted acid
sites in proximity to metathesis active sites facilitate olefin
adsorption and metallocycle formation [29]. Such mechanism
may be effective also for Mo catalysts. The decrease in the
selectivity due to isomerization and/or oligomerization seems to

be an unavoidable cost for this activity enhancement.
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It is known for molybdenum oxide catalysts, that with increas-
ing Mo loading the catalytic activities increase up to maximum
value [6,10]. At higher loadings the molybdenum oxide
spreading on the surface became imperfect and catalytically
inactive bulk MoOj appears. The effect of increasing Mo
loading on catalyst activity for MCM-22(28)-based catalyst is
shown in Table 3.

For 8M00O3/MCM-22(28) XRD pattern shows a small amount
of bulk MoO3 (marked with asterisk in Figure 1A). In accord
with this, the conversions fell down in comparison with
6Mo0O3/MCM-22(28), the selectivity, however, slightly in-
creased: the amount of oligomers was reduced and the selec-
tivity to the tetradecene approximately doubled. It suggests that
more acid sites were covered by MoO, species and oligomeriza-
tion and isomerization ability of catalysts decreased. However,
further increase in the Mo loading to 10 wt % in 10MoO3/
MCM-22(28) led nearly to the lost of catalytic activity, which is
explained by deposition of Mo in the catalytically inactive bulk

Mo0Q3. Correspondingly, very intensive diffraction lines of the
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bulk MoOj appeared in the XRD pattern of 10MoO3/MCM-
22(28) (see Figure 1A).

To reduce isomerization and oligomerization ability of MCM-
22-based catalysts we prepared zeolite with Si/Al = 70 (and
therefore with lower acidity — vide supra): MCM-22(70).
The results showing the catalytic behavior of the prepared
MCM-22(70)-based catalysts 6MoO;(acac),/MCM-22(70),
5MoO;(acac),/MCM-22(70), and 4MoO5(acac),/MCM-22(70)
are collected in Table 4.

XRD pattern of 6M0oO3/MCM-22(70) exhibited some amount
of bulk MoO3 (Figure 1B). Evidently on this less acidic support
the MoOj spreading is not perfect, which explains its negli-
gible activity in metathesis reaction. However, using bis(acetyl-
acetonate) complex MoOj(acac), as a source of Mo we ob-
tained 6MoO;(acac),/MCM-22(70), 5SMoOj(acac),/MCM-
22(70), and 4MoO;(acac),/MCM-22(70) exhibiting no signals
of bulk MoO3 in XRD pattern (Figure 1B) and showing a mild

metathesis activity. The highest conversion Ko = 35% (after

Table 3: The effect of Mo loading on catalyst activity in 1-octene metathesis.?

catalyst reaction time, h Kiot, % Kmet, % Kol, % Kc14, %

6MoO3/MCM-22(28) 2 45 33 12 12
4 86 75 11 20
6 92 79 13 20

8Mo0O3/MCM-22(28) 2 21 15 6 10
4 41 35 6 18
6.5 58 51 7 25
22 85 77 8 36

10MoO3/MCM-22(28) 2 2.6 0.6 2 0.6
4 3.4 0.7 2.7 0.7
6 4 1 3 1

850 mg Catalyst, 1.5 mL 1-octene, 40 °C.
Table 4: 1-Octene metathesis over MCM-22(70)-based catalysts.?

catalyst reaction time, h Kiot, % Kmet, % Kol, % Kci4, %

6MoO3/MCM-22(70) 2 2 - - -
4.5 3
6 2

6Mo0O5(acac),/MCM-22(70) 2 8 7.5 0.5 5
4 9 8 1 6
22 11.5 10.5 1 7

5MoO5(acac)/MCM-22(70) 23 8 7 1 5
3.3 11 10 1 7
20 35 32 3 17

4MoOy(acac),/MCM-22(70) 2 11 11 0 10
4 16 15 1 14
21 16 15 1 14

850 mg Catalyst, 1.5 mL 1-octene, 40 °C.
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20 h) was achieved over 5SMoO;(acac),/MCM-22(70). Oligo-
merization activity of all these catalysts was considerably lower
in comparison with that of 6MoO3/MCM-22(28) (Ko = 1%
only). However, the isomerization was not suppressed and
conversion to tetradecene Kci4 was low.

MCM-56-based catalysts

Conversion curves for the 1-octene metathesis over 6MoO3/
MCM-56(13) under standard conditions are displayed in
Figure 3. In spite of the 2D character of support the conver-
sions over 6MoO3/MCM-56(13) were significantly lower in
comparison with 6MoO3/MCM-22(28): the initial reaction rate
(calculated at reaction time = 2 h) being about a half of the
initial reaction rate over 6MoO3/MCM-22(28). On the other
hand the extent of oligomerization was practically the same (for
final product the oligomerization selectivity was 14%) and the
extent of cross metathesis was even higher (the selectivity to
tetradecene was only 15%). The crystals of MCM-22 (see SEM
image in Supporting Information File 1, Figure S7) consist of
very thin platelets and therefore a great amounts of 12-mem-
bered ring cups of MWW structure are on crystal exterior [18].
These cups as we assume host MoO, species. Although MCM-
56(13) as 2D zeolite consists of very thin layers, these layers
may be curled and packed, which prevents the access of sub-
strate molecules to the most of 12MR cups (for MCM-56(13)
morphology see Supporting Information File 1, Figure S8). This
may explain the lower activity of 6MoO3/MCM-56(13) com-
pared with 6MoO3/MCM-22(28). Similarly, a higher activity of
MCM-22 in comparison with MCM-56 has been observed in
toluene disproportionation [18] and also for RCM of citronel-
lene over immobilized Ru catalysts the activity of catalyst based
on MCM-56 was not higher than that based on MCM-22 [24].

100
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o —e— total conversion
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o
o
20
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Figure 3: Conversion vs time curves for the 1-octene metathesis over
6Mo0O3/MCM-56(13). Neat 1-octene, 1-octene/Mo = 320, ¢t = 40 °C.
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MFI-based catalysts

The comparison of conversion curves for 1-octene over 6MoQO3/
2D-MFI(26) and 6M0oO3/HZSM-5(25) under standard condi-
tions is given in Figure 4. It is seen that 6MoO3/HZSM-5(25)
exhibited only negligible activity (Kot = Kiet = 3% after 20 h)
in accord with poor MoOj spreading (see Figure 1D). Despite
the high acidity of the support, a poor accessibility of relevant
surface OH groups during the thermal spreading process and a
poor accessibility of possible active sites by substrate molecule
during metathesis may cause 6MoO3/HZSM-5(25) to be practi-
cally inactive. On the other hand, over 6M00O3/2D-MFI(26)
about 90% conversion was achieved for the same reaction time
(20 h). The initial reaction rate over 6MoQO3/2D-MFI(26) was
only slightly lower than that over 6MoO3/MCM-56(13) and
about one half of that over 6M0O3/MCM-22(28). Contrary to
6Mo0O3/MCM-22(28) the oligomerization activity of 6MoO3/
2D-MFI(26) was reduced (K, was from 1% to 5%) and the
selectivity to tetradecene was higher (for final conversions
Kc14/Kmet = 0.41 and 0.25 for 6M00O3/2D-MFI(28) and
6Mo0O3/MCM-22(28), respectively). Lower acidity of 6MoO3/
2D-MFI(28) may explain the lower extent of oligomerization
and isomerization reactions and increased tetradecene selec-
tivity. Lower acidity may also bring about the reduced activity
as compared with 6MoO3/MCM-22(28); however, different
structures of MCM-22 and MFI do not allow simple compari-

son.
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{ —@— total conversion
—_— conversion to metathesis
o 807 —d— conversion to tetradecene
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Figure 4: Conversion vs time curves for 1-octene metathesis over
6MoO3/2D-MFI(26) and 6MoO3/HZSM-5(25). Neat 1-octene,
1-octene/Mo = 320, t = 40 °C.

The accompanying oligomerization activity

The experiments with Mo-free zeolites (Figure 5a,b) confirmed
that the oligomerization activity was connected with the support
itself. In these “blank” experiments the reaction conditions, as
well as pretreatment mode were the same as for Mo oxide cata-
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Figure 5: Conversion to oligomers for 1-octene over MCM-22(28) and MCM-22(70) (a) and conversion to oligomers for 1-octene, 2-octene, 3-octene,

and 4-octene over MCM-22(28) (b). 50 mg Support, 1.5 mL octene, 40 °C

lysts. No metathesis products were observed, only 1-octene
oligomerization and double bond isomerization occurred.
Figure 5a shows 1-octene oligomerization over MCM-22(28)
and MCM-22(70). Families of dimers and trimers (in weight
ratio dimers/trimers approximately 20:1 for the final conver-
sions) were detected, isolation and characterization of indi-
vidual dimers/trimer was not possible. It was visible from GC,
that isomerization of starting 1-octene also occurred, however,
the exact quantification was not possible. The oligomerization
rate was higher for MCM-22(28) in accord with its higher
acidity as compared with MCM-22(70). The extent of oligomer-
ization in these blank experiments is several times higher than
that achieved over metathesis catalysts: it may be due to the
partial capping of support acid sites with Mo species catalysts
and also due the parallel consumption of 1-octene in metathesis.

Figure 5b shows oligomerization of 1-octene, 2-octene
(cis + trans), 3-octene (trans), and 4-octene (trans) over MCM-
22(28). It is seen that the initial reaction rate decreases in the
order 1-octene = 2-octene > 3-octene > 4-octene. The low-tem-
perature oligomerization of alkenes over zeolite was studied as
concerns industrially important low alkenes oligomerization
and lower reactivity of internal alkenes in comparison with
1-alkenes was also recognized [30,31]. The reduced activity of
3- and 4-octenes in oligomerization might explain the fact, that
in our metathesis experiments the accompanying oligomeriza-
tion occurred practically only in the beginning of the reaction.
In later stages when most of 1-octene was isomerized to 3- and
4-octenes only little increase in oligomer amounts was ob-

served.

Conclusion

3D and 2D zeolites of MWW (MCM-22 and MCM-56) and
MFT topologies were used for the first time as supports for the
preparation of highly active molybdenum oxide metathesis cata-
lysts. The catalysts, prepared by thermal spreading of MoO3
and/or MoO»(acac), on these supports in NH4" forms (6 wt %
and/or 5 wt % of Mo) were tested in neat 1-octene metathesis
under mild conditions (batch reactor, atmospheric pressure,
40 °C).

The catalyst activity (expressed as Ky values at the reaction
time = 2 h) decreased in the order 6M0oO3/MCM-22(28) >
6Mo03/MCM-56(13) > 6Mo0O3/2D-MFI(26) > 6MoO;(acac),/
MCM-22(70) >> 6MoO3/HZSM-5(25). This activity order
reflects two effects enhancing the activity: (i) support acidity
and (ii) structure characteristics ensuring good accessibility of
active species by substrate molecules. The most active 6MoO3/
MCM-22(28) exhibited a significantly higher activity than that
of a similar catalyst supported on siliceous mesoporous molecu-
lar sieve SBA-15.

Due to the catalyst acidity accompanying reactions occurred:
(i) 1-octene double bond isomerization followed by cross me-
tathesis and (ii) 1-octene oligomerization (mainly dimerization).
The extent of these reactions depends strongly on the support
acidity. Highly acidic supports MCM-22(28) and MCM-56(13)
delivered a catalyst of rather low selectivity (up to 14% conver-
sion to oligomers, 15-20% conversion to tetradecene at about
Kiot = 90%). Less acidic supports — MCM-22(70) and
2D-MFI(26) gave rise catalysts of significantly higher selec-
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tivity: conversion to oligomers was reduced to 1%, double bond
isomerization and cross metathesis proceeded in less extent, so
selectivity to tetradecene increased (e.g., for 2D-MFI(26) to
35% at Kioy = 90%).

It is seen that for the metathesis of longer chain hydrocarbons
like 1-octene, supports ensuring a good access of bulkier sub-
strate to the active centers are necessary. The acidity of the
support increases the catalyst activity, however, simultaneously
with decrease of the catalyst selectivity. 2D-MFI(26) due to its
moderate acidity and 2D character results in catalysts of moder-
ate activity but of the highest selectivity.

With the described catalysts 1-octene was converted into a mix-
ture of higher olefins: in addition to tetradecene as a
homometathesis product, olefins of 9-13 C atoms from cross
metathesis and C16 dimers were formed in various extent.
Therefore, the described catalysts may find application espe-
cially if a mixture of higher olefins is desired, for example in

the preparation of detergents, lubricants etc.

Experimental

Catalyst preparation and characterization

The zeolite supports MCM-22 and MCM-56 were prepared ac-
cording to [32,33], 2D-MFI was synthesized according to [21].
HZSM-5 (CBV 5524) was purchased from Zeolyst. Na* forms
of zeolites were converted to NH4" form by three-fold treat-
ment with 1.0 M NH4NO3 solution at room temperature for 3 h.
The supports were characterized by XRD (Bruker AXS D8
Advance diffractometer with a graphite monochromator and a
Vantec-1 position sensitive detector using Cu Ka radiation
in Bragg—Brentano geometry) and by N, adsorption
(77 K, Micromeritics GEMINI II 2370 volumetric Surface
Area Analyzer). Molybdenum(VI) oxide (Sigma-Aldrich)
and bis(acetylacetonato)dioxomolybdenum(VI) (Aldrich)
as sources of Mo oxide species were used for catalyst
preparation using the thermal spreading method (500 °C, 8 h).
SEM images were recorded using a JEOL JSM-5500LV micro-
scope.

The concentrations of Lewis (cL) and Brensted (cB) acid sites
were determined by FTIR spectroscopy of adsorbed pyridine
(Py) using a Nicolet 6700 with a transmission MCT/B detector.
The zeolites were pressed into self-supporting wafers with a
density of 8.0-12 mg-cm 2 and activated in situ at T = 450 °C
and p = 5-1073 torr for 4 h. Pyridine adsorption was carried out
at 150 °C and a partial pressure of 3.5 torr for 20 min followed
by desorption for 20 min at 150, 250, 350 or 450 °C. Before
adsorption, pyridine was degassed by freeze—pump—thaw
cycles. All spectra were recorded with a resolution of 4 cm™' by

collecting 128 scans for a single spectrum at room temperature.
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The spectra were recalculated using a wafer density of
10 mg-em2. ¢L and ¢B were evaluated from the integral inten-
sities of bands at 1454 cm™! (cL) and 1545 cm™! (¢B)
using extinction coefficients, &(L)=2.22 cm'mmol~! and
¢ (B)=1.67 cm'mmol~1[34].

For elemental analysis ICP OES (iCAP 7000, Thermo Scien-
tific) was used. About 50 mg of the catalyst was digested in a
mixture of HF, HCI, and HNO3 (1:2:2). The samples were
placed in a Berghof microwave in a closed vessel at 7= 140 °C
for 35 min. Saturated solution of H3BO3; was then added for
complexation of the excess of HF. After digestion solutions
under analysis were collected in 250 mL flasks and diluted with

ultra pure water.

Catalytic experiments

Catalytic experiments were carried out in an argon atmosphere
using a vacuum argon line. 1-Octene (Aldrich, 98%) was passed
through alumina and stored with Na. The content of water in
1-octene was about 5 ppm. 2-Octene (Alfa-Aesar, 98%), trans-
3-octene (Alfa-Aesar, 97%) and trans-4-octene (Aldrich) were
purified in a similar way. In a typical experiment 50 mg of cata-
lyst (6 wt % of Mo) was used. Before reaction catalyst was
pretreated in vacuo at 500 °C for 30 min. After cooling to
40 °C, the reactor was filled with Ar and neat 1-octene
(1-octene/Mo ratio = 320) was added under stirring. The reac-
tion progress was followed by GC analysis of reaction mixture
samples taken at given intervals. Individual compounds were
identified by GC/MS. A high-resolution gas chromatograph
Agilent 6890 with a DB-5 column (length: 50 m, inner diame-
ter: 320 um, stationary phase thickness: 1 pm), equipped with
a 7683 Automatic Liquid Sampler and a FID detector
and GC/MS (ThermoFinnigan, FOCUS DSQ II single Quadru-
pole) were used. Conversions were calculated from the mass
balance.

Supporting Information

Supporting Information File 1

IR spectra of catalysts, GC of reaction products, and SEM
images of catalysts.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-272-S1.pdf]
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In this paper, a new access to several chiral 3-aminoglycals as potential precursors for glycosylated natural products is reported

from a common starting material, (—)-methyl-L-lactate. The stereodivergent strategy is based on the implementation of a ring-

closing metathesis of vinyl ethers as key step of reaction sequences developed.

Introduction

Several classes of medicinally useful molecules with antibiotic
and anticancer activity contain in their structures 3-amino-2-
deoxy sugars [1]. For instance, N,N-dimethyl-L-vancosamine is
an essential component of pluramycin antibiotics such as
kidamycin and pluramycin A via a C-glycosidic linkage
(Figure 1).

For constructing aryl C-glycoside bonds, glycal derivatives are
versatile synthetic intermediates (Figure 2). Indeed, they can be
converted into glycosyl donors but can also be considered as
potential coupling partners or nucleophilic moieties via the for-
mation of transient metalated species [2]. As example concern-

ing their use in pluramycins' syntheses, an approach to the syn-
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pluramycin A

Figure 1: N,N-Dimethyl-L-vancosamine as substructure of kidamycin
and pluramycin.

thesis of pluraflavin A was developed based on a Stille cou-
pling to install the C-linked sugar residue [3]. Moreover, the ad-
dition of lithiated glycals to quinone derivatives followed by a
rearrangement was also studied for the synthesis of kidamycin
according to a “reverse polarity” strategy [4,5].

Considering that the glycal scaffolds are versatile building
blocks with multiple applications in the field of natural product
synthesis [6], the development of new asymmetric synthetic se-
quences with stereochemical diversity is still of high interest.
Different approaches have been reported for the asymmetric
synthesis of protected 3-aminoglycals from non-carbohydrate
precursors. Most of them used a common methodology for the
construction of the pyranosyl glycal ring which is based on a
cycloisomerization reaction of chiral homopropargylic alcohols
[7-10]. In some cases, the strategy used for the preparation of
the corresponding alkynyl alcohols requires the handling of

toxic tin reagents [8,9].

During these last years, ring-closing metathesis (RCM) of
vinyl ethers have proved to be an efficient method for the prep-
aration of chiral glycal scaffolds [11-18] as demonstrated in
some total syntheses of marine polycyclic ethers [19-21]. How-

ever, to the best of our knowledge, this methodology was never

conventional

C-glycoside formation
O (6]
2 =
X RN

ref. [2]
glycosyl donor

Beilstein J. Org. Chem. 2018, 14, 2949-2955.

evaluated for the synthesis of this kind of nitrogen-containing
substrates. Taking into account our interest about the develop-
ment of new synthetic approaches to pluramycins [22,23], we
speculated that the cyclic vinyl ether derivative I, with the
prerequisite configuration of all stereogenic centers of
the carbamate-protected glycal of L-vancosamine 1, could
be obtained from the alcohol derivative II using an O-vinyl-
ation-ring-closing metathesis sequence (Figure 3). Afterwards,
the introduction of nitrogen in the convenient position (C3)
could be performed by a stereopecific nitrene insertion reaction
catalyzed by rhodium(Il) complexes [24,25].

Herein, we describe our outcomes related to the implementa-
tion of this strategy for the synthesis of L-vancosamine deriva-
tive 1, as well as its diastereoisomer, the carbamate-protected
3-aminoglycal of L-saccharosamine 2, employing the
(S)-(—)-methyl lactate as common starting material. The effi-
ciency and generality of this methodology was also demon-
strated by a new synthesis of C-3 unbranched amino glycals,
L-daunosamine 3 and L-ristosamine 4 derivatives, from the

same source of chirality.

Results and Discussion

Synthesis of vancosamine and saccharosamine glycals. The
chiral (—)-lactic methyl ester was identified as the privileged
starting material considering that the Evans aldol reaction via
boron enolates [26-28] with an appropriately O-protected alde-
hyde should afford the desired aldol adduct with a syn relative
configuration between the two newly created chiral centers
[29,30]. Moreover, the boron-mediated stereoselective aldol
reaction is all the more interesting for our synthetic plan as
stereochemical diversity can be generated depending on the
absolute configuration of the chiral auxiliary used. The alde-
hyde 5 was first prepared according to a described procedure in
two steps from methyl L-lactate (Scheme 1) [31]. The reaction
with (R)- or (S)-oxazolidinones 6 led to the formation of 2,3-syn
aldol products 7 in good yields with a very high level of dia-

stereoselection (>20:1 for both).

@1
Z

ref. [4,5]

reverse polarity
strategy

| —R
Z ref. [3]

cross-coupling
strategy

2
Z > snBu,

Figure 2: Glycals as relevant scaffolds for constructing aryl C-glycosidic linkage.
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diastereoselective

addition

L-daunosamine glycal

CO,Me
OH
methyl (S)-lactate

(@)
N
o, -
1
(@)
4

L-ristosamine glycal

Figure 3: Strategy including a ring-closing metathesis of vinyl ethers as key step for the preparation of several carbamate-protected 3-aminoglycals.

OH ref. [30] OPMB
MeO\[ ‘)\ N
0 2 steps o
64% 5
TBSOTf, 2,6-lutidine Bn
CH,Cl,, 0 °C to rt — Me OPMB
O\H/N
O O OTBS
(2S,3S)-8a, 85%
(2R,3R)-8b, 79%
DMSO, (CICO),
Et3N, CH2C|2 Me OPMB
-78°Ctort )
H OTBS
(2S,3S)-11a, 96%
(2R,3R)-11b, 73%
e\Bn Bn
Oo_ N Oo_ N
o O o O
6a 6b

6a or 6b, Et3N
BusBOTf, CH,Cl,
-78°Cto0°C

LiBHg, H,0
Et,0, 0 °C to rt

PhsPCH3Br, n-BuLi
THF, 78 °C to rt

Bn

/—< Me OPMB

O N_2 4

S

O O OH

(2S,35)-7a, 90%, (dr > 20:1)
(2R,3R)-7b, 96%, (dr > 20:1)

Me OPMB
HO

OTBS
(2R,3S)-9a, 66%
(2S,3R)-9b, 60%

Me OPMB
AN 3

Bn

N

4 2
OoTBS

(3S,4R)-13a, 94%
(3R,4S)-13b, 86%

Me OPMB

HO HN

O OTBS

10a, 23%

Scheme 1: Evans aldol reaction for the preparation of diastereomeric compounds 13a and 13b.

After protection of the free hydroxy group, the reduction of the
N-acyl oxazolidinones 8 into primary alcohols 9 was accom-

plished by LiBHy in presence of water or LiAlHy4 [32]. What-

ever the conditions used for this step, moderate yields were ob-
tained for the desired products due to the formation of substan-

tial amounts of ring-opened byproducts 10 resulting from the
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hydride addition to the carbonyl group of the oxazolidinone ring
[33,34]. The alcohols 9 were then subjected to a Swern oxida-
tion followed by a Wittig reaction to generate the correspond-
ing alkenes 13a,b in 90% and 63% yield, respectively, over two
steps. Alternatively, we envisioned that, from the same a-substi-
tuted chiral aldehyde 5, compound 13b could be obtained in a
more straightforward manner employing a strategy based on a
diastereoselective allylboration reaction (Scheme 2) [35].
Indeed, the reaction of achiral pinacol (Z)-crotylboronate with §
under neat conditions at room temperature gave a good level of
diastereoselectivity for the hitherto unreported 3,4-syn-2,3-anti
product 12b [36-39].

The syn relationship between C3 and C4 is controlled by the
(2)-geometry of the crotylboronate, while the 2,3-anti relation-
ship can be rationalized by invoking Cornforth-like transition
states [40-43]. Eventually, silylation of the homoallylic alcohol
12b afforded the expected compound 13b in 68% overall yield
from 5 after purification, compared to 29% using a strategy
based on an Evans’ aldol reaction.

Mildly oxidizing conditions using 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) were used for the removal of the
p-methoxybenzyl (PMB) group to provide alcohols 14
(Scheme 3). Several palladium(II) catalysts have been tested for
the conversion of alcohols to vinyl ethers 15 [13,44-46]. We
found that the best yields were obtained using Pd(TFA), and

/B\\: N\ __H

Beilstein J. Org. Chem. 2018, 14, 2949-2955.

n-butyl vinyl ether as solvent in the presence of bathophenan-
throline as ligand. In the case of Pd(OAc),, the reaction was
slower with moderate yields.

The ring-closing metathesis reaction was performed with
Hoveyda—Grubbs second-generation (HG-II) catalyst to deliver
the corresponding dihydropyrans 16 in excellent yields given
that this kind of reaction can be sensitive to the substitution
pattern contained in the substrate [11]. After silyl deprotection,
the key C—H amination precursors 17a,b for the synthesis of the
carbamate-protected glycal of L-vancosamine 1 and L-saccha-
rosamine 2 were prepared in two steps by treatment of alcohols
with the trichloroacetyl isocyanate reagent (TCA-NCO) fol-
lowed by basic hydrolysis. The spectroscopic properties of
carbamates 17 were identical to those reported in the literature
[7,8]. Although the intramolecular C—H amination of com-
pounds 17 under the Du Bois conditions [24] was already de-
scribed in the literature [8,9], the reaction was nevertheless
achieved with carbamate 17a in order to check the repro-
ducibility of the final step. As expected, L-vancosamine glycal

1 was obtained in similar yield than one reported [8,47].

Synthesis of daunosamine and ristosamine glycals. As previ-
ously, the chiral pool material 5 was used for this unbranched
glycal synthesis (Scheme 4). The first step was the chelation-
controlled addition of allylmagnesium bromide to 5 to provide

the syn diastereomer 18 in high stereoselectivity (93:7). After

OH Me OPMB
O o= 4 2 — X
— HsC .aPMB AN = ;
3 2 H
9& OPMB OH
B favored 3,4-syn-2,3-anti 12b, 83%
qPmB KV © (dr =92:8)
H\W/L\
0o neat, 3.5d
° H ¢ OH
H. /. —B-0 !
L. | PMBOY.Z RO — e NI
HsC =
AiCH:” OPMB
disfavored 3,4-syn-2,3-syn

TBSOTf, 2,6-lutidine
CH,Cl,, 0°Ctort

Me OPMB
]

12b

oTBS
13b, 82%

Scheme 2: Alternative preparation of 13b based on a diastereoselective allylboration.
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J

Me OPMB DDQ, CH,Cl, Me OH Pd(TFA), EtsN Me O HG-Il (4 mol %)
A 3 pH 7 buffer, rt N bathophenanthroline toluene, 100 °C
4 2
oTBS oTBS Z>0-n-Bu, 80 °C OTBS
(3S,4R)-13a (3S,4R)-14a, 84% (3S,4R)-15a, 79%
(3R,4S)-13b (3R,4 S)-14b, 93% (3R,4S)-15b, 53%
Ve 1) TBAF, THF, rt Me Rhy(OAc), (10 mol %) O}'¥NH
2) CI;CCONCO H,N. O PhI(OAc),, MgO 3
TBSO | CH,Cly, 1t e | CH,Cl,, 40 °C |
o)
o) 3) K,CO3, MeOH, rt 0 0

(3S,4R)-16a, 79%
(3R,45)-16b, 82%

(3S,4R)-17a, 79%
(3R,4S)-17b, 82%

1, 80% from 17a

Scheme 3: O-Vinylation-ring-closing metathesis sequence for access to 3-amino glycals.

TBSOTHf, 2,6-lutidine DDQ, CH,Cl,
PMB ’
QPMB -~ MgBr QPMB - CH,Clp, 0°Cto it Q pH 7 buffer, rt
(@) N
H MgBr,- OEt, OH 84% OTBS 92%
5 —-78°Ctort 18 19
85%
Pd(TFA), Et3N HG-II (4 mol %)
OH bathophenanthroline Z 70 toluene, 100 °C  TBSO TBAF, THF, rt HO
~ - ) '
oTas /\O-n-Bu, 80 °C OTBS 66% 0O quantitative O
20 21 22 23

80%

Scheme 4: Synthesis of key intermediate 23 for the C-3 unbranched amino glycals preparation.

silylation of the free hydroxy group, the cleavage of the PMB
ether with DDQ led to alcohol 20 in 77% yield for the two
steps. Ring-closing metathesis of diene 21, obtained by O-vinyl-
ation of 20, gave the dihydropyran 22 in 53% overall yield for
two steps. The silyl group of compound 22 was cleaved using
tetrabutylammonium fluoride (TBAF) in THF to form alcohol
23 which was used directly in the next step [48].

At this stage, we envisioned that 23 could be also a key inter-
mediate to access the ristosamine derivative by reversing the
configuration of the stereogenic center bearing the hydroxy
group (Scheme 5). With this in mind, the secondary alcohol 23
was engaged in a Mitsunobu reaction using p-nitrobenzoic acid
as nucleophile to afford the expected compound 25. Hydrolysis
of the ester was achieved using potassium carbonate in metha-

nol to afford the epimeric product 26.

Both diastereomers 23 and 26 were converted to the corre-
sponding known carbamates using a two step sequence. Reac-
tion with TCA-NCO followed by a basic hydrolysis provided
the desired compounds 24 and 27 in good yields and in full
agreement with all reported spectroscopic data [9]. As an exam-
ple, the expected protected glycal of L-daunosamine 3 [9,47]
was obtained by regioselective rthodium nitrene insertion thus
demonstrating the usefulness of this strategy for the synthesis of

such compounds.

Conclusion

We developed an alternative route to 3-aminoglycals through
ring-closing metathesis of vinyl ethers as key step in the synthe-
sis and using a common noncarbohydrate starting material. The
approach was first validated for the synthesis of protected

L-vancosamine glycal and extended afterwards to prepare a dia-
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1) TCA-NCO
CH,Cly, rt

H

2) K,CO3, MeOH, rt

HO,
m
O

23
PPhj, DIAD
p-nitrobenzoic acid
THF,0°Ctort
1) TCA-NCO
CH,Cly, rt
Rm 2) K,CO3, MeOH, rt
O
R= 4-02NC6H4CO, 25
K,CO3
MeOH, rt .
R =H, 26, 57% overall yield

Scheme 5: Access to diastereoisomeric compounds 3 and 4 from 23.

stereomeric compound as well as other unbranched C-3 amino-
glycals. The use of these synthons in the synthesis of glycosyl-
ated antibiotics as kidamycin is underway in our laboratory.

Supporting Information

Supporting Information contains detailed experimental
procedures with full characterization of all compounds and
NMR spectra.
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The first turnover event of an olefin metathesis reaction using a new family of homogenous Ru-based catalysts bearing modified

indenylidene ligands has been investigated, using methoxyethylene as a substrate. The study is carried out by means of density

functional theory (DFT). The indenylidene ligands are decorated with ortho-methyl and isopropyl groups at both ortho positions of

their phenyl ring. DFT results highlight the more sterically demanding indenylidenes have to undergo a more exothermic first phos-

phine dissociation step. Overall, the study emphasises advantages of increased steric hindrance in promoting the phosphine release,

and the relative stability of the corresponding metallacycle over classical ylidene ligands. Mayer bond orders and steric maps

provide structural reasons for these effects, whereas NICS aromaticity and conceptual DFT confirm that the electronic parameters

do not play a significant role.

Introduction

Olefin metathesis has been an intensely studied reaction due to
its wide use [1], in industrial applications, especially in petro-
chemistry [2], i.e., the Phillips Triolefin (PTP) process or the
Shell Higher Olefin Process (SHOP) [3.,4]. Additionally, the
olefin metathesis reaction has provided a useful tool in poly-

merisation [5,6], as well as in the pharmaceutical industry in the
formation of C=C bonds. Early catalyst examples were ill-
defined entities and it is not until Grubbs [7] and Schrock [8]
developed well-defined homogeneous catalysts that the area

truly blossomed. Using a metal carbene complex as a catalyst,
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making use of the Chauvin mechanism, olefin metathesis
consists of the redistribution of two carbon—carbon double
bonds [9]. The metal and its ligand environment in both rutheni-
um and molybdenum systems appear to confer the right envi-
ronment that allows a productive alkene metathesis [10,11].
Little productive reactivity has been uncovered using other
metals [12-14]. Apart from the metal, ruthenium-based olefin
metathesis has seen several changes during the last decades,
modifying the existing commercial catalysts, playing mainly
with the electronic characteristics of the ligands (usually two
chlorides and an ylidene ligand) [15-17], whereas basically the
sterics of the substituents on the N-heterocyclic carbene (NHC)
ligand have remained unchanged [18]. Overall, any modifica-
tion of the available catalysts has been performed in order to
increase the stability of the catalyst without losing any of its ac-
tivity [19,20]. Although most of the olefin metathesis catalysts
are based on ruthenium [21,22], because these are more stable
to oxygen and moisture [23] than their molybdenum counter-
parts, they display sensitivity to decomposition while in solu-
tion [24,25]. Understanding and/or the elimination of potential
pathways that leads to catalyst decomposition is extremely im-
portant [26-28], since any knowledge obtained in this area can
guide the catalyst design efforts [29-31].

We are interested in evaluating, by density functional theory
(DFT) calculations, the difference in the activation step be-
tween complexes 1-6 in Scheme 1, whose reactivity and prop-
erties have been reported already (for 1 and 2) [24,32,33].
Predictive catalysis will be used here to generate and/or
describe the activity in olefin metathesis of the new indenyl-
idene derivatives. The phenyl substituent of the indenylidene is
perpendicular to the indenyl moiety in the solid-state structure
[34], as Nolan and co-workers first described in 1999 [35]. For
complexes 3—6, where the phenyl ring is ortho-substituted, there
might be present steric repulsion with the NHCs, which might
in turn facilitate the departure of the indenyl ligand [36]. Apart
from reducing decomposition [37,38], this steric pressure
should lead to faster rates for the initiation step of the metathe-
sis reaction. This hypothesis will be examined computationally
in order to assist catalyst design efforts.

Beilstein J. Org. Chem. 2018, 14, 2956-2963.

IMes =

1 NHC = SIMes; R=H
2NHC =1IMes; R=H

3 NHC = SIMes; R = Me
4 NHC = IMes; R = Me
5 NHC = SIMes; R = iPr
6 NHC = IMes; R =iPr

Scheme 1: Catalysts studied by DFT calculations.

Results and Discussion

We have studied the initiation cycle involving the transformat-
ion of the indenylidene precatalysts into the active methylidene
for a series of olefin metathesis relevant complexes 1-6, using
methoxyethene as a substrate (Scheme 2). This substrate was
selected in order to facilitate our analysis [39]. Computation-
ally no significant differences exist by using ethene or
methoxyethene [40,41]. The saturation of the backbone of the
NHC has also been taken into account, thus considering either
the SIMes (1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-
2-ylidene) and the IMes (1,3-bis(2,4,6-trimethylphenyl)imidaz-
ol-2-ylidene) NHC ligands. The group trans to the NHC ligand
is triphenylphosphine for all catalysts.

Table 1 includes the energy profiles for the substituted indenyli-
denes, bearing methyl or isopropyl groups at the ortho posi-
tions of the phenyl substituent, compared to the unsubstituted 1
and 2. Comparing IMes vs SIMes, the activation is about
1 kcal/mol more favoured for the unsaturated system [42,43].
The absolute difference of 1 kcal/mol is maintained throughout
the mechanism, however, we must point out that the opening of
the metallacycle requires only 0.6 kcal/mol for the SIMes
system versus 1.7 kcal/mol for the unsaturated system.

MeO
R
F o Lo/ bo L c ro 4 b
Ru=R ~ U= Ru=R —> L — —RU —Ru
¢’ Sen. PPh P i CI’E,R MeG IR'?,R M %
3 3 Cl MeO™ MeO Cl |
| ] ]} v Vv Vi
precatalyst first 14e coordination metallacycle  coordination second 14e

intermediate intermediate 1

Scheme 2: Precatalyst initiation in olefin metathesis (L = NHC ligand).

intermediate 2 intermediate
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Table 1: Precatalyst initiation reaction pathway for catalysts 1-6
(MO6/TZVP ~sdd//BP86/SVP ~sdd; Gibbs free energies in kcal/mol).

1 2 3 4 5 6

| 0.0 0.0 0.0 0.0 0.0 0.0

i 21.8 20.2 164 19.12 198 19.8
] 20.0 18.2 16.1 19.5 17.6 19.6
- 22.8 21.8 20.0 22.4 21.0 221
i 15.0 12.2 13.0 14.6 17.2 17.8
n-v 221 211 19.0 20.1 17.8 19.3
v 16.7 15.9 12.5 151 13.3 13.0
Iv-v 17.3 17.6 13.7 15.8 15.6 16.2
Vv 7.0 3.7 2.0 3.5 2.9 2.9
V-vi 10.5 10.2 8.6 10.0 5.9 9.6
Vi 8.1 7.0 3.8 5.4 4.3 5.0

aThe transition state is somewhat lower in energy than the next
14e species Il once included the solvent effects.

The methyl and isopropyl-substituted indenylidene moieties
reveal a different performance between the SIMes and the IMes
congeners. When the saturated NHC is considered, the substitu-
tion reduces dramatically the barriers of the first two transition
states. Then the cycle I->VI is more exothermic with the substi-
tuted systems. On the other hand, the unsaturated system does
not reduce the energy barriers with the substituted indenylidene
moieties, because of the rigidity of its backbone. And the same

Beilstein J. Org. Chem. 2018, 14, 2956-2963.

argument is valid for the entire catalytic system, which means
that the substitution does not help to make the system signifi-
cantly more exothermic than the saturated system, despite a
slight stabilisation, especially for the second 14e species, VI.

Overall, among the catalysts with substituted indenylidene cata-
lysts, the one bearing a SIMes NHC ligand and methyl groups
in the indenylidene moiety is the most promising, in agreement
with the experimental hypothesis that the release of the indenyl-
idene ligand is more facile in such a case.

The concerted transition state that circumvents the formation of
the 14e intermediate II, i.e., I-111, is higher in energy than I-11
and II-1III by 3.6 and 4.3 kcal/mol for systems 3 and 5, com-
pared to 1, respectively. The unsaturated systems do not follow
a concerted mechanism either, being 4.3 kcal/mol higher in
energy for system 2. Overall, for all substituted indenylidenes
this concerted transition state I-III is confirmed to be higher in

energy.

The structural analysis included in Table 2 supports the fact that
the substituted indenylidenes display similar characteristics
whatever the substituents are on both ortho positions of the cor-
responding phenyl ring in catalysts 1-6. For instance, the
Ru=Cylidene bond changes by less than 0.008 A, which is in
perfect agreement with the insignificant changes in the Mayer
Bond Order (MBO) results [44,45]. However, there is a clear

Table 2: Structural analysis for species I-ll for catalysts 1-6 (in kcal/mol), including selected bond distances (d) in A and Mayer Bond Orders (MBO).

1 2
d(Ru=Cyjidene)
| 1.882 1.882
| 1.869 1.868
] 1.888 1.885
MBO(Ru=Cyjigene)
| 1.464 1.469
| 1.444 1.446
] 1.445 1.453
d(Ru-P)
| 2.457 2.444
MBO(Ru-P)
| 0.540 0.560
d(Ru-Cnhc)
| 2.071 2.089
| 1.947 1.956
] 2.020 1.885
MBO(Ru-CnHc)
| 0.847 0.806
| 1.199 1.151
] 0.961 0.915

3 4 5 6
1.883 1.883 1.886 1.885
1.863 1.862 1.863 1.861
1.885 1.883 1.885 1.884
1.476 1.484 1.475 1.480
1.467 1.470 1.465 1.471
1.453 1.460 1.448 1.452
2.436 2.430 2.431 2424
0.585 0.592 0.600 0.611
2.087 2.103 2.093 2111
1.941 1.955 1.941 1.953
2.019 1.883 2.014 2.029
0.817 0.787 0.808 0.775
1.211 1.160 1.212 1.162
0.969 0.924 0.983 0.933
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difference that shows that the saturated NHC backbone of the
SIMes ligand facilitates the phosphine dissociation since the
Ru—P bond distance is longer [24,38]. This is corroborated via
the corresponding lower MBO values. More interestingly, the
Ru—Cypyc bond is much shorter for SIMes, with a correspond-
ing MBOs at least 0.030 larger, being more accentuated for the
system with the unsubstituted indenylidene ligand, by 0.041.
This effect is completely in agreement with the trans effect
along the Cypgc—Ru-P axis [46]. On the other hand, the analy-
sis of the substituted indenylidene systems 3—6 highlights that
these are more difficult to activate since the MBO of the Ru-P
is larger by 0.045, 0.042, 0.060 and 0.051, respectively. Overall,
despite the unfavourable effect on the activation of the precat-
alytic species I, the substituted indenylidenes do not affect at all
the 14e species II once generated through phosphine release.

To further understand how substituent sterics affect the indenyl-
idene moieties of catalysts 3—6, steric maps were calculated by
means of the SambVca package [47], analyzing the % Vg, [48].
Taking into account the precatalytic intermediate I, the % Vpgy,
for the NHC ligand ranges from 30.1% to 29.8% and 29.6% for
SIMes-based catalysts 1, 3 and 5, respectively (see Figure 1).
The same trend applies to the IMes-based catalysts 2, 4 and 6,
with % Vg, values of 30.0%, 29.7% and 29.6%, respectively.
On the other hand, as expected since there is similarity in the
part bonded to the metal [49], no significant difference in the
steric hindrance towards the metal sphere was observed for the
indenylidene and any of its derivatives, and the % Vg, was
found identical (see Supporting Information File 1 for steric
maps of those ligands).

Table 3 includes the relevant information obtained from the

frontier molecular orbitals. From conceptual DFT we reach
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values for electrophilicity that describe a clear trend from
species II that is prone to undergo nucleophilic attack by the
entering olefin: the substituted indenylidene catalysts 3—6 ex-
hibit lower electrophilicity, especially when bearing the satu-
rated backbone NHC, systems 3 and 5. Here the SIMes systems
with lower electrophilicity are in perfect harmony with higher
chemical hardness values [50], and the natural population anal-
ysis (NPA) on the Cyjigene confirms the more positive charge,
which might favour the nucleophilic interaction with an olefin.

The NPA charges on ruthenium are not affected by the increase
of steric hindrance on the phenyl rings of the indenylidene
ligand, and only the IMes ligand shows a small decrease of the
charge on the metal centre, on the precatalytic species 1. Where-
as IT must be excluded from the discussion since there is a
hydrogen bond (Ru---H) that affects the charge on the metal,
especially strong when the indenylidene is substituted. The
Ru--H distances for 1-6 are 3.110, 3.167, 3.004, 3.036 A,
2.944,2.929 A, respectively (see Figure 2). This interaction is
due to the rotation of 90° of the indenylidene ligand. But this
Ru---H interaction deserves more attention since it is stronger
for 3—6 and this in order to reduce the steric repulsion between
the substituted phenyl ring of the indenylidene and the close
mesityl group of the NHC ligand. One consequence for the
more rigid unsaturated IMes systems 4 and 6 is that the next
energy barrier for transition state II-III is larger, since the
entering olefin requires a 90° rotation, and this is partially
impeded when the phenyl group is substituted. However, the
substituted indenylidene facilitates overcoming the energy
barrier of the next transition state, the closure of the metalla-
cycle in order to reduce the steric hindrance. Particularly, the
latter transition state is 3.2 kcal/mol lower in energy for 5,

whereas only 0.7 kcal/mol more stable for 1. And thermody-

-0.75

=150

-2.25

-3.00

a) 30.1%

b) 29.8%

c) 29.6%

Figure 1: Topographic steric maps (plane xy) of the NHC ligands of species | for the studied SIMes—Ru complexes 1, 3 and 5, with a radius 3.5 A.
%Vpur is the percent of buried volume. The Ru atom is at the origin and the Ru-Cnpc bond is aligned with the z-axis, and the Ru—Cyjigene With the

x-axis. The isocontour curves of the steric maps are given in A.
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Table 3: Electronic analysis for species I-lll for catalysts 1-6 (in kcal/mol) including energies of the frontier molecular orbitals (HOMO and LUMO);
conceptual DFT parameters such as chemical hardness and electrophilicity; and natural population analysis (NPA) charges on ruthenium and ylidenic
carbon.

1 2 3 4 5 6
HOMO
| -0.142 -0.143 -0.146 -0.145 -0.147 -0.147
Il -0.168 -0.162 -0.169 -0.162 -0.168 -0.161
11l -0.149 -0.150 -0.152 -0.152 -0.152 -0.152
LUMO
| -0.121 -0.121 -0.119 -0.119 -0.118 -0.119
Il -0.127 -0.127 -0.125 -0.125 -0.125 -0.125
n -0.122 -0.123 -0.120 -0.121 -0.119 -0.120
chemical hardness
| 0.011 0.011 0.014 0.013 0.014 0.014
Il 0.021 0.018 0.022 0.019 0.022 0.018
n 0.014 0.013 0.016 0.015 0.016 0.016
electrophilicity
1 0.788 0.784 0.642 0.663 0.611 0.629
I} 0.526 0.593 0.491 0.545 0.499 0.557
1] 0.676 0.694 0.588 0.602 0.560 0.575
q(Ru)
| -0.414 -0.434 -0.414 -0.430 -0.416 -0.431
Il -0.101 -0.100 -0.099 -0.110 -0.119 -0.121
n -0.259 -0.265 -0.256 -0.263 -0.260 -0.258
d(Cyiidene)
| 0.126 0.126 0.127 0.129 0.125 0.127
I} 0.098 0.094 0.101 0.104 0.110 0.109
11l 0.130 0.134 0.136 0.139 0.139 0.139

a)
Figure 2: Intermediate Il for catalysts a) 1 and b) 5 (important bond lengths are given in A).

namically, the next metallacycle IV is also favoured with the of benzylidene by indenylidene [51]; and with larger NHC
indenylidene substitution, being 4.2 and 3.4 kcal/mol relatively  ligands [52].

more stable for systems 3 and 5, respectively, with respect to 1.

This effect of reducing steric hindrance between the ylidene and  In order to evaluate the change of the aromaticity of the phenyl
the NHC ligands was examined previously, with the exchange ring of the indenylidene derivatives 3—6, we evaluated the
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aromaticity of the six-membered aryl rings, as well as the ring
current on the five-membered ring by means of magnetic-based
aromaticity criterion NICS (GIAO, see all NICS values in Sup-
porting Information File 1). The 5S-membered rings turn out to
be non-aromatic, whereas the changes of the aromaticity of the
phenyl rings are minimal. Species I, 2 and 3 are 0.151 and
0.083 ppm more aromatic than 1, nearly identical for the IMes
systems 5 and 6, 0.166 and 1.117 ppm and more aromatic than
4. Once the phosphine has been dissociated, intermediate II
becomes roughly 0.5 ppm more aromatic, but the trend for cata-
lysts 1—6 is rather similar, being that 3—6 are approximately
0.1 ppm more aromatic than the non-substituted indenylidene
systems 1 and 2.

Conclusion

We have investigated the reaction pathway of a series of
Ru-based olefin metathesis catalysts that leads to the methyli-
dene catalytic active species, i.e., the activation of the precata-
lyst. The indenylidene ligand is substituted by congener ligands
with ortho-methyl or isopropyl group on its phenyl ring. It was
shown that to describe the reactivity, structural, and electronic
parameters must be taken into account. The indenylidene
ligands, especially the more sterically demanding, impose
higher electrophilicity on the ruthenium centre, but structurally
favour the relative stability of the metallacycle in order to
reduce the steric hindrance between the mesityl groups of either
the SIMes or IMes ligands with the ortho substituents on the
phenyl group of the indenylidene.

The steric hindrance of the indenylidene derivatives does not
affect the metal centre structurally since the steric maps confirm
that the effect is far removed from the metal core where the re-
activity with the entering olefin takes place. On the other hand,
electronically the effect is rather small, with insignificant
changes of the aromaticity in the phenyl ring. However, the
14e species that will accommodate the entering olefin in the
next reaction step imposes a stronger Ru---H interaction thanks
to the substituents on the indenylidene pushing downward the
indenylidene ligand itself, to minimise the steric hindrance with
the NHC ligand.

Computational Details

DFT static calculations were performed with the Gaussian 09
set of programs [53], using the BP86 functional of Becke and
Perdew [54-56]. The electronic configuration of the molecular
systems was described with the double-( basis set with polarisa-
tion of Ahlrichs for main group atoms (SVP keyword in
Gaussian) [57], whereas for ruthenium the small-core quasi-
relativistic Stuttgart/Dresden effective core potential, with an
associated valence basis set (standard SDD keywords in

Gaussian 09), was employed [58-60]. The geometry optimisa-
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tions were performed without symmetry constraints. Analytical
frequency calculations were performed to characterise the locat-
ed stationary points, apart from calculating the unscaled zero-
point energies (ZPEs) and the thermal corrections and entropy
effects at 298 K, and all values at a pressure of 1354 atm using
the approach of Martin and co-workers [61], excluding the
potential overestimation of the entropy contribution [38,62,63].
Energies were obtained by single point calculations on the opti-
mised geometries with the M06 functional [64] and the TZVP
basis set [65], and solvent effects were estimated with the polar-
isable continuous solvation model PCM using dichloromethane
as solvent [66,67]. The reported free energies in this work
include energies obtained at the M06/TZVP~sdd level of
theory corrected with zero-point energies, thermal corrections,
and entropy effects evaluated at 298 K, achieved at the
BP86/SVP~sdd level. This computational approach for olefin
metathesis with Ru based catalysts turned out to display errors
of less than 1 kcal/mol by Poater and co-workers [68].

The percent buried volume calculations were performed with
the SambVca package developed by Cavallo et al. [42]. The
radius of the sphere around the origin placed 2 A below the
metal centre was set to 3.5 A, while for the atoms, we adopted
the Bondi radii scaled by 1.17, and a mesh of 0.1 A was used to
scan the sphere for buried voxels. The steric maps were gener-
ated also with the SambVca package [69].

Aromaticity was evaluated by means of the nucleus indepen-
dent chemical shift (NICS) [70,71], proposed by Schleyer et al.,
as a magnetic descriptor of aromaticity. NICS is defined as the
negative value of the absolute shielding computed at a ring
centre or at some other interesting point of the system. The
more negative the NICS the higher the aromaticity of the ring is
considered. NICS values were computed using the gauge-in-
cluding atomic orbital method (GIAO), at the BP86/SVP level.
The magnetic shielding tensor was calculated for ghost atoms
located at the centre of the rings determined by the nonweighted

mean of the heavy atom coordinates.

Supporting Information

Supporting Information File 1

All Cartesian coordinates, 3D view and energies of all
species, steric maps and NICS aromaticity values.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-275-S1.pdf]
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8-Allylcoumarins are conveniently accessible through a microwave-promoted tandem Claisen rearrangement/Wittig olefination/

cyclization sequence. They serve as a versatile platform for the annellation of five- to seven-membered rings using ring-closing

olefin metathesis (RCM). Furano-, pyrano-, oxepino- and azepinocoumarins were synthesized from the same set of precursors using

Ru-catalyzed double bond isomerizations and RCM in a defined order. One class of products, pyrano[2,3-f]chromene-2,8-diones,

were inaccessible through direct RCM of an acrylate, but became available from the analogous allyl ether via an assisted tandem

catalytic RCM/allylic oxidation sequence.

Introduction

Naturally occurring coumarins and synthetic derivatives have
attracted considerable attention, because many of these com-
pounds are pharmacologically active [1-4]. Their activity
profiles are quite diverse and range from anticoagulant via anti-
infective, anticancer to antineurodegenerative activities [2,3].
The majority of natural coumarins are secondary metabolites
isolated from plants [5-7]. A commonly used taxonomy for
these natural products (which has been extended to the non-
natural analogues) is based on the coumarin structure (Figure 1)
[4,8].

It distinguishes between simple coumarins with substituents
only at the benzene part (e.g., osthole, a natural product with
CaZ"-channel antagonist activity) [9], coumarins with substitu-
ents at the pyrone part (e.g., warfarin, a synthetic clinically used
anticoagulant) [10], and heteroannellated coumarins, in which a
heterocycle is annellated to the benzene ring of the coumarin
skeleton. In particular the latter group is often further divided
into sections according to ring size (five-membered rings: fura-
nocoumarins; six-membered rings: pyranocoumarins) and loca-
tion of the annellated ring (linear vs angular). Angelicin (3a,
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Figure 1: lllustration of coumarin taxonomy.

also named isopsoralen), for instance, is an angular fura-
nocoumarin from Psoralea corylifolia [11,12] that is moder-
ately cytotoxic [13] and exhibits anti-oxidative activity [14], but
is significantly less phototoxic than the linear isomer psoralen,
due to its inability to cross link DNA [15]. This consideration
has, for example, led to the development of substituted
angelicins rather than psoralens as potential anti-influenza drugs
[16]. Seselin (4) is an example of an angular pyranocoumarin
found in various plants, e.g., from the family of Rutaceae [17].
Among other bioactivities, the compound itself and some
natural and non-natural derivatives induce apoptosis in
melanoma HTB-140 cells [18].

Synthetic approaches to substituted coumarins in general and
heteroannellated coumarins [19] in particular can start from
other naturally occurring coumarins [20] or may involve the
construction of the coumarin skeleton. For the latter group of
syntheses several classical methods, such as the Perkin conden-
sation, are available, which have been covered in earlier reviews
[5,6,8]. Unfavorable reaction conditions, low yields and a some-
times limited scope make the development of alternatives to
these established methods necessary. Examples from the past
15 years include transition metal-catalyzed transformations
[21-23], solid-phase synthesis directed at combinatorial library
design [24] and organocatalytic annellation reactions [25,26].

Sparked by our interest in the development and application of
sequential one-pot transformations and motivated by the rele-
vance of prenylated and other substituted coumarins in natural
products and medicinal chemistry, we [27-29] and others [30]
have investigated a microwave-promoted tandem reaction for
the synthesis of 8-substituted coumarins over the past few years.
Starting materials are allyl ethers of salicylic aldehydes or ke-
tones 5 and the stable ylide ethyl (triphosphoranylidene)acetate
(6), which upon microwave irradiation undergo a tandem
Claisen rearrangement/Wittig olefination/cyclization sequence.

This sequence was pioneered by the groups of Harwood [31,32]

Beilstein J. Org. Chem. 2018, 14, 2991-2998.

and Mali [33-36], and its Wittig olefination/cyclization part has
been employed in the synthesis of various coumarins without
alkyl substituents at position 8 [37-39]. In all previous reports
conventional heating was used to induce the tandem sequence.

In this contribution we report how 8-allylcoumarins obtained
through the microwave-promoted tandem sequence can be elab-
orated into heteroannellated coumarins that are either natural
products or close ring-expanded analogues, using ring-closing
olefin metathesis (RCM) reactions. Precedence for the use of
RCM [40] in the synthesis and functionalization of coumarins is
scarce, considering the vast number of applications olefin me-
tathesis has found [41] and taking into account the high rele-
vance of coumarins. Construction of the coumarin by RCM has
been reported by few groups [42-45] and heteroannellations to
the coumarin scaffold based on RCM are also limited in num-
ber and have mostly not been surveyed systematically [46-53].

Results and Discussion

To study the heteroannellation reactions, a set of four 8-allyl-7-
hydroxycoumarins 8 were synthesized starting from the MOM-
protected precursors Sa—d using the conditions of the micro-
wave-promoted tandem sequence [29]. The intermediate MOM-
protected coumarins were not isolated but immediately depro-
tected by treatment with aq HCl in methanol. Isolation of the
MOM-protected coumarins 7 [29] and deprotection in a sepa-
rate step resulted in virtually identical overall yields of
coumarins 8 and did therefore not offer any advantage
(Table 1).

For the synthesis of furanocoumarins 3 and their ring-expanded
oxepino analogues 11 the 8-allylcoumarins 8 were first O-allyl-
ated. The resulting allyl ethers 9 underwent ring-closing metath-
esis to oxepines 11 smoothly in the presence of second-genera-
tion Grubbs’ catalyst A [54] within one hour at 90 °C, except
for the 4-phenyl-substituted derivative 9b, which was recov-
ered from the reaction mixture under these conditions. Howev-
er, compound 9b was successfully cyclized to 11b using cata-
lyst A in dichloromethane at ambient temperature, higher dilu-
tion and after prolonged reaction time. For the synthesis of fura-
nocoumarins 3 the allyl ethers 9 were first subjected to a Ru
hydride-catalyzed double bond isomerization [55,56] to furnish
enol ethers 10 as inseparable mixtures of diastereoisomers. For
these reasons a complete structural assignment turned out to be
difficult, but the products with a 7-Z-propenyloxy- and an
8-E-propenyl substituent, as shown in Table 2, were in all cases
predominant, followed by the E,E-configured products. The
ratio of these two isomers was ca. 3:1 for compounds 10a,b,d
and ca. 10:1 for 10c with an adjacent coordinating methoxy
group. The other two diastereoisomers were present only in

trace amounts.
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Table 1: Synthesis of 8-allyl-7-hydroxycoumarins 8.

Beilstein J. Org. Chem. 2018, 14, 2991-2998.

Et0O__O
= j 6 (1.5 equiv)
MOMO o) PhsP
0 N, N-diethylaniline, MW
R2 250 °C, 10 min, then
5 R methanol, HCI (aq), 80 °C |
HO 0.0
R2 =
8 R
MOMO o.__0O
methanol, HCI (aq), 65 °C
R2
7 R
entry 5 R! R2 8 yield (%)2 yield (%)P
1 5a H H 8a 59 82
2 5b CgHs H 8b 70 91
3 5c H OCH3; 8c 40 84
4 5d CHs H 8d 66 89
aYijeld starting from 5 without isolation of 7. PYield starting from 7.
Table 2: Synthesis of oxepino- 11 and furanocoumarins 3 from a common precursor 9.
H [RUCIH(CO)(PPha)s] -y
HO o_o A 0 0._0 (5 mol %) 0 0._0
K5COg, acetone toluene, 65 °C, 12 h
— 2 3 = s s
R2 50 °C, 16 h R? R2 =
R R R
8 9 (Z,E)-10 and (E,E)-10
(ca. 2:1to 6:1,
inseparable mixture)
A (5 mol %)
\ toluene (0.1 M)
Mest(/NMes 90°C,1h
—’ Cl
o o —
o o. .0 A (5 mol %) Cl/r\]uaph o 0. .0
PCy:
toluene (0.1 M) 3
= =
R? 90°C, 1h A R2
1 1
1 R 3 R
entry 8 R! R2 9 yield (%) 10 yield (%) 1 yield (%) 3 yield (%)
1 8a H H 9a 97 10a 93 11a 92 3a 95
2 8b CgHs H 9b 92 10b 94 11b 792 3b 89
3 8c H OCH3 9c 95 10c quant. 11c 79 3c 98
4 8d CHs H 9d 91 10d quant. 11d 77 3d quant.
aA (5 mol %), CH,Cly (0.05 M), 20 °C.
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RCM of enol ethers [57,58] 10 under the same conditions used
for the synthesis of the oxepino-annellated coumarins 11 gave
furanocoumarins 3 in excellent yields (Table 2). Fura-
nocoumarins 3a (angelicin or isopsoralen, Table 2, entry 1)
[11,12] and 3¢ (sphondin, Table 2, entry 3) [59,60] are natural
products. They have previously been synthesized from
7-hydroxy-8-iodocoumarins through Sonogashira coupling and
cyclization [61] or via D6tz benzannellation [62] of furanyl
carbene complexes and acetylenes [63]. Angelicin (3a) was also
obtained via RCM of 8-(1-propenyl)-7-vinyloxycoumarin, but
the synthesis of this precursor required four steps, starting from
umbelliferone, and proceeded only with moderate regioselectiv-
ity for the second step [47].

Next, we investigated the synthesis of coumarins with annel-
lated unsaturated lactones starting from the same 8-allyl-
coumarins 8 (Scheme 1). For the synthesis of oxepin-2-one-
annellated coumarins 13 compounds 8 were first converted to
the corresponding acrylates 12 with acryloyl chloride (Table 3).
RCM of these acrylates turned out to be not straightforward but
required some optimization (Table 4).

In particular, a reduced initial substrate concentration of 0.01 M
and reaction temperatures of 110 °C (Table 4, entry 6) led to a
smooth conversion to the desired oxepin-2-ones 13, whereas
ambient or slightly elevated temperatures in CH,Cl, or toluene
as a solvent (Table 4, entries 1, 2 and 5) resulted in incomplete
conversions and low yields. Addition of the Lewis acid
Ti(OiPr)4, which had previously been reported to prevent the
formation of inactive catalyst—substrate chelates [64], inhibited
the RCM reaction completely in this case (Table 4, entries 3 and
4). The beneficial effect of low initial substrate concentrations
on RCM reactions with acrylates has previously been described
[65] and was later systematically investigated by one of us [66].

A possible access to the pyran-2-one-annellated coumarin sub-
stitution pattern 15 was investigated starting from acrylate 12d

Beilstein J. Org. Chem. 2018, 14, 2991-2998.

| |
2y |
HO o o) H(o 0._0
R? NEt;, DMF,0°C o R2 _

o}
=
1 R1
8 R 12
o —
5 0. .0 A (5 mol %)
_ solvent (c)
R2 T (°C),16h
1
13 R

Scheme 1: Synthesis of oxepin-2-one-annellated coumarins 13 by
RCM of acrylates 12.

Table 3: Synthesis of acrylates 12.

entry 8 R? R2 12 yield (%)
1 8a H H 12a 92
2 8b  CgHs H 12b 93
3 8c H OCH;  12c 89
4 8d CHs H 12d 86

(Scheme 2). The isomerization of the 8-allyl substituent to a
prop-1-enyl substituent under the conditions used for the syn-
thesis of precursors 10 (Table 2) stopped at 50% conversion.
Higher catalyst loading and an increased reaction temperature,
however, resulted in a quantitative conversion to 14d as a mix-
ture of E£- and Z-isomers. Although the RCM of similarly
substituted acrylates to coumarins was previously described in
the literature, this reaction failed completely for the envisaged
synthesis of 15d from 14d under various conditions. Initial sub-
strate concentrations varying from 0.01 M to 0.10 M, the sol-

Table 4: Optimization of RCM conditions and synthesis of annellated coumarins 13.

entry 12 R? R2 solvent
1 12a H H CHCl,
2 12a H H CHoCly
32 12a H H CH.Cl,
4¢ 12a H H CH,Cl,
5 12a H H toluene
6 12a H H toluene
7 12b CgHs H toluene
8 12¢ H OCH3 toluene
9 12d CHs H toluene

c(molL™") T(C) 13 yield (%)
0.05 20 13a 16
0.01 40 13a 35
0.01 40 13a -b
0.01 40 13a b
0.01 20 13a 20
0.01 110 13a 81
0.01 110 13b 79
0.01 110 13¢c 91
0.01 110 13d 86

apdditive Ti(OiPr)4 (1.0 equiv). PNo conversion. ®Additive Ti(OiPr) (2.0 equiv).
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| [RuCIH(CO)(PPh3)3] X
H(o 0__0 (8 mol %) MWO 0__0
o) _ toluene, 110 °C, 12 h o) _
12d 14d
0 X
A (5 mol %
0 e) 0 ( mol o) 4
. o /i
_ various conditions
15d

Scheme 2: Attempted synthesis of pyran-2-one-annellated coumarin 15d via isomerization-RCM.

vents dichloromethane and toluene, and reaction temperatures
between ambient temperature and 110 °C were tested, but to no
avail.

As a method to circumvent notoriously difficult acrylate RCM
steps we [45] and others [67] have developed an assisted
tandem catalytic [68] RCM/allylic oxidation sequence. Such
tandem sequences are characterized by the combination of two
mechanistically distinct catalytic reactions in a defined order,
which proceed with a single precatalyst that undergoes a trans-
formation in situ upon addition of a suitable reagent, a “chemi-
cal trigger” [69]. In the case of the RCM/allylic oxidation se-
quence tert-butyl hydroperoxide is added after completion of
the metathesis reaction, which most likely induces a conversion
of the metathesis active Ru—carbene species to a Ru(IV)—oxo
species. The latter are known to catalyze allylic and benzylic
oxidation reactions through a radical mechanism [70].

To implement this tandem sequence in the synthesis of pyran-2-
one-annellated coumarins 15 an isomerization of the 8-allyl
substituent to a prop-1-enyl substituent was first required. When
8-allyl-7-hydroxycoumarin (8a) was subjected to the isomeriza-
tion conditions previously used for the synthesis of fura-
nocoumarin precursors 10 (see Table 2) we observed no conver-
sion. A plausible explanation is the formation of a stable six-
membered Ru—O—chelate complex following hydroruthenation,
which inhibits a subsequent B-hydride elimination and thus
interrupts the catalytic cycle. For these reasons we started from
the MOM-protected 8-allylcoumarins 7, which underwent the
Ru-hydride catalyzed double bond migration smoothly. The
MOM group was cleaved off without isolation of the intermedi-
ate products and the required 7-hydroxy-8-(prop-1-
enyl)coumarins 16 were isolated in high overall yields and
E-selectivities. Allylation of phenols 16 furnished the RCM pre-

cursors 17, which underwent the tandem RCM/allylic oxidation
sequence to compounds 15 in fair yields (Table 5). All pyran-2-
one-annellated coumarins 15 synthesized in the course of this
study were previously described in the literature: compound 15a
was used to investigate the regioselectivity of [2 + 2]-photo-
cycloadditions [71], compound 15d was included in a compara-
tive investigation into the fluorescence properties of 4-methyl-
coumarins [72], compounds 15b and 15¢ were tested for bacte-
riostatic activity [73] and insect-antifeedant activity [74], re-
spectively. A common denominator of these reports is that a
thorough investigation into the spectral and biological proper-
ties of these compounds is hampered by unsatisfactory yields
and selectivities if classical coumarin syntheses are used. Com-
pound 15a, for instance, was obtained in only 14% yield from

umbelliferone and malic acid in a Pechmann synthesis [71].

We concluded our study by investigating the possibility to
transfer the syntheses of oxa-annellated coumarins described
above to the aza-annellated derivatives. Starting point was the
7-acetamido-substituted coumarin 18 [29], which was first
N-allylated to the allylamide 19. Dual double bond migration
was accomplished with the Ru-hydride complex used previ-
ously and furnished the enamide 20 in high yield and predomi-
nantly as the E,E-isomer. In light of previous work by Arisawa
et al. [75], who reported a synthesis of indoles by RCM of steri-
cally less encumbered enamides, we investigated the RCM of
20. Unfortunately, no conversion to the indole 22 could be ob-
served under various conditions. Ring-closing metathesis of 19
was, in contrast, successful and furnished the azepinocoumarin
21 in quantitative yield (Scheme 3).

Conclusion
In summary, we demonstrated that annellated coumarins

become accessible from appropriately substituted benzene
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Table 5: Synthesis of pyran-2-one-annellated coumarins 15 via tandem RCM/allylic oxidation.

[RUCIH(CO)(PPh3)s]
(5 mol %)
HO 0._0 i
toluene, 65 °C, 12 h l
X
8a HO 0._0
| RZ =
16 R’ Br
MOMO 0._0 1) [RuCIH(CO)(PPhs)s] P
i (5 mol %), toluene, 65 °C, 12 h T K,COs, acetone
R 1 2) methanol, HCI (aq), 65 °C 50°C, 16 h
7 R
o B (5 mol %), CgHg (0.1 M) |
Y 40 °C, 1 h; then add
(0] O.__0O t-BuOOH (5.5 M in decane) (o) o__0O
40°C,1h
R2 = R2 =
15 R 17 R
entry 7 R! R2 16 yield (%) 17 yield (%) 15 yield (%)
1 7a H H 16a 95 17a 93 15a 56
2 7b CgHs H 16b 81 17b 89 15b 41
3 Tc H OCH3 16¢c quant. 17¢c 90 15¢ 45
4 7d CH3 H 16d 92 17d quant. 15d 47
derivatives in few steps, using a microwave-promoted tandem
| K | Wittig olefination/Claisen rearrangement/cyclization sequence
for the construction of the 8-allylcoumarin scaffold and combi-
AcHN 0o_0o 2 A 0_0 . C oy : ) :
nations of double bond isomerization and ring-closing olefin
| K>COg3, acetone . .
NF 250 03(‘: 16 h % metathesis for the annellation of a second heterocycle.
Pyran-2-one-annellated coumarins, which are scarcely avail-
18 19 (quant.) able in synthetically useful yields through classical methods,
[RUCIH(CO)(PPh)s] (5 moI %) | | A(5mol %) became accessible through a tandem RCM/allylic oxidation se-
toluene, 65 °C, 12 toluene
l 0 1 M) quence.
X 90 C,1h
AcN 00 Supporting Information
¥
Supporting Information File 1
20 (94%) Full experimental procedures, characterization data and
1 (quant.) copies of 'H and !3C NMR spectra of all compounds.
A (5 mol %) = [https://www beilstein-journals.org/bjoc/content/
toluene AcN o. _0
supplementary/1860-5397-14-278-S1.pdf]
(various conditions) =

Scheme 3: Synthesis of aza-annellated coumarin 21 and attempted

synthesis of indole 22.
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Stereoretentive olefin metathesis based on ruthenium dithiolate complexes has become a very active field of research within the

past years. This unique catalyst class is able to kinetically produce both Z- and E-alkenes in high stereochemical purity (typically

>95:5) starting from stereochemically pure Z- or E-alkenes. The aim of this tutorial review is to organize the reported information

concerning ruthenium dithiolate catalysts in a logic manner, thus providing an "operators handbook" for chemists who wish to

apply this methodology in synthesis.

Review

1 Catalyst discovery and structure
optimization from 2013-2018

In stereoretentive metathesis the stereochemistry of the starting
material is retained throughout the reaction: Z-alkenes starting
materials lead to Z-alkene products and E-alkene starting mate-
rials lead to E-alkene products [1]. The first ruthenium dithio-
late catalysts Ru-1 and Ru-2 were reported by Hoveyda in 2013
[2]. Ru-1 and Ru-2 were synthesized in one step from the com-
mercially available Hoveyda—Grubbs catalyst Ru-0 and the cor-

responding disodium dithiolate salts (Scheme 1).

Initially, Hoveyda described the complexes Ru-1 and Ru-2 as
Z-selective catalysts [2]. However, subsequent studies by
Pederson and the Grubbs group showed that Ru dithiolate cata-
lysts are not stereoselective but stereoretentive catalysts [3].
Given the significant difference in geometry of Z- and
E-alkenes it is obvious that each type of alkene requires a dif-
ferent catalyst (Figure 1). In both the Z- and E-stereoretentive
processes, Ru-3 introduced by Hoveyda in 2015 [4] showed
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Sl ash ol laak s b
AN Ft%

N N
- Ru= /R{_
b 1% ¢ b
/ iy Iy
¢ iPr iPr

S o

.~/

iPr cl cl iPr

R/1 B \R2 Ru-2 Ru-3 Ru-4 Ru-5
Hoveyda Hoveyda Pederson & Grubbs Grubbs

Z-alkenes (2013) (2015) (2016) (2017)

= ~activity +

Ru-3 Ru-6 Ru-7 Ru-8 Ru-9
Hoveyda Grubbs Pederson & Grubbs Grubbs Grubbs
(2015) (2017) (2017) (2017) (2017)

Figure 1: Most efficient Ru-dithiolate catalysts for stereoretentive olefin metathesis with Z- and E-alkenes as starting materials (activity increases from
left to right).

moderate to good catalytic activity and can therefore be consid-  increased catalytic activity for Z-alkenes (Figure 1) [3]. Further
ered as a relatively general catalyst (Figure 1). In 2016 improvement was made by the synthesis of Ru-5 bearing the

Pederson and Grubbs reported SIPr-based catalyst Ru-4 with ~ Blechert ligand (2-isopropoxy-3-phenylbenzylidene) which is
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well known to lead to faster initiating Hoveyda-type ruthenium
metathesis catalysts [5,6]. The same researchers also found the
Blechert modification to significantly improve stereoretentive
reactions with E-alkenes (Ru-6) [6]. Furthermore, Pederson and
Grubbs also demonstrated that diminishing the size of the ortho
substitutents of the N-aryl groups of the NHC-ligand increased
the efficiency for stereoretentive metathesis with E-alkenes
(Ru-7 [3], Ru-8 [6], and Ru-9 [6]). It should be noticed that the
catalyst ranking shown in Figure 1 only applies to 1,2-disubsti-
tuted alkenes. Trisubstituted alkenes react very sluggishly and
usually work only with catalysts that are efficient for E-alkenes
(vide infra). Finally, it should be noted, that the precursors of
catalysts Ru-5 to Ru-9 are not commercially available which
limits their practicality [7].

Other attempts to improve the efficiency of dithiolate catalysts
by steric and electronic variation of the Ru-dithiolate com-
plexes were reported by several research groups (Figure 2).
Hoveyda and co-workers studied a series of catecholate,
mercaptophenolate and catecholthiolate catalysts (e.g., Ru-10)
[8-10]. Variation of sterically demanding catecholthiolate
ligands was reported by Grubbs in 2017 (e.g., Ru-11) [11]. In
2018 our group reported a series of electronically and sterically
activated dithiolate ruthenium catalysts (e.g., Ru-12) [12].
However, none of these studies identified more efficient or

practical catalysts compared to the ones shown in Figure 1.

2 Mechanistic models

The activity of the various catalysts vis-a-vis Z- or E-alkenes is
best understood by a mechanistic model originally proposed by
Pederson and Grubbs (Figure 3) [3]. A comprehensive compu-
tational study by Liu and Houk further validated this model,
however, invoking distortion of the NHC ligand towards the
dithiolate ligand as origin of the open pocket [13].

The proposed model assumes a side-bound mechanism, which
results in a metallacycle perpendicular to the NHC ligand. To

avoid steric repulsions, the substituents at the a-positions of the

Ru-10 Ru-11
Hoveyda Grubbs
(2016) (2017)
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metallacycle point away from the N-aryl groups of the NHC-
ligands. In contrast, the substituents at the B-position can point
up or down. For the reaction with Z-alkenes (Figure 3a), the
substituent at the B-position has to point down thus creating a
new Z-alkene with the residing substituent shown in red. It is
obvious, that blocking the open space above the -position of
the metallacycle with a very bulky SIPr-NHC ligand (e.g., Ru-4
and Ru-5) has a positive effect on reactions with Z-alkenes.
Reactions with E-alkenes follow the same logic (Figure 3b),
however, placing the substituent on the B-position above the
plane of the metallacycle pointing towards the NHC ligand.
Therefore, it is critical to keep the "pocket" above the B-posi-
tion open to accommodate the substituent of the incoming
alkene. This explains why the smaller 2-fluoro-6-methylphenyl
substituent on the NHC ligand (Ru-7) leads to higher activity
for reactions with E-alkenes compared to its N-mesityl-substi-
tuted congener Ru-3. The same applies for trisubstituted
alkenes where one substituent is forced into the open "pocket"
in the B-position. Therefore, trisubstituted alkenes work best
with the same catalysts used for E-alkenes (e.g., Ru-7, Ru-8
and Ru-9).

3 Kinetic studies

Grubbs studied the kinetic behavior of several Ru-dithiolate
catalysts [6,14,15]. In a typical study the disappearance of the
benzylidene proton of the ruthenium complex with time is re-
corded. The disappearance is attributed to the formation of the
active catalyst without considering competitive degradation of
the catalyst. Figure 4 shows the percentage of consumed precur-
sor complexes Ru-3 and Ru-6 for the reaction with (E)-2-
hexenyl acetate within 24 hours [6]. The Blechert modification
(Ru-6) initiates much faster with (£)-2-hexenyl acetate com-

pared to the parent catalyst Ru-3.

4 Selected applications
The synthetic usefulness of ruthenium dithiolate catalysts was
demonstrated in numerous synthetic applications such as ring-

opening metathesis polymerization (ROMP), ring-opening/cross

Ru-12
Mauduit
(2018)

Figure 2: Selected examples of sterically or electronically modified ruthenium dithiolate complexes.
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Figure 3: Model for stereoretentive metathesis proposed by Pederson and Grubbs [3].
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Figure 4: Decrease in the benzylidene signal over time upon reaction with (E)-2-hexenyl acetate.

metathesis (ROCM), cross metathesis (CM), self-metathesis and  [1]. ROMP is one of the most facile metathesis reactions, thus
ring-closing metathesis (RCM) reactions. Scheme 2 and allowing for very low catalyst loadings (Scheme 2a). Both cata-
Scheme 3 display selected examples for each of these reactions  lysts Ru-1 and Ru-2 achieved excellent selectivities and good
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(a) ring-opening metathesis polymerization (ROMP)

[Ru]
22 °C, CH,Cl,, 1 h

2
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n
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Ru-1 (0.1 mol %): 90% yield, >98:2 Z/E
Ru-1 (0.002 mol %): 86% yield, >98:2 Z/E
Ru-2 (0.1 mol %): 93% vyield, >98:2 Z/E

1
[Ru] \'T'/_\__"/
O P Ru-1 (0.1 mol %): 75% yield, >98:2 Z/E
22°C, CHyClp, 24 h 4 Ru-2 (0.1 mol %): 75% vield, >98:2 Z/E
3
(b) ring-opening/cross metathesis (ROCM)
Ph
6 +  Zoph Ru-2 (1 mol %) H /
(20 equiv) THF,22°C, 1 h Q 98% conv, 75% yield, 98:2Z/E
! 5 6 oH
@ . O Ru-2 (5 mol %) I /
(10equiv)  CH,Cly, 22 °C, 2 h O .
1 7 >98% conv, 68% yield, 88:12 Z/E
8
Ru-2 (5 mol %) = —
N Ph
B B CH,Cly, 40 °C, 12 h
no g OBn 10 2z BnO _ OBN 750, conv, 58% yield, >98:2 Z/E

(c) cross metathesis (CM)

[Ru]

HO— _ /~OH +

ooy~

THF, 22°C,9h

12 (2 equiv) 13 (1 equiv)

0
HO— _ /—OH <\_\_/< .

O
15 (1 equiv)

12 (2 equiv)
AN
THF, 22 °C, 30 min
17 (1 equiv) 18 (4 equiv)

Scheme 2: Selected applications, part 1.

yields for the ROMP of norbornene (1) with catalyst loadings as
low as 20 ppm (Scheme 2a) [2]. The ROMP of cyclooctadiene 3
was equally efficient with catalysts Ru-1 and Ru-2 [2]. It
should be noted that the ROMP of norbornadiene was also in-
vestigated by Hoveyda [16]. A highly syndiotactic polymer was
obtained by fine tuning of the steric and electronic characteris-
tics of the catalyst (not depicted in this review) [16]. ROCM
reactions of norbornene (1) with styrene (5) could be carried out

Ru-3 (5 mol %)

THF, 22°C,9h

14

Ru-2 (3 mol %): 50% conv, 42% yield, 98:2 Z/E
Ru-3 (3 mol %): 77% conv, 61% yield, 96:4 Z/E
Ru-3 (5 mol %): 84% conv, 71% yield, 96:4 Z/E

HOwO
16 OH
85% conv, 70% yield, 96:4 Z/E

e

19

Ru-3: 17% yield, >99:1 E/Z
Ru-5: 16% yield, 90:10 E/Z
Ru-6: 24% yield, >99:1 E/Z
Ru-8: 47% yield, >99:1 E/Z
Ru-9: 51% yield, >99:1 E/Z

with only one mole percent of catalyst loading Scheme 2b) [2].
Allylic alcohol (7) reacted cleanly with norbornene (1), albeit
with lower stereoretention (8; 88:12 Z/E) [17]. Cyclobutenes
(e.g., 9) and cyclopropenes also delivered the corresponding
products with good yields and excellent selectivity (Scheme 2b)
[17]. It should also be noted that very recently Grubbs and Choi
employed Ru-3 for highly B-selective cyclopolymerization (not
depicted in this review) [18]. Cross metathesis with cis-buten-
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(a) self-metathesis

o)
Ru] A~ OMe
/ _—
) 7 OMe THF (0.4 M), rt ), *

7
Z-20 Z-21 -

Ru-3 (0.1 mol %), 5 h to equilibrium (>99:1 Z/E)
Ru-5 (0.05 mol %), 15 min to equilibrium (>99:1 Z/E)

Z-22
0
[Ru] Mk
WOMG — /(/\)7\% + ~ 7 OMe

7 THF (0.4 M), rt

E-20
Ru-3 (1.0 mol %), 15 h to equilibrium (>99:1 E/Z)
Ru-9 (1.0 mol %), 20 min to equilibrium (>99:1 E/Z)

E-21 E-22

(b) ring-closing metathesis (RCM)

0]
(0]
16
S

Z-24;79% yield 955 Z/E

(0]
(@]
Ru-4 (6 mol %)
k THF (3 mM), 40 °C, 1 h
= static vacuum
| 23
(0]
(6]
Ru-9 (7.5 mol %)
THF (5 mM), 35 °C, 5 h
=
25

Scheme 3: Selected applications, part 2.

diol 12 was extensively explored by Hoveyda (Scheme 2c¢) [4].
The synthesis of Z-configured allylic alcohols is particularly
attractive from the synthetic point of view. Allylic alcohols are
highly versatile entities in organic chemistry and serve as
starting materials in a multitude of reactions such as allylic sub-
stitutions [19]. Another advantage of this particular cross me-
tathesis is that stereochemically pure cis-butenediol is commer-
cially available and very inexpensive (=40 €/500 mL) [20].
Catalyst loadings of 3 to 5 mol % are typically required to
obtain useful yields of the corresponding allylic alcohols. The
cross metathesis with carboxylic acid 15 is particularly note-
worthy as cyclometallated Z-selective ruthenium catalysts are
inefficient in the presence of acidic functional groups [4]. More
recently, Grubbs reported the cross metathesis of 1-decene (17)
and (E)-4-octene (18) [6]. The results obtained follow the
ranking displayed in Figure 1 concerning the catalyst efficiency
for reactions with E-alkenes. In accordance with the proposed
model by Pederson and Grubbs (Figure 3), sterically demanding
catalyst Ru-5 afforded a 90:10 E/Z mixture indicating severe
steric interaction between the SIPr-NHC ligand and the B-sub-
stituent of the E-alkene. The most productive catalysts for the

=

E-24; 70% yield, >99:1 E/Z

cross metathesis with E-18 are those with small aryl substitu-
ents on the NHC moieties (Ru-8 and Ru-9).

The self-metathesis of (2)- and (E)-methyl 9-octadecenoate (20)
was studied by Grubbs in 2017 (Scheme 3a) [6]. The efficiency
of the catalysts follows the common trend displayed in Figure 1.
Catalyst Ru-5 achieved an equilibrium with perfect selectivity
at only 500 ppm of catalyst loading within 15 minutes in
contrast to parent catalyst Ru-3 that required 5 hours at higher
catalyst loading. E-Alkenes react more sluggishly, even opti-
mized catalyst Ru-9 required 1 mole percent of catalyst loading
to achieve equilibirium within 20 minutes. Grubbs also studied
the stereoretentive RCM reaction for the synthesis of Z- and
E-configured macrocycles (e.g., 24) [14,15]. As predicted from
the working model, bulky catalyst Ru-4 performed very well
for the RCM reaction with Z-alkene 23, whereas the smaller
catalyst Ru-9 performed best for E-alkene 25.

According to the literature Figure 5 summarizes the approxi-

mate catalyst loadings required for each type of reaction re-

ported with dithiolate catalysts. The first determining factor
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Figure 5: Catalyst loading required for different types of metathesis reactions.

concerning the catalyst loadings is the configuration of the
alkene: Z-alkenes react faster than E-alkenes and therefore
require a lower catalyst loading (Figure 5). This can be easily
understood by the mechanistic model proposed by Pederson and
Grubbs (Figure 3). Z-Alkenes can easily approach to the cata-
lyst via the widely open space underneath the metallacycle. In
contrast, E-alkenes need to approach the catalyst in a way that
the substituent above the metallacycle fits into the small open
pocket; this is a less likely and slower process.

A second and even more important factor is the presence of ter-
minal alkenes. Terminal alkenes are known to lead to catalyst
degradation and therefore substrates containing terminal
alkenes require high catalyst loading (see next section for
details).

5 Catalyst stability

Hoveyda proposed that the catalyst degradation in the presence
of terminal olefins is due to the generation of unstable methyli-
dene-ruthenium species (Scheme 4) [4]. Terminal olefins
inevitably produce ethylene which leads to the formation of
methylidene-ruthenium species Ru-A (Scheme 4). Once com-

plex Ru-A is formed, it is prone to be attacked by the electron-

rich sulfide ligand positioned opposite to the NHC ligand
(trans-influence). This 1,2-sulfide shift generates a new rutheni-
um complex Ru-B which is probably catalytically inactive.

This assumption is supported by the isolation of ruthenium
complex Ru-13 which was formed by nucleophilic attack of a
sulfide ligand onto the electron-poor benzylidene ligand [4].
Hoveyda reasoned that replacing the thiocatecholate ligand
(Ru-2) by an electron-deficient dichloro catecholthiolate (Ru-3)
should render the sulfide ligand less nucleophilic and therefore
less prone for nucleophilic attack. This hypothesis gained
credence by increased isolated yield for the cross metathesis of
allylbenzene with cis-butenediol: Ru-2 (42% yield) versus
Ru-3 (61%) yield (Scheme 2c) [4].

6 The in situ methylene capping strategy

Experimental observations clearly indicate that terminal alkenes
are detrimental for stereoretentive metathesis reactions with ru-
thenium dithiolate catalysts. In 2017 Hoveyda proposed the in
situ methylene capping strategy as a solution to this problem
[21]. The trick is to transform in situ the terminal olefins A and
B into methylene capped olefins C and D by applying a large
excess of (Z)-2-butene (Z-25, Scheme 5). (Z)-2-butene (Z-25)
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Scheme 4: Proposed catalyst decomposition pathway occurring via attack of the electron-rich sulfide into methylidene ruthenium complex.
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R? R? R?2
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Scheme 5: In situ methylene capping strategy for stereoretentive metathesis.

and propene E are then removed in vacuo (100 Torr) and a new
portion of catalyst is added for the cross metathesis of C and D
to give desired product F with excellent stereoisomeric purity
along with side products G and H which require chromato-
graphic removal. A major drawback of this strategy is that
(Z2)-2-butene (Z-25) is not commercially available in many
countries (e.g., in Europe).

Selected applications of the in situ methylene
capping strategy

Hoveyda and co-workers first applied the methylene capping
strategy to cross-metathesis reactions (Scheme 6a) [21]. Almost
20 examples were isolated in modest to good yields and with
excellent stereoisomeric purity. To assure high conversion in

cross-metathesis reactions a 1:3 ratio of A/B was applied. Prac-

tical limitations are that A and B have to be of significantly dif-
ferent polarity for easy column chromatographic separation and
that sterically hindered olefins are not tolerated. For some
alkenes, e.g., styrenes, the homodimerization is too fast leading
to stilbene formation. Replacing styrenes by (Z)-f-methyl-
styrenes (e.g., 32) allowed for successful reactions with methyl
ester 33 (Scheme 6a). Hoveyda noted that carboxylic acids
(e.g., 34) are not suitable cross-metathesis partners for (Z)-p-
methylstyrenes. Hoveyda reasoned that with the sluggishly
reacting styrene 32 the protonation and loss of the catechothio-
late ligand by Brensted acid 34 is a faster process leading to
catalyst degradation. It should be noted that stereoretentive CM
and RCM with (£)-2-butene (E-25) as capping reagent were
also reported, however, these reactions required a significantly
higher catalyst loading (10.0-12.5 mol %) [21]. Macrocyclic
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37 Z-25 38

75% conv, 56% yield, 96:4 Z/E

Scheme 6: Stereoretentive cross-metathesis with (Z)-butene (Z-25) as in situ methylene capping agent; selected applications.

ring-closing metathesis (RCM) with (Z)-butene (Z-25) was also
studied affording 14-21-membered macrocycles (e.g., 38) in
good yield and high stereoretention (Scheme 6b).

More recently Hoveyda disclosed his findings concerning the
synthesis of Z- or E-trisubstituted allylic alcohols with rutheni-
um dithiolate catalysts (Scheme 7) [22]. In agreement with the
proposed model (Figure 3), Ru-7 was significantly more effi-
cient compared to Ru-3. The reason for the higher reactivity of
E-stereoretentive catalysts with trisubstituted substrates was
previously discussed in the section "Mechanistic models". Cross
metathesis utilizing the in situ methylene capping strategy with
1,1-disubstituted allylic alcohols Z-39 or E-39 afforded the
products 40—42 in good yield and with excellent retention of
stereochemistry independent of the configuration of the allylic
alcohol. Allylic oxygen atoms often have an activating effect in

metathesis [23]. This was confirmed by Hoveyda for stereore-

tentive metathesis by exposing homoallylic alcohol (product
Z-45) and alkyl containing metathesis partners (products Z-46
and E-47) to standard reaction conditions [22]. All the reac-
tions were inefficient emphasizing the importance of an allylic
alcohol, ether or acetate group.

7 The in situ catalyst synthesis strategy

Very recently, our group developed an in situ synthesis of dithi-
olate catalysts with the aim to avoid tedious isolation of
Ru-dithiolate catalysts and to render this class of catalyst avail-
able to every practicing chemist [25]. A very practical and oper-
ationally simple protocol for the in situ generation of Ru-dithio-
late catalysts was reported. First, the commercially available
dithiol 48 is deprotonated with EtyZn to provide Zn-dithiolate
49 (Scheme 8). Then Hoveyda—Grubbs catalyst Ru-0 is added
to generate after another 30 minutes a solution of the desired

catalyst Ru-3. Finally, the ruthenium stock solution of Ru-3 is
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i) Ru-7 (5.0 mol %)

vacuum THF, 22 °C,1h
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Z-39 91% conv, 58% yield  90% conv, 75% yield 81% conv, 72% yield 92% conv, 77% yield
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with:

OH PhWOH

(0] OH OPMB OH
Me Me Me
Me Me Me

(5 equiv) E-40 E-41 E-42 E-44
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Scheme 7: Cross metathesis with Z- and E-trisubstituted allylic alcohols.

79% conv, <5% yield

70% conv, <5% yield

r 7 B I\ ]
cl cl /dN Nb\
SH Et,Zn (1.0 equiv) S\Z Ru-0 (0.66 equiv) cl T
, N
SH THF, 22 °C, 5 min s THF, 22 °C SII"'RU
¢l al 30 min S/ \_
48 (1.0 equiv) L 49 in situ .y
Cl iPr
__ L _ Ru_-3 _
HO—/_\—OH in situ
® 19 examples provided 12 (2 equiv) (6 mol %) HO —
@ practical and operationally simple * OH
OH THF, 22°C, 4 h
@® Z/E in most cases 98:2 or higher 51
X
50 95% conv, 83% yield
ZIE >98:2

Scheme 8: In situ synthesis of Ru-3 and application thereof in the cross-metathesis of 12 and 50.

added to the alkene starting material (e.g., for the cross metathe-
sis of 12 and 50) to give the product in high yields and excel-
lent stereochemical purity. We applied the in situ generated
catalyst to several reactions including cross metathesis, self-me-
tathesis and RCM reactions. The selectivities are in general very
high (Z/E = 98:2 or higher).

8 Applications in the synthesis of biologically
active compounds

Several biologically active compounds, fragrance molecules
and natural products were synthesized utilizing stereoretentive
metathesis based on Ru-dithiolate catalysts, for example
(+)-neopeltolide (53, Figure 6) [24]. For each of the examples
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Figure 6: Examples of biologically active and fragrance molecules synthesized by stereoretentive metathesis.

the catalyst loading of the Ru-dithiolate catalyst which was re-
quired to forge the corresponding Z-olefin is indicated. Given
the high stereoisomeric purity of the obtained products we can
expect many other examples to be reported in the near future.

Conclusion

Within only a few years the field of stereoretentive metathesis
using ruthenium dithiolate catalysts has attained a remarkable
level of maturity. The fast development in this field is due to the
complementary contributions of the Hoveyda and Grubbs
groups who developed a set of general and highly stereoreten-
tive Ru-dithiolate catalysts. A major limitation at the moment is
that the Z-stereoretentive method is much more efficient and
practical compared to stereoretentive methods for F-alkenes.
Certainly making the precursors of Ru-6, Ru-7, Ru-8 and Ru-9
commercially available would significantly help to further
promote E-stereoretentive metathesis. Nevertheless, it can be
stated that the field has come a long way compared to where it
was 5 years ago and certainly further important improvements
will be reported in the near future.
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An alternative synthesis of a,B-unsaturated hydroxamates via cross metathesis between a class-I olefin and N-benzyloxyacrylamide

is reported. The reaction proceeds better in the presence of Grubbs’ second generation catalyst within short time and in good yields

(57-85%) with a range of substrates. Subsequent hydrogenation of each of the CM products delivers the title compounds in moder-

ate to very good yield (70-89%). An important demonstration of the protocol is the preparation of the unusual amino acid compo-

nent of the bioactive cyclic peptide Chap-31.

Introduction

Cross-metathesis reactions (CM) have rapidly grown [1-3] to be
a reliable method for the preparation of functionalized alkenes
and derivatives thereof. Intricacies regarding the electronic
nature of olefins, their substitution patterns and steric demands
are more or less settled through the works of many workers in
many reports [4-7]. Yet, a number of new reports describing the
CM-mediated synthesis of functionalized alkenes of various
kinds continue to appear. For example, cross metathesis with
acrylates [8-10], o,B-unsaturated acid chlorides [11], acryl-
amides [12-14], vinyl sulfones [15], vinylphosphine oxides
[16], vinyl phosphonates [17], enones [18], and nitrile function-
alities [19,20] have been shown to yield shorter routes to com-

pounds of interest as well as for green chemical applications
[21,22].

Hydroxamates belong to a class of valuable biologically rele-
vant compounds of proven record of utility. For example, the
hydroxamate SAHA (1, Figure 1) [23] and the didehydrohy-
droxamate TSA (2) [24], display useful anticancer properties
through inhibition of histone deacetylase enzymes (HDAc) and
are used as FDA-approved drugs. Similarly, the cyclic peptide
Chap-31 (3) [25] with a terminal hydroxamic acid residue has
shown promising anticancer activity. Access to such deriva-

tives usually involves the preparation of the corresponding acid
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Figure 1: Some bioactive molecules containing hydroxamate functionality.

and subsequent amide bond formation with hydroxylamines.
Although this two-step protocol is widely used, a direct access
to a,B-unsaturated and saturated hydroxamates from cross me-
tathesis of alkenes may prove to be of advantage. In continua-
tion of our earlier studies [26,27] on HDAC inhibitors, we
herein report a direct access to o,B-unsaturated hydroxamates
through cross-metathesis reaction.

Results and Discussion

It is known that a CM reaction between a class-I olefin and a
class-II olefin proceeds better in the presence of 2nd generation
catalysts. Accordingly, CM between 1-decene (4, R = C7H;5)
and N-benzyloxyacrylamide 5 (Scheme 1) was attempted with
Grubbs’ second generation catalyst [(1,3-bis(2,4,6-trimethyl-
phenyl)-2-imidazolidinylidene)dichloro(phenylmethylene)
(tricyclohexylphosphine)ruthenium, G-11]. After some experi-
mentation, it was found that the reaction proceeds quickly in
refluxing dichloromethane to provide the CM product 6
(R = C7H;j5) in 81% yield. The yield of 6 was improved to 84%
when Hoveyda—Grubbs 2nd generation catalyst [1,3-bis-(2,4,6-
trimethylphenyl)-2-imidazolidinylidene]dichloro(o-isopropoxy-

Beilstein J. Org. Chem. 2018, 14, 3070-3075.

OMe

3, Chap-31

phenylmethylene)ruthenium] (HG-II) was used under identical
conditions. Hydrogenation of the later in the presence of
Pd(OH),/C proceeded uneventfully resulting in the saturation of
the double bond as well as concommitant deprotection of the
O-benzyl group. The one-pot CM-hydrogenation sequence
using the same ruthenium catalyst has recently found applica-
tions [28-30]. However, similar attempts in our case, i.e., direct
conversion of 4 + 5 — 7 proved to be problematic and conver-
sion to the desired product was not observed under the
attempted conditions. An intractable mixture of compounds was
the result.

Having established the conditions for stepwise CM and hydro-
genation reactions, we extended the study to other substrates
(Table 1). For example, the yields of the two steps for dodecene
forming 6b and 7b were more or less similar with those for
decene when either of the 2nd-generation catalysts was used.
However, analogous reaction with bromobutene 4¢ as CM
partner proceeded with some compromise in yield with G-II.
Moreover, HG-II in this case proved to be less successful. Simi-
larly, the allylbenzene derivatives 4d—f reacted with more or

H
N G-Il (2 mol %) NHOBnN
ANF = ~OBn RTNF
R * /\([)l/ DCM, reflux, 3 h /\/j)(
4 5 57-85% 6

1. G-Il (2-5 mol %)
toluene, 50 °C, 3h

Hy, Pd(OH),/C
80-91%

2. Ru-residue/toluene, 100 °C

H,/20 bar, 3 days

R/\/\H/NHOH
o

7

Scheme 1: Cross metathesis between a class-| alkene and N-benzyloxyacryl amide.
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Table 1: Hydroxamates prepared.

Entry

10

1"

12

Alkene 4

D N P NP

4a

NN SN

4b

COOMe

NHBoc
4k

A COOMe

NHBoc
4]

CM product 6 (% yield)

b (85)

(0]
O‘NJWBr
H

6c (72)

W
d (77)
kAJ@

6e (72)

OO

CONHOBR
6f (78)

(0]

Iz
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reduction product 7 (% yield)

(\
Z T OMe

CONHOH
7f (80)
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less similar ease with G-II to produce the corresponding CM
products 6d—f, respectively. Considerable isomerization (1:1 by
I'H NMR) of the CM-product 6d to the corresponding styrene
derivative was noticed when HG-II was used in place of G-II.
6e behaved similarly. Reaction with the styrene derivative 4g
resulted in low conversion to the CM product 6g (57%). Styrene
derivatives, belonging to class-I olefins according to Grubbs’
generalizations [31], are indeed known to be a sluggish partner
in CM reactions, with homodimerization to stilbene being a

recurring problem.

Alkenes 4h—j containing a benzyl ester functionality at two,
three and four carbons apart, respectively, participated in the
reaction nearly equally well to give the corresponding CM
products 6h—j. Hydrogenation of each of these compounds
separately led to the corresponding saturated hydroxamic acid
derivatives 7h—j with concommittant cleavage of the terminal
benzyl ester functionality. In an extension to the synthesis of the
unusual amino acid component of the important anticancer
cyclic peptide compound Chap-31, we attempted the cross-me-
tathesis reaction of N-benzyloxyacryl amide S with the homoal-
lylglycine derivative 4k (Table 1, entry 11) and the bis-
homoallyl glycine derivative 41 (Table 1, entry 12) [32], sepa-
rately. Fortunately, both the reactions proceeded well and the
desired amino acid derivatives 7k and 71 were obtained in good
yields after hydrogenation.

Conclusion

In conclusion, we have developed a direct access to functionali-
zed hydroxamic acid derivatives using a cross-metathesis reac-
tion between N-benzyloxyacylamide and a range of terminal
alkenes. The products include hydroxamic acid derivatives with
a long alkyl chain, aromatic and heteroaromatic cores, halogen
residue, carboxylic acid moiety at the terminal relevant position
for drug discovery. Moreover, an alternate preparation of the
amino acid component of the important cyclic peptide Chap-31
may encourage the preparation of cyclic peptide based HDAC
inhibitors. The developed methodology may hence complement
the existing literature on the preparation of such class of com-
pounds and may find applications.

Experimental
General procedure for cross metathesis

H
N
NN 2 0B
o)
4a 5

§
BnO” W

¢}
6a

Beilstein J. Org. Chem. 2018, 14, 3070-3075.

Grubbs’ second generation catalyst G-II (10 mg, 2 mol %), was
added to a stirred solution of the olefin 4a (158 mg,
1.13 mmol), and olefin § (100 mg, 0.56 mmol), in anhydrous
and degassed CH,Cl, (3 mL) at rt and the reaction mixture was
heated to reflux for 6 h under argon atmosphere. The reaction
mixture was allowed to cool to room temperature and then
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/ethyl acetate 60:40) to
provide the CM product (E)-N-benzyloxy)undec-2-enamide (6a,
133 mg, 81%) as a colourless viscous liquid.

IR (neat): 3183, 3064, 2926, 2855, 1669, 1683 cm™!; 'H NMR
(400 MHz, DMSO-dg) & 11.15 (s, 1H, NH,), 7.38-7.29 (m, 5H,
ArH), 6.74-6.67 (m, 1H, C3-H), 5.72 (d, J = 15.2 Hz, 1H,
C2-H), 4.80 (s, 2H, OCH2-), 2.08 (q, J = 6.8 Hz, 2H, C4-H),
1.33 (brs, 3H, CH,), 1.12 (s, 12H, CH), 0.81 (t, J = 6.8 Hz, 3H,
C11-H3); 13C NMR (100 MHz, DMSO-dg) 8 163.4 (CO), 144.3
(C3), 136.4 (ArC), 129.2 (ArCH), 128.7 (ArCH), 121.1 (C2),
77.4 (OCH,), 31.8 (C4), 31.7 (C5), 29.3 (CHy), 29.1 (CHy),
29.0 (CHy), 28.2 (CHy), 22.6 (CH»), 14.3 (C11); HRMS (TOF
MS ES*) m/z: [M + Na]* caled for C;gH,7NNaO», 312.1939;
found, 312.1956.

General procedure for hydrogenation
H

_N
BnO W

o) 6a

HO™ W

O 7a

CM product 6a (50 mg, 0.17 mmol) was taken in a MeOH
(3 mL) containing 1 drop of TFA [33]. Then Pd(OH);, (10 mg)
was added and the solution was degassed several times. Hydro-
gen gas was let in and the resulting heterogeneous mixture was
vigorously stirred at atmospheric pressure for 2 h. It was filtered
through Celite, the filter cake was washed with methanol
(5 mL) and the combined filtrate was concentrated in vacuo.
The residue was purified by column chromatography on silica
gel (CHCl3/MeOH 97:3) to provide the product N-hydroxyun-
decanamide 7a (85%) as a colorless solid.

Mp 85 °C; IR (neat): 3259, 3058, 2956, 1663, 1624 cem™ L
'H NMR (400 MHz, DMSO-dg) 5 10.52 (s, 1H, NH), 8.93 (brs,
1H, OH), 1.92 (t, J = 7.2 Hz, 2H, C2-H), 1.44 (m, 2H, C3-H),
1.19 (s, 14H, 7x CHy), 0.81 (t, J = 6.8 Hz, 3H, C11-H);
13C NMR (100 MHz, DMSO-dg) & 170.4 (CO), 32.6 (C2), 31.6
(C3), 29.3 (CH»), 29.3 (CH,), 29.1 (CH,), 28.9 (CH,), 25.5
(CHy), 22.5 (CH,), 14.3 (C11); HRMS (TOF MS ES™) m/z:
[M + Na]" calcd for C;1Hy3NNaO,, 224.1626; found,
224.1638.
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An overview on the catalytic properties of ruthenium complexes for olefin metathesis bearing monodentate unsymmetrical

N-heterocyclic diaminocarbene ligands is provided. The non-symmetric nature of these NHC architectures strongly influences ac-

tivity and selectivity of the resulting catalysts. The main achievements that have been accomplished in significant areas of olefin

metathesis up to the current state of research are discussed.

Introduction

The transition metal-catalyzed olefin metathesis reaction is an
indispensable synthetic tool for the construction of new
carbon—carbon double bonds in various applications in both
organic and polymer chemistry [1,2]. The great popularity of
this methodology is mainly related to the development of well-
defined ruthenium alkylidene catalysts with high air and mois-
ture stability and functional group tolerance. Among them, ru-
thenium olefin metathesis complexes bearing N-heterocyclic
carbene (NHC) ligands, known as second generation catalysts
(Figure 1), have shown improved catalytic efficiency over other

metathesis catalysts [3,4].

Moreover, their catalytic properties can be finely modulated
through variation of the steric and electronic properties of the
NHC ligand. Significant advances in ruthenium metathesis cata-
lyst design have been achieved by the introduction of unsym-
metrically substituted NHC (uNHC) ligands, namely presenting
different substituents at the nitrogen atoms. They offer the pos-
sibility of strongly influencing the reactivity and selectivity of
the resulting catalysts by creating different steric and/or elec-
tronic environments around the metal center. Indeed, ruthenium
complexes coordinated with this kind of ligands can be easily

tailored for challenging or specific metathesis applications in
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Figure 1: Second-generation Grubbs (Gll), Hoveyda (HGII), Grela
(Gre-Il), Blechert (Ble-Il) and indenylidene-type (Indll) catalysts with
symmetrical NHCs.

which their symmetrical counterparts fail or show poor effi-
ciency [5,6]. Moreover, the use of catalysts incorporating biden-
tate unsymmetrical NHCs has allowed for significant enhance-
ments in the field of both asymmetric and Z-selective olefin me-

tathesis reactions [7-9].

The aim of the present review is to provide a description of the
catalytic behavior of ruthenium complexes bearing monoden-
tate five-membered uNHCs. A special focus is given to the
more recent advancements in the development of such unsym-

metrical architectures for targeted metathesis applications.

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

Ruthenium complexes with NHCs presenting alternative
heteroatoms, such as thiazol-2-ylidene ligands [10], or those
containing one nitrogen substituent, such as the series of cyclic
(alkyl) (amino) carbenes (CAACs) introduced by Bertrand et al.
[11], are not included in this survey.

Review

Ruthenium catalysts coordinated with

N-aryl, N’-aryl NHCs

The first ruthenium complexes with monodentate NHC ligands
bearing unsymmetrical N-aryl, N -aryl groups were reported by
Blechert [12], who synthesized Grubbs and Hoveyda-type com-
plexes with N-phenyl, N’-mesityl NHC substituents (1a,b in
Figure 2). Both complexes were air stable, but in CH,Cl, solu-
tion complex 1b converted completely within a few hours
into complex 2 due to the formation of an intramolecular
carbene—arene bond between the benzylidene carbon atom and
the ortho position of the N-phenyl ligand (Figure 3). According
to the authors, the mechanism of the reaction that occurs only in
the presence of oxygen, involves a pericyclic reaction followed

by an irreversible oxidation step, and, finally, a rearomatization.

Figure 2: Grubbs (1a) and Hoveyda-type (1b) complexes with
N-phenyl, N-mesityl NHCs.

Figure 3: C—H insertion product 2.

To avoid the C—H activation of aryl-substituted NHC ligands
the corresponding ortho positions have to be substituted by dif-
ferent groups. Indeed, almost contemporaneously, Grubbs et al.
reported on the synthesis of a family of corresponding ortho-
substituted N-fluorophenyl, N’-aryl NHC Ru complexes
(Figure 4) [13,14].
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Figure 4: Grubbs (3a—6a) and Hoveyda-type (3b—6b) complexes with
N-fluorophenyl, N-aryl NHCs.

The behavior of this catalyst family was tested in the RCM of
diethyl diallylmalonate (7, Scheme 1) and compared with that
of GII-SIMes and HGII-SIMes.

EtO,C_ CO,Et EtO,C_ CO,Et

1 mol % [Ru]

CD,Cly, 30 °C
7 0.1 M 8

Scheme 1: RCM of diethyl diallylmalonate (7).

Interestingly, catalysts 3a and 4a clearly outperformed GII-
SIMes, with catalyst 4a emerging as the most efficient of all
(>97% conversion in 9 min). Complex 5a showed a higher initi-
ation rate with respect to GII-SIMes, but eventually was found
to be less efficient due to a decrease in its catalytic activity
related to concomitant decomposition. As for Hoveyda-type
catalysts 3b, 4b and 5b, they all disclosed lower activity than

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

the parent complex HGII-SIMes, with catalyst Sb being the
least efficient of all in this series (>97% conversion in 100 min).
Finally, 6a as well as the phosphine-free 6b showed to be very
poor olefin metathesis catalysts.

Enhanced catalytic performances, with respect to GII-SIMes,
were previously reported also for symmetrical NHC bearing
o-fluorinated aryl groups. Possibly the presence of a Ru—F inter-
action is responsible for the positive impact on the reaction rates
[15]. Similar results were observed in the RCM of the more
hindered diethyl allylmethallylmalonate (9, Scheme 2), where
3a and 4a behaved as the most efficient catalysts.

1 mol % [Ru]

= CD,Cl,, 30 °C
01 M

Scheme 2: RCM of diethyl allylmethallylmalonate (9).

Even in the challenging formation of tetrasubstituted olefin 12
via RCM (Scheme 3), catalysts 3a and 4a gave the best perfor-
mances leading to 30% and 21% conversion, respectively, in
four days.

EtO,C_ CO.Et EtO,C_ CO,Et

5 mol % [Ru]
CD.Cl,, 30 °C
0.1 M
1 12

Scheme 3: RCM of diethyl dimethallylmalonate (11).

In the CM of allylbenzene (13) with cis-1,4-diacetoxy-2-butene
(14, Scheme 4), the fluorinated complexes 3a—5a and 3b—5b
exhibited activities comparable to GII-SIMes and HGII-
SIMes, showing higher Z-selectivity at conversions above 60%.
For example, catalyst GII-SIMes affords an E/Z ratio of ~10 at
79% conversion, whereas catalysts 3—5 gave an E/Z ratio of
about 5.5 at the same conversion.

OAc
| 2.5 mol % [Ru]
H + | Ph/\%""‘m/OAC
I8 CD,Cly, 25 °C s
OAc 02M
13
14

Scheme 4: CM of allylbenzene (13) with cis-1,4-diacetoxy-2-butene
(14).
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As for the ROMP of 16 (Scheme 5), GII-SIMes and 4a
displayed the highest activity with similar reactivity.

0.1 mol % [Ru] M
CD,Cl,, 30 °C n
0.5M 17

16

Scheme 5: ROMP of 1,5-cyclooctadiene (16).

In the attempt to rationalize the catalytic performances of
this family of N-fluorophenyl complexes the related
[Rh(CO),CI(NHC)] complexes were synthesized. Unfortu-
nately the shifts of the CO stretching frequencies showed that
no correlation between the catalytic performances of Ru-cata-
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lysts and electronic properties of the corresponding NHC ligand

is found.

More recently, Osypov and co-workers introduced a new
family of Grubbs (18a—21a) and Hoveyda-type (18b—21b) cata-
lysts bearing unsymmetrical NHC ligands with one of the
N-aryl substituents presenting a hexafluoroisopropylalkoxy
[(CF3)2(OR)-C] group (Figure 5) [16,17].

Catalysts 18a and 19a showed efficiencies comparable to GII-
SIMes and HGII-SIMes in the RCM of substrate 7 (Scheme 1),
giving full conversion within 30 minutes, whereas the corre-
sponding Hoveyda-type complexes 18b and 19b presented a
more pronounced initiation period, giving good conversions in
much longer reaction time (2—4 h) [16]. A similar trend was ob-
served in the RCM of 9 (Scheme 2), but reaction rates were
lower in all cases. As for 20a and 21a, the initiation rates in the

FsC

Fo N/_\N

3 > Q Q

MeO \(\\C|
Ru=

o |

O

_<

18b

=g

OMe Ru

o~y ad e
CF\(CI
OMe Ru

4(0\/

21b

Figure 5: Grubbs (18a—21a) and Hoveyda-type (18b—21b) catalysts bearing uNHCs with a hexafluoroisopropylalkoxy [(CF3)2(OR)-C] group in one of

the N-aryl substituents.
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RCM of 7 were observed to be faster than GII-SIMes, HGII-
SIMes and 19a, while the initiation rates of 20b and 21b were
lower than GII-SIMes and HGII-SIMes, but superior to 19b,
resulting in 90% conversion within 3 hours [17]. No relevant
differences in the catalyst reactivity were observed for the CM
of 13 and 14 (Scheme 4).

As a novel application of N-aryl, N’-aryl unsymmetrical ruthe-
nium complexes in enantioselective catalysis, Grela and
Schmidt very recently reported on the first example of a heli-
cally chiral Hoveyda-type metathesis complex. This catalyst,
bearing a mesityl and a helicene as the aryl groups, was prelimi-
nary examined in some model asymmetric metathesis transfor-
mations and showed promising levels of enantioselectivity.
Further studies on the development of this new concept for
enantioinduction are still ongoing [18].

Ruthenium catalysts coordinated with

N-alkyl, N’-aryl NHCs

N-Alkyl-substituents possessing no functionalities or
heteroatoms

Unsymmetrical N-alkyl, N’-aryl NHC frameworks were initially
developed in order to improve the catalytic activity of rutheni-
um-based complexes through enhanced electron-donating
ability and different steric bulk of the NHC ligand. Mol et al.
introduced complex 22 (Figure 6) in which one of the mesityl
groups from GII-SIMes was replaced by the sterically more
encumbered adamantyl group [19].

K = =

Ru_
Ru——\
cl” t-Bucoo”
22 23

Figure 6: A Grubbs-type complex with an N-adamantyl, N’-mesityl
NHC 22 and the Hoveyda-type complex with a chelating N-adamantyl,
N-mesityl NHC 23.

However, no beneficial effect on the catalytic activity was ob-
served. Indeed complex 22 revealed a very poor olefin metathe-
sis catalyst, likely as a consequence of the excessive steric
hindrance of the adamantyl moiety at the ruthenium center. It is
worth to underline that the first Z-selective ruthenium catalyst
(23, Figure 6), developed by Grubbs and co-workers, is based
on a chelating NHC ligand that is derived from an intramolecu-
lar carboxylate-driven C—H bond insertion of the adamantyl
N-substituent of the same NHC ligand in complex 22 [20]. Un-
symmetrical complexes bearing smaller N-alkyl groups

(Figure 7) were reported by Blechert and co-workers [21].

Beilstein J. Org. Chem. 2018, 14, 3122-3149.
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Figure 7: Grubbs (24a and 25a) and Hoveyda-type (24b and 25b)
complexes with N-alkyl, N-mesityl NHCs.

In addition to the concept that the presence of more electron-do-
nating alkyl groups on the NHC could lead to enhanced o-donor
properties, and, consequently, to higher catalytic activity, the
authors postulated that the unsymmetrical nature of the NHC
ligands could improve E/Z selectivity in CM reactions and dia-
stereoselectivity in RCM reactions altering the environment of
key metathesis intermediates. Complexes 24 and 25 were found
to exist in solution as a single rotational isomer having the
benzylidene moiety located under the mesityl group, and for
complexes 24b and 25b this orientation was observed also in
the solid state. Some metathesis reactions performed in this
study with 24b and 25b in comparison to GII-SIMes and
HGII-SIMes are summarized in Table 1. In the model RCM
reaction of N, N-diallyl-p-toluenesulfonamide (26, Table 1, entry
1), catalysts 24a and 24b showed activities similar to that of
GII-SIMes. They also exhibited different £/Z selectivities in
CM transformations (e.g., Table 1, entry 2), and gave improved
selectivities in a diastereoselective RCM reaction (Table 1,
entry 3).

Ledoux, Verpoort et al. described a series of phosphine-contain-
ing unsymmetrical catalysts 31-34 characterized by alkyl
N-substituents with variable steric bulk (Figure 8) [22].

The catalytic performances of these complexes and of complex
24a were evaluated for the RCM of diethyl diallylmalonate (7)
and the ROMP of cis-1,5-cyclooctadiene (16). In the RCM
reaction (Scheme 1), performed at 20 °C in CD;Cl, at a cata-
lyst concentration of 4.52 mM and a substrate/catalyst ratio of
200 (0.5 mol % of catalyst), a strong dependence of the catalyt-
ic activities on the steric bulkiness of the N-alkyl substituents
was observed. Indeed, an increase in the size of the alkyl group

resulted in a lower catalyst activity. Indeed, complex 24a bear-
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Table 1: Examples of metathesis reactions performed with catalysts 24a and 24b.2

entry substrate product
Ts Ts
N N
1 -
= AN —
26 27
OAc
+
) H | b~ -OAC
OAc
13 14
258,38 2S.3R
n,n O\/\ \h,.. O u,.\ O
3 H/\/ \4) ' HO—L)
| oH EW e
28 o=
29 30

@Reactions performed in refluxing dichloromethane [21].

Ky
o

RU:'\
c’ Ph

PCy3

31

Figure 8: Grubbs-type complexes 31-34 with N-alkyl, N’-mesityl NHCs.

ing the small methyl moiety on the nitrogen, revealed as the
best performing catalyst, even surpassing the parent complex
GII-SIMes. In the ROMP reaction (Scheme 5), carried out in
different solvents and monomer/catalyst ratios, the activities of
complexes 31, 33 and 34 were superior to that of the symmetri-
cal counterpart GII-SIMes at low COD/catalyst loading in
CDCl3. In general, the complexes were less dependent on the
solvent used with respect to GII-SIMes. Catalyst 32, having a
bulky N-tert-butyl substituent on the NHC, displayed a consid-

complex loading (mol %) conversion (%)
GlI-SIMes 0.02 50
24a 0.02 56
HGII-SIMes 0.02 66
24b 0.02 56
GlI-SIMes 3 79 (E/Z=6:1)
24a 3 72 (EIZ=3:1)
HGII-SIMes 3 84 (E/IZ=6:1)
24b 3 76 (E/Z=6:1)
GlI-SIMes 3 95 (29/30 = 1.6:1)
24a 3 92 (29/30 = 1.7:1)
HGII-SIMes 3 95 (29/30 = 1.5:1)
24b 3 95 (29/30 = 2.0:1)

%?@

o,

RU:\
cl’ Ph

PCy3

32

erably lower activity than the other tested catalysts. The
replacement of the mesityl group by a 2,6-diisopropylphenyl
group as in complexes 24a and 33 led preferentially to
bis(NHC)-coordinated complexes, which showed metathesis ac-
tivity only at elevated temperatures [23]. However, the
mono(NHC) complex 35 (Figure 9) was isolated and tested in
the RCM of 7 and the ROMP of cis-1,5-cyclooctadiene (16),
where it displayed a fair olefin metathesis activity compared to
the benchmark catalyst GII-SIMes [23].
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Figure 9: Grubbs-type complex 35 with an N-cyclohexyl, N*-2,6-diiso-
propylphenyl NHC.

Studies on this class of unsymmetrical NHC ligands were also
extended to the Hoveyda-type complexes 3640 (Figure 10)
[24]. The effect of the modified NHC ligand was investigated in
model metathesis reactions (RCM of 7, ROMP of 16 and CM of
13 with acrylonitrile) in comparison to complex 24b and the
parent complexes GII-SIMes and GII-SIPr.

No real improvement in the catalytic activity was observed in
any of the tested metathesis reactions, while different £/Z selec-
tivities were observed in the CM of allylbenzene (13) with
acrylonitrile. These results underline that steric differences in
N-alkyl NHC ligands are more important than differences in
their donor capacities in determining the activity and selectivity

of the corresponding catalysts.

Quite recently, on the basis of a previous work, Verpoort et al.
reported on the synthesis and characterization of second genera-
tion ruthenium indenylidene catalysts bearing N-alkyl,
N’-mesityl-substituted NHCs 41-43 in which the alkyl group
was methyl (41), octyl (42) or cyclohexyl (43, Figure 11) [25].

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

NS NN @
T\CI Ph
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e
PCy3
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43

Figure 11: Indenylidene-type complexes 41-43 with N-alkyl, N'-mesityl
NHCs.

For all of the complexes, two rotamers were observed in solu-
tion, and the most abundant species was identified as the isomer
with the indenylidene moiety located under the mesityl group.
Solid-state structures of the complexes showed, consistently,
the same relative orientation between the indenylidene and
mesityl unit. Complexes 41-43 were tested in various represen-
tative metathesis reactions of standard substrates and compared
to the benchmark catalysts IndII-SIMes. Interestingly, all com-
plexes showed a faster catalytic initiation than IndII-SIMes.
This faster initiation may be due to the stronger o-donating
properties of the unsymmetrical N-alkyl-substituted NHC
ligands. Catalyst 41 bearing the smallest-sized N-alkyl group on
the NHC emerged as the most performing catalyst in both initia-
tion and propagation stages, even with respect to IndII-SIMes.
Indeed, besides its faster initiation, complex 41 offers a less
encumbered NHC for the approach of substrates to the metal
center during the metathesis process. The performance of com-
plex 41 also was compared with that of the benzylidene ana-

e e S

Ru= Ru=
‘| c”|
‘<o _<o
38 39

Ru=
|

o)

‘<

40

Figure 10: Hoveyda-type complexes with an N-alkyl, N-mesityl (36, 37) and an N-alkyl, N*-2,6-diisopropylphenyl (38—-40) NHC ligand.
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logue GII-SIMes in the RCM of 7 (Scheme 1) using various
catalyst loadings (0.125-0.5 mol %). Although the benzylidene
complex GII-SIMes exhibited a faster initiation than the
indenylidene complex 41 with all the used catalyst loadings,
the latter outperformed GII-SIMes in the overall catalyst
efficiency, especially at the lowest catalyst loading of
0.125 mol %.

In 2008, Blechert and Buchmeiser et al. introduced a ruthenium
complex featuring an unsymmetrical, chiral NHC ligand 44 and
its pyridine derivative 45 (Figure 12) [26].

A\ ", / \ o,
N_ N N N@—
Ka ;K\CI
Ru_—:\ U=y
4
c’|  Ph c’|  Ph
PCY3 /N
I
44 X
45

Figure 12: Grubbs-type complex 44 and its monopyridine derivative 45
containing a chiral uNHC.

Both complexes revealed as efficient systems to promote the
alternating copolymerization of norbornene (NBE, 46) with
cyclooctene (COE, 47) and cyclopentene (CPE, 48), respective-
ly (Scheme 6).

An NBE/COE ratio of 1:50 was found necessary to realize a
copolymer containing 97% of alternating diads ([poly(NBE-alt-
COE),]), while an NBE/CPE ratio of only 1:7 resulted in the
formation of a copolymer with roughly 90% of alternating diads
([poly(NBE-alt-CPE),,]), representing the highest value found
until then. The selectivity in the copolymerization was mainly
ascribed to the steric interaction between the 2-phenylethyl sub-
stituent at the nitrogen and the growing polymer chain. This
study was then extended to a series of unsymmetrical pyridine-
containing Ru benzylidenes (Figure 13) with N-alkyl (49, 50),

45
(0.025 mol %)
—_—

CH,Cl,
rt, 50 s
0.06 M

CH,Cl,
t,2h
0.17M

Scheme 6: Alternating copolymerization of 46 with 47 and 48.

45
(0.05 mol %) W
—_—
m n
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N-phenyl (51) and N-benzyl (52) substituents in comparison to
their parent phosphine-containing catalysts 24a, 25a, 1a and 53
[27].

NN NN
T T
Ru::\ RU:—:\
c’|  Ph c’|  Ph
N N
g g
NS NS
49 50

4
Ru:\ u=\
c”| ph c’|  Ph
N N
g ]
N ™
51 52
K
SO
Ru:\
c’|  Pn
PCy3
53

Figure 13: Pyridine-containing complexes 49-52 and Grubbs-type
complex 53.

Complexes 49 and 52 were obtained as monopyridine adducts,
while complexes 50 and 51 were obtained as a mixture of
mono- and bis(pyridine) adducts. In terms of initiation effi-
ciency, the pyridine-derivatives turned out to be more efficient
than the corresponding phosphine-containing complexes. In the
copolymerization of NBE (46) and COE (47), complexes 4952
afforded the corresponding copolymers with 95-97% of alter-
nating diads and high cis content. In the copolymerization of
NBE (46) and CPE (48), copolymers with 79-91% of alter-

IROSIN OIS |

m

[poly(NBE-alt-COE) ] (97% of alternating diads)

o

[poly(NBE-alt-CPE) ] (90% of alternating diads)

3129



nating diads were obtained. More recently, Plenio and
co-workers described a new class of Hoveyda—Grubbs-type
catalysts with an N-alkyl, N’-pentiptycenyl NHC ligand (54-57,
Figure 14). The complex 58 having an N-mesityl, N -pentip-
tycenyl NHC was also reported [28].

These complexes disclosed an excellent degree of alternation in
the copolymerization of NBE and COE (0.05 mol % of catalyst,
[NBE] = 0.14 M). Especially catalyst 56 having a cyclohexyl
N-substituent provided the copolymer with the highest amount
of alternating diads (98%) at an NBE/COE ratio of 1:10. How-
ever, the molecular mass of the copolymers was far lower than
the theoretical value, suggesting that competitive chain-termina-
tion reactions occur. The pronounced steric bulk on the pentip-
tycenyl side of the NHC ligand compared to the other less
hindered side determines two differently accessible active sites
around the metal and different rates of monomer incorporation,
thus dominating the selectivity in the formation of alternating
copolymers. The nature of the alkyl group also plays a role in
the formation of alternating diads. Indeed, the proportion of
alternating copolymer increases moving from the small methyl

group (54) to the large cyclohexyl group (56).

Unsymmetrical catalysts based on NHC units possessing
one alkyl substituent (propyl (59) or benzyl (60)) and one
mesityl substituent (Figure 15) at the nitrogen atoms were in-

vestigated by Copéret and Thieuleux et al. in the tandem ring-

[\ [\ [\

Ar—N_ N— Ar—N N< Ar—N_ N

\ﬂm Cl Tc

/Ru__ /Ru— Ru=
ca’|l = c’| = o |
\/0 \ 7 \/0 \ 7 \/0

54 55 56

Alternating diads %
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opening—ring-closing alkene metathesis (RO—RCM) of cis-
cyclooctene (47) and their performance were compared to those
of the classical GII-SIMes and GII-IMes [29].

The dissymmetry of the NHC ligand in 59 and 60 allowed for
the selective formation of cyclic dimeric and trimeric products
in place of polymers from cyclooctene, while the symmetrical
analogues GII-SIMes and GII-IMes led mainly to polymers
(Figure 15).

Following a study on degenerate metathesis reactions that had
highlighted a strong catalytic preference of unsymmetrical
N-alkyl, N’-aryl complexes to propagate as a methylidene
species [30], Grubbs and co-workers developed a variety of un-
symmetrical metathesis Hoveyda-type complexes (61-69,
Figure 16) for applications in the ethenolysis of methyl oleate
(70, Scheme 7) [31].

The ethenolysis reaction, in fact, requires catalyst stability as a
propagating methylidene species to achieve high product selec-
tivity and turnover numbers (TONs). The catalysts 61-69,
tested together to the phosphine-containing catalyst 32, were
found to be highly selective toward the formation of the desired
ethenolysis products 71 and 72 (Scheme 7), and provided good
yields and TONs at 50 °C and low catalyst loading (100 ppm,
Table 2). Furthermore, many of the screened catalysts showed
good stability toward propagation as a methylidene species. The

@ e {» et
Ar—N_ N Ar—N N@
Cl r T@l
Ru= Ru=
c:|/(|j — CI/(|)
N\ //
4(57 _<5s

Alternating ROMP

95 9498

87

NBE:COE
m1:1
m1:2
o1:5
m1:10

54 55 56 57 58

Figure 14: Hoveyda-type complexes 54—58 in the alternating ROMP of NBE (46) and COE (47).
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TS o Se=g

/Ru:\ Ru——\
ci’| Ph
PCys PCYa
59 60
O C@ m + higher oligomers and/or polymers
dimer trimer

reaction conditions:
0.01 mol % [Ru], [47] = ~20 mM in toluene, 47/Ru = 10000, 25 °C, 50-60 h

Figure 15: Catalysts 59 and 60 in the tandem RO-RCM of 47.

Ru__ Ru__ /Ru~
o’ | o | ci
‘<o ‘<o o
61 62
N/_\NJI 8 [\
T\C| \(CI
Ru= Ru__ Ru=
o | ‘|
‘<o ‘<o 4(0
64 65

Figure 16: Hoveyda-type complexes 61-69 with N-alkyl, N’-aryl NHCs.

observed selectivity seems to be controlled by the NHC sterics, Catalyst 68 gave the highest selectivity (95%) toward terminal
as increasing steric bulkiness of the NHC ligand leads to greater  olefins observed until then for NHC—Ru complexes (Table 2,

selectivity and improves stability. entry 7), but with 46% yield at 500 ppm of catalyst loading. The
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O
0 [Ru] (100 ppm) _ )kMC
Ar—rr T A
MeO™ 7 . 150 psi 71 72
40°C,6h
70 ’
(0] (0]
m/)/ + W
7 7 MeO M . OMe
73 74
Scheme 7: Ethenolysis of methyl oleate (70).
Table 2: Ethenolysis of methyl oleate (70) with catalysts 61-69.
entry complex conversion (%) selectivity (%) yield (%) TON
1 61 54 86 46 4620
2 62 11 77 9 845
3 64 52 86 45 4450
4 65 42 86 36 3600
5 66 59 87 51 5070
6 67 52 89 46 4604
7 68 15 95 15 1460
8 69 17 69 11 1120

chiral catalysts 61, 64, 65, 67 and 68 (Figure 16) were also in-
vestigated in the model asymmetric ring-opening cross metathe-
sis (AROCM) of cis-5-norbornene-endo-2,3-dicarboxylic an-
hydride (75) with styrene (Scheme 8, Table 3) [32].

In this reaction complex 68 showed the highest selectivity for
the formation of the desired product 76 (82% ee, Table 3, entry
5), comparable to the best ruthenium catalysts investigated in
this AROCM reaction. All complexes gave side products 77
and/or 78 resulting from metathesis reactions of propagating ru-

a3

thenium methylidene species.

(10 equiv)
@ [Ru] (2.0 mol %)
CH4Cly, 25 °C
OAOAO 02M
75 Ph

In the same year, Grubbs and co-workers reported on the
synthesis of highly thermally stable complexes containing a
sterically encumbered N-fert-butyl substituent (79-82,
Figure 17) which enables their application for latent olefin me-
tathesis [33].

The complexes 79 and 81 having chloride ligands exhibited
excellent latent behavior toward self-CM of 1-hexene, giving no
conversion at room temperature and dimerization at 85 °C.
Exchanging the chloride ligands for iodide ligands led to
catalysts 80 and 82 with superior latent behavior that allowed

. Q N Ph
1) 720N O/\ o)
76
~ . O RN Ph S, O N
i + ;o2
P L /.- e
o Z O/\ o o) Z8 O/\ o)
77 78

Scheme 8: AROCM of cis-5-norbornene-endo-2,3-dicarboxylic anhydride (75) with styrene.
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Table 3: AROCM of cis-5-norbornene-endo-2,3-dicarboxylic anhydride (75) with catalysts 61, 64, 65, 67 and 68.

entry complex time (h) conversion (%) yield (%) ee 76 (%)
1 61 55 60 60 69
2 64 0.5 99 69 14
3 65 0.5 99 73 9
4 67 5.5 98 65 33
5 68 10.5 98 54 82

/_\t-Bu,“' — J,
TS TS
s 0
— —

79 X=ClI
80 X=1|

81 X=ClI
82 X=1

Figure 17: Hoveyda-type catalysts 79-82 with N-tert-butyl, N*-aryl
NHCs.

for the latent ROMP of norbornene derivatives (e.g., 83,
Scheme 9).

In order to improve the selectivities in olefin metathesis, a small
library of indenylidene and Hoveyda-type complexes bearing
unsaturated unsymmetrical NHCs combining a flexible
cycloalkyl moiety and a mesityl unit as N-substituents (85-89,
Figure 18) was synthesized by Mauduit and co-workers [34].
These systems were tested in the RCM of sterically demanding
diethyl allylmethallylmalonate (9) under standard conditions
(Scheme 2) and compared to their unsymmetrical saturated
NHC-Ru complexes 90-92 (Figure 18) as well as a set of com-
mercially available catalysts having symmetrical IMes or SIMes
NHC ligands.

The unsaturated indenylidene catalysts 85 and 86 were found to
be more active than their saturated homologues, giving full

conversions within 6 h and 24 h, respectively, thus showing
better performances than IndII-IMes and Hoveyda-type cata-
lysts 8789, 92. As for the latter ones, the introduction of unsat-
urated NHCs with an N-cycloalkyl moiety did not provide any
beneficial effect, since they were less efficient also than their
symmetrical IMes and SIMes counterparts. The catalytic poten-
tial of the most active complex 85 with a cyclopentyl fragment
on the NHC was explored in several RCM and CM reactions.
Interestingly, in the RCM of N, N-dimethallyl-N-tosylamide (93)
only 2 mol % of 85 were required to produce 54% of the tetra-
substituted tosylamide 94 within 3 h (Scheme 10).

Moreover, catalyst 85 was quite efficient under neat conditions
for the self metathesis of allylbenzene (13), showing no trace of
isomerized byproducts (Scheme 11).

More recently, Olivier-Bourbigou and Mauduit demonstrated
the ability of unsymmetrical N-cycloalkyl Ru—indenylidene
catalysts for the selective self metathesis of linear a-olefins to
longer internal linear olefins in the absence of additives to
prevent isomerization [35]. Catalyst 91 with a saturated NHC
ligand containing a N-substituted cyclododecyl side chain was
first evaluated at 50 ppm loading in the self metathesis of
1-octene (96), at 50 °C under neat conditions, in comparison to
symmetrical benchmark second-generation ruthenium catalysts
IndII-SIMes, IndII-IMes, GII-SIMes and HGII-SIMes
(Table 4). Complex 91 was found to give 70% conversion of
1-octene (96) to the desired 7-tetradecene (97) with high selec-
tivity (98% after 1 h, Table 4, entry 1). Moreover, the selec-
tivity did not change over time (Table 4, entry 2). A lower

82 (2 mol %) 85 °C
no reaction
THF THF, 2 h
(@) N O 25°C,37h
0.5M 99% conversion )
Ph Ph
83 84

Scheme 9: Latent ROMP of 83 with catalyst 82.
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Figure 18: Indenylidene and Hoveyda-type complexes 85-92 with N-cycloalkyl, N-mesityl NHCs.

Ts Ts
| |
N 85 (2 mol %) N
CD,Cl, ;:z
30°C,3h
93 01M 94 (54% yield)

Scheme 10: RCM of N,N-dimethallyl-N-tosylamide (93) with catalyst

85.

selectivity was observed with IndII-SIMes (Table 4, entries 3
and 4 ) and GII-SIMes (Table 4, entry 5), while IndII-IMes
was inactive (Table 4, entry 6) and HGIIMes gave only low

conversion (Table 4, entry 7).

Ph
|
) 85 (1 mol %) |
neat
Ph 80 °C, 5 min Ph
0.1M
13 95 (75% yield)
E/Z=84:16

Scheme 11: Self metathesis of 13 with catalyst 85.

To render this process really attractive for industrial application,
the authors also evaluated the lower-cost catalysts 85 and 86 in
the self metathesis of 96 (Table 4, entries 8 and 9, respectively).
Indeed, the one-step multicomponent synthesis of unsaturated
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Table 4: Self metathesis of 1-octene (96).

Co

[Ru] (50 ppm)

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

neat, 50 °C
96 97
entry complex time (h) conversion (%) selectivity (%)
1 91 1 70 98
2 91 4 70 98
3 Indll-SIMes 1 45 94
4 Indll-SIMes 2 76 80
5 GllI-SIMes 2 80 85
6 Indll-IMes 4 <1 -
7 HGII-SIMes 4 30 98
8 85 2 59 99
9 86 4 55 98

a8SMP: secondary metathesis products (mixture of C3—C13 olefins) [35].

unsymmetrical NHCs could provide a cost-effective alternative
to the multistep synthesis of their saturated counterparts [36].
The catalyst 85 was identified as the catalyst of choice for the
selective metathesis of linear a-olefins and was successfully
applied to selectively re-equilibrate the naphtha fraction
(C5—Cg) of a Fischer—Tropsch feed derived from biomass to
higher value added olefins (Co—C4) that can serve as plasti-
cizer and detergent precursors. An excellent olefin distribution
with no isomerization was observed without the use of any ad-
ditive even after 24 h of reaction performed at 50 °C under neat
conditions.

N-Alkyl substituents possessing functionalities or
heteroatoms

In 2001, the Fiirstner group reported on phosphine-containing
ruthenium complexes having unsymmetrical NHCs character-
ized by an alkenyl chain replacing one of the N-mesityl groups
of the NHC ligand (98-100, Figure 19) [37]. The complexes
98-100 were able to metathesize their own ancillary ligands,
thus leading to species in which the NHC ligand is bound to the
Ru=CHR moiety to form a metallacycle (101 and 102,
Figure 19). The basic idea was that these catalysts might be able
to regenerate themselves upon consumption of the monomer in
the reaction media. Variants of these complexes with a silyl
ether or a perfluoroalkyl chain on one of the nitrogens of the
NHC were also presented (103 and 104, Figure 19).

The catalytic behavior of complexes 98-100 and 101, 102 was
tested in the RCM of N,N-dimethallyl-N-tosylamide (93) to
form the corresponding tetrasubstituted cycloolefin 94

(Scheme 10; reaction performed in toluene at 80 °C with
5 mol % of catalyst). All the complexes were able to achieve
the cyclization, although the catalytic activity of the homolo-
gous series 98—100 was found to be strongly dependent on the
tether length between the alkene group and the metal center.
This effect is likely related to their different ability in forming
the corresponding chelate complexes in situ (Figure 19).

Importantly, later on Grubbs and co-workers utilized this kind
of catalysts, featuring a chelating N-to-Ru arm, for the prepara-
tion of cyclic polymers from cyclic monomers via a ring-expan-
sion metathesis polymerization (REMP) process [38,39]. With
the aim of developing catalysts suitable for covalent immobili-
zation on various supports, Fiirstner et al. reported on the prepa-
ration of some unsymmetrical complexes containing pendant
protected (105-108) and unprotected (109-111) hydroxyalkyl
chains on their NHCs (Figure 20) [40].

Complex 109 was easily immobilized on functionalized silica
gel and the resulting complex 112 (Figure 20) was tested in
prototype RCM reactions. In comparison to its homogeneously
soluble analogues 109 and 110, complex 112 required longer
reaction times to give the same yields, but was reusable up to

three times.

Interestingly, during investigations carried out to anchor this
type of ruthenium complexes by physisorption rather than
chemisorption, an unexpected molecular rearrangement of their
ligand sphere, determining a cis orientation of the neutral

ligands, was observed (113 and 114, Figure 20). The same
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Figure 20: Grubbs-type complexes 105-115 with N-alkyl, N-mesityl ligands.
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unusual cis configuration was displayed by complex 115
(Figure 20) upon release from its precursor 108 by deprotection

under acidic conditions.

The cis isomers 113—115 exhibited catalytic activity only at
high temperatures, where they likely reassume the trans form
which is characteristic for the Grubbs-type ruthenium carbene

complexes.

In order to develop a new structural class of highly performing
NHC-based metathesis catalysts with N-alkyl groups, rutheni-
um benzylidene complexes containing carbohydrate-based
NHCs derived from glucose (116) and galactose (117,
Figure 21) were reported in 2009 [41].

These complexes were characterized in solution by NMR tech-
niques which revealed, at room temperature, the presence of
rotameric species resulting from rotation about the
Ru—C(benzylidene) bond. The catalytic behavior of 116 and
117 was examined in standard RCM, CM, ROMP olefin me-
tathesis reactions. Interestingly, 116 and 117 differing only at

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

one stereocenter showed different kinetic behavior in the RCM
of diethyl diallylmalonate (7, Scheme 1; reaction temperature
40 °C), where 117 displayed a higher activity than catalyst 116.
Furthermore, they showed surprising selectivity (£/Z ratio
around 3) in the CM of allylbenzene (13) and cis-1,4-diacetoxy-
2-butene (Scheme 4; reaction temperature 40 °C) compared to
the benchmark catalysts GII-IMes and GII-SIMes, indicating
that the steric bulk of the carbohydrate plays a role in influ-
encing the geometry of the resulting olefinic product. Given the
chiral nature of the carbohydrate attached to the NHC, com-
plexes 116 and 117 were tested in the AROCM of a variety of
norbornene derivatives with styrene. While isolated yields were
generally excellent, enantiomeric excesses were poor.

The effect of a dangling amine tether incorporated into the NHC
ligand on the catalytic efficiency of ruthenium benzylidene
complexes was examined by Fryzuk et al. (118, Figure 22) [42].

NMR studies showed that complex 118 exists as a mixture of
two rotational isomers in a 7:1 ratio. The major isomer was

characterized by X-ray crystallography, while the minor isomer

OAc OAc
AcO o
AcO [T [T
AcO N N@ ACQKN N@
\(\\CI OAc \(\\CI
RU:\ RU:\
c’|  Ph c’l  ph
PCy3 PCY3
116 117
Figure 21: Complexes 116 and 117 bearing a carbohydrate-based NHC.
=\ —
N/\/N N-Mes eS\N/\/N N-Mes es\N/\/N N-Mes
YCI Ph H Cl Ph H Cl H
RU:—:\ Ru—_:\
c’ | H cysP’ | H CysP’|  Ph
PCys cl cl
118 syn-118 anti-118

119

Figure 22: Complexes 118 and 119 bearing a hemilabile amino-tethered NHC.
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was characterized only in solution and was identified as consis-
tent with two possible structures (syn- and anti-118). In syn-118
the two chloro ligands are cis disposed and the PCy3 unit is cis
to both the NHC and the benzylidene, whereas in anti-118 the
PCyj3 unit and the benzylidene are trans with respect to the
Ru=CHPh double bond. Moreover, no coordination of the teth-
ered amine to the ruthenium center was detected in the species
118 by NMR spectroscopy. Evidence for coordination of the
amino arm in solution and in the solid state was observed in its
derived monopyridine adduct 119 (Figure 22). Complex 118
was found less active than GII-SIMes and GII-IMes in model
RCM of 7 and ROMP of 16 (see Scheme 1 and Scheme 5, re-
spectively). In the RCM of 7, catalyst 118 gave 25% conver-
sion in 30 min, while GII-SIMes and GII-IMes reached 96%
and 74% conversion, respectively, within the same time. As for
the ROMP of 16, only 40% conversion was observed after 4 h
with 118, while full conversion was registered for GII-SIMes
and GII-IMes in 6 and 80 min, respectively. The catalyst effi-

MeO N/\_(\N :

MeS N/_\N
o=

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

ciency is further reduced in the pyridine derivative 119,
suggesting that the pendant amine is deleterious for catalyst per-

formance.

Ruthenium catalysts coordinated with
N-benzyl, N-aryl NHCs

The effect of replacing one of the mesityl groups of the NHC
ligand with a flexible benzyl group on the catalytic properties of
the resulting ruthenium complexes was studied by Grela and
co-workers, who synthesized indenylidene complexes 120-126
[43,44] (Figure 23). Substituents in the benzyl group were intro-
duced to modify the steric and electronic properties of the
ligand and/or to allow additional coordination to the metal

center.

The catalytic behavior of 120-126 was investigated in standard
metathesis reactions using commercial grade solvents in air and

compared to that of commercially available IndII-SIMes. Cata-

I Ph

MesN

/Ru
O el
PCy3

121

iPrS

126

Figure 23: Indenylidene-type complexes 120-126 with N-benzyl, N’-mesityl NHCs.
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lysts 120, 121, 123, 124 and 126 showed a better performance
than IndII-SIMes in the RCM of 7 (Scheme 1), whereas the
sulfur-containing catalysts 122 and 125 displayed lower activi-
ty. In more detail, 120, 121, 123 and 124 exhibited similar be-
havior, in spite of the different nature of aryl substituents, while
126 was found to be less efficient. Solvent tests on IndII-
SIMes, 123 and 126 demonstrated that dichloromethane is a
better solvent with respect to toluene, even if in toluene the ini-
tiation of catalyst 126 is faster. The low activity of 122, 125 and
126 was rationalized by supposing the presence of an interac-
tion between the metal and the heteroatoms of the benzyl sub-
stituents [15,43,44]. Complexes 120, 121, 123, and 124 signifi-
cantly outperformed commercial IndII-SIMes in the RCM of
diethyl allylmethallylmalonate (9) as well. On the contrary, they
appeared not suitable in the synthesis of tetrasubstituted olefins.
Indeed, they were tested at 60 °C in the RCM of N,N-
dimethallyl-N-tosylamide (93, Scheme 10; reaction performed
in toluene at 80 °C with 5 mol % of the catalyst), giving conver-
sions between 30-40%, as observed also for the commercial
catalyst IndII-SIMes.

Table 5: Metathesis reactions of standard substrates.

entry substrate product
Ph O\/\ Ph o

1 PhT Ph
127 128

) 0 Boc ©
Boc 130
129
OAc
3 H * | ph/\/‘q"'\/OAc
Ph 15
OAc
13 14

aRef [43]; PRef [45]; °Ref [46].
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The catalysts 120 and 121 were also tested in the ring-closing
ene—yne metathesis reaction (RCEYM) of standard substrate
127. Both catalysts revealed slightly more active than IndII-
SIMes, with 121 being the most efficient (Table 5, entry 1).
Catalyst 120 showed the highest activity in the RCM of the
amide-based substrate 129 (Table 5, entry 2) and in the CM of
13 with 14, but with a slightly lower Z-selectivity (Table 5,
entry 3).

Finally, in the presence of catalysts 120, 121 and 123, diastereo-
selectivities higher than those achieved in the presence of GII-
SIMes, HGII-SIMes and IndII-SIMes were observed in the
diastereoselective ring-rearrangement metathesis (1ARRM) of
cyclopentene 131 (Scheme 12).

The presence of a nitro group at the ortho or para positions of
the benzyl substituent (134 and 135 in Figure 24), reported by
Malinowska and co-workers [45], led to higher activities in the
RCM of 7 and 9 (Schemes 1 and 2), with respect to the com-
mercial IndII-SIMes, but significantly lower if compared to

catalyst (mol %) T(°C) t(h) isolated yield (%)
Indll-SIMes (2) 30 8 962
120 (2) 30 6 942
121 (2) 30 5 962
134 (2) 40 8 99b
135 (2) 40 8 9gb
136 (2) 50 2 92¢
137 (2) 50 2 91°
138 (2) 50 2 92°
139 (2) 50 15 89¢
140 (2) 50 15 91°
141 (2) 50 15 89°
142 (2) 50 15 91°
Indll-SIMes (1) 50 25 942
120 (1) 50 1 962
121 (1) 50 2 912
136 (1) 50 1.25 87°
137 (1) 50 2 89°
138 (1) 50 1 92°
139 (1) 50 3 85¢
140 (1) 50 3 94¢
141 (1) 50 3 88°
142 (1) 50 3 90°
Indll-SIMes (2.5) 30 20 74 (EIZ = 8:1)2
120 (2.5) 30 20 80 (E/Z=9:1)2
121 (2.5) 30 20 74 (EI1Z = 11:1)
134 (2.5) 30 20 45 (E/Z = 4:1)°
135 (2.5) 30 20 86 (E/Z = 5:1)°
136 (2.5) 50 2 89 (E/Z=7.1:1)¢
137 (2.5) 50 2 76 (EIZ=7.9:1)¢
138 (2.5) 50 2 93 (E/Z = 6:1)°
139 (2.5) 50 2 74 (EIZ=3.6:1)¢
140 (2.5) 50 15 80 (E/IZ=7:1)°
141 (2.5) 50 15 81 (E/Z = 8:1)°
142 (2.5) 50 15 78 (EIZ=6.5:1)¢
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Scheme 12: Diastereoselective ring-rearrangement metathesis
(dRRM) of cyclopentene 131.

catalysts 120, 121, 123 and 124. A scarce activity toward the
formation of tetrasubstituted olefin 12 (Scheme 3) was also ob-
served. Complexes 134 and 135 were tested in RCEYM of 127
(Table 5, entry 1) showing a good efficiency and in the CM of
13 and 14 (Table 5, entry 3), where interesting Z-selectivities
can be achieved.

02N

PCy3

tph Q/ Tc.

135

Figure 24: Indenylidene-type complexes 134 and 135 with
N-nitrobenzyl, N'-mesityl NHCs.

Recently, Grela and co-workers modified the previously re-
ported N-benzyl, N’-aryl NHC—Ru complexes 120, 121 and
123, by synthesizing the analogous Hoveyda-type derivatives
136-138 (Figure 25). Additionally, the behavior of catalysts
136-138 was compared with that of complexes bearing an
N-Dipp (Dipp = 2,6-diisopropylphenyl) substituent in place of
the N-mesityl group (139-142 in Figure 26) [46].

As expected, the N’-Dipp complexes displayed a higher
stability with respect to the N’-mesityl complexes. Neverthe-
less, complexes 136—138 were more active than 139—142 in the
RCM of 7, conducted at 50 °C and none of those catalysts
outperformed HGII-SIMes and HGII-SIPr. Analogous results
were observed in the RCM of more crowded substrates. The
similar behavior of 141 and 142 indicated that steric effects are

more relevant than electronic effects.
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Figure 25: Hoveyda-type complexes 136—138 with N-benzyl,
N’-mesityl NHCs.
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Figure 26: Hoveyda-type complexes 139—142 with N-benzyl, N-Dipp
NHC.

Catalysts 136-142 were tested in the RCEYM of 127, in the
RCM of 129 and in the CM of 13 and 14 (Table 5, entry 3). Ac-
cording to the experimental results, mesityl-bearing catalysts
generally gave better yields than Dipp-containing analogues. In
the presence of 136-138, a high selectivity in the dRRM of
cyclopentene 131 was also observed (Scheme 12). Self metathe-
sis of 1-octene (96) was conducted in the presence of 136, 137,
139 and 140, in order to selectively obtain tetradec-7-ene (97).
The presence of the N-benzyl substituent was crucial to achieve
high yield (up to 80%) of the desired product, whereas commer-
cial HGII-SIMes and HGII-SIPr, despite the higher reaction
rate, gave mainly a mixture of byproducts.
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Ruthenium catalysts coordinated with
N-heteroarylmethyl, N’-aryl NHCs

To further modify the electronic and steric properties of the
NHC ligand and consequently, to improve efficiency of the re-
sulting ruthenium catalysts, the Grela group focused on the de-
velopment of new ruthenium indenylidene and Hoveyda-type
complexes bearing unsymmetrical NHCs containing a
heteroaromatic moiety (143-147, Figure 27) [47].

The catalytic performances of 143—-147 were examined in
model RCM and CM metathesis reactions under air in commer-
cial grade toluene and compared to benchmark complexes
IndII-SIMes and HGII-SIMes. Under these conditions all the
catalysts tested showed very high activity in RCM transformat-
ions, with the newly developed systems requiring shorter reac-
tion times to give quantitative conversion. In the RCEYM of
127, complexes 143, 146 and 147 were performing less effec-
tively than all the other ones, however, no clear relationship be-
tween heterocyclic substituents and activity can be found. In the
CM of allylbenzene (13) and cis-1,4-diacetoxy-2-butene (14),
all of the new catalysts gave higher amounts of the Z isomer
than IndII-SIMes and HGII-SIMes. Indeed, 143-147 showed
E/Z ratios in the range of 3.2-4.0, while IndII-SIMes and
HGII-SIMes provided E/Z ratios of 9.4 and 9.3, respectively.
The complexes 143—147 displayed also better diastereoselectiv-
ities in the dRRM reaction of 131 (Scheme 12) than the com-
mercial catalysts GII-SIMes, HGII-SIMes and IndII-SIMes.

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

The synthesis of indenylidene and Hoveyda-type complexes
bearing N-phenylpyrrole and N-phenylindole moieties on their
NHCs was also attempted [48]. Most of them revealed difficult
to prepare and unstable apart from the Hoveyda-type com-
plexes 148 and 149 (Figure 28).

%
o Ph N N@
TCI \K\m
/Ru__ /Ru_
c’ | c” |
0 0
148 149

Figure 28: Hoveyda-type complexes 148 and 149 with N-phenyl-
pyrrole, N-mesityl NHCs.

These two systems were tested in standard RCM and CM reac-
tions and complex 148 with a perbrominated N-phenylpyrrole
moiety revealed as more stable and active than its parent cata-
lyst 149. Both complexes were found completely inactive in
RCM at room temperature, becoming active only at higher tem-
perature (80 °C). Computational studies suggested that the
rarely occurring phenyl-ruthenium intramolecular interactions

are responsible for lower stability and slower reaction initiation.

Cl
PCy3 PCy3
143 144
[\ . S\
e N
- Ll Ph - Cl Ph
S : o
PCy3 PCys
145 N/ \N 146
S e
o |
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Figure 27: Indenylidene (143—-146) and Hoveyda-type (147) complexes with N-heteroarylmethyl, N-mesityl NHCs.
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Ruthenium catalysts coordinated with
N-trifluoromethyl benzimidazolidene NHCs
With the goal to develop chemoselective catalysts, ruthenium

complexes containing unsymmetrical N-trifluoromethyl NHCs
were introduced by Togni et al. (150-152, Figure 29) [49].

F3C—NTN—© F3C-N N—©—0F3
R

Cl
Ru:\ Rfj::\
c’ Ph cl’ Ph
PCys PCys
150 151
CF3
F3C-N N@ FsC-N_ _N—">"
:I;ﬂ CF; :Igﬂ
u=\ u:\
c’ Ph cl’ Ph
PCys PCys
152 153
>—N N—@CB, F3C-N N—@—NOZ

Ll Cl
RU::\ Ru_—:\
c’l  Ph c’|  Ph
PCys PCys
154 155

Figure 29: Grubbs-type complexes with N-trifluoromethyl benzimida-
zolidene NHCs 150-153, 155 and N-isopropyl benzimidazolidene NHC
154.

The presence of one N-trifluoromethyl substituent was
supposed to impart positive effects on the catalytic perfor-
mance, influencing both electronic and steric properties of the

NHC ligand. Indeed, as already underlined, in symmetrical

[Ru] (20-100 ppm)

O
J\M/_\(v)/ H,C=CH, 10 bar
EtO 7 7 toluene, 60 °C
156

Scheme 13: Ethenolysis of ethyl oleate 156.
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NHC ruthenium complexes with fluorinated N-aryl groups pre-
viously reported by Grubbs, a Ru—F interaction was considered
as responsible for the observed enhanced metathesis activity
[15]. X-ray crystallographic analysis of complexes 150, 151 and
152 showed a Ru-F interaction in the solid state. All the cata-
lysts were tested in benchmark RCM and CM reactions, where
they displayed no improved performances compared to the
commercial GII-SIMes catalyst. On the other hand, they
showed a remarkable chemoselectivity (up to 97%) in the alter-
nating copolymerization of norbornene (46) and cyclooctene
(47). Moreover, in the ethenolysis of ethyl oleate (156,
Scheme 13), they exhibited good selectivities (80-90%) for the
formation of desired terminal olefins 157 and 158.

Catalyst 154 containing an N-isopropyl group (Figure 29),
which is considered to be sterically equivalent to the N-tri-
fluoromethyl group, disclosed a substantially lower selectivity
in both alternating copolymerization and ethenolysis reaction,
underlining that the electronic effect determined by the strongly
electron-withdrawing CF3 group and/or a Ru-F interaction are
the key factors for achieving a high selectivity in these transfor-
mations and, more general, could be used for modulating cata-
lyst properties.

In another contribution by Coperet, Sigman and Togni, N-CF3
complexes 150-155 (Figure 29) were tested for the ethenolysis
of cyclic olefins to selectively form o,0-dienes, along with
other 23 Ru benzylidene complexes featuring NHC ligands that
differ in steric and electronic properties [50]. It is worth to
underline that this transformation mediated by ruthenium initia-
tors is less well investigated, presumably as a consequence of
the high activity of ruthenium catalysts toward the competitive
ROMP that is leading to low yields of terminal dienes. Among
all the investigated systems, N-CF3 complex 153 emerged as the
best performing catalyst in the ethenolysis of cis-cyclooctene
(47), giving 96% conversion of cyclooctene and 53% selec-
tivity for the ethenolysis product 161 (Scheme 14). Further-
more, catalyst 153 showed no detectable formation of
poly(COE) (163) via ROMP in the absence of ethylene. On the

o}
v EtOJkM7C

157 158

O O
A AR
7 ;| Et07 ] _ Ot

159 160
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Scheme 14: Ethenolysis of cis-cyclooctene (47).

contrary, the benchmark catalyst GII-SIMes displayed only
12% selectivity for the desired product, giving predominantly
poly(COE).

Due to its superior activity, complex 153 was also investigated
in the ethenolysis of more challenging substrates such as
norbornene derivatives, which typically are among the most
popular ROMP monomers because of their high ring strain. The
efficient synthesis of valuable functionalized a,®-dienes was
thus accomplished in useful yields (>70%).

In order to explain the selectivity observed in the ethenolysis of
cyclic olefins, steric and electronic descriptors of the NHC
ligands obtained computationally were evaluated. The main role
in controlling selectivity was ascribed to the m-acceptor ability
of the NHC ligand that becomes more important with dissym-
metric NHCs bearing an N-CF3 group and drives the relative
rate of degenerate metathesis and selectivity in ethenolysis of

cyclic olefins.

Ruthenium catalysts coordinated with
backbone substituted N-alkyl, N-aryl NHCs

Substitution at the backbone positions of the NHC framework
has represented a remarkable advancement in the design of ru-
thenium olefin metathesis catalysts, due to the significant
effects exerted on complexes' stability, reactivity and selec-
tivity [51].

The first example of Cj-symmetric ruthenium catalyst bearing a
backbone-substituted N-alkyl, N'-aryl NHC ligand was reported
by Collins et al. in 2007 (164, Figure 30) [52]. This complex
represented an evolution of the chiral C,-symmetric system pre-
viously proposed by Grubbs (165, Figure 30) [53], in which the
replacement of the phenyl groups on the backbone with the
more encumbered and electron-donating 1,2-di-fert-butyl units
was made with the hope to enhance reactivity and enantioselec-
tivity in Grubbs-type olefin metathesis catalysts. Moreover, in

order to reduce the whole ligand’s bulkiness which could have

/\M;\

161

163
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S S VAN

162

reaction conditions:
[Ru] 210 ppm
C,H4 (10 bar)
toluene, 35 °C

hampered attempts to prepare the catalyst, one of the N-aryl
substituents was replaced with the smaller methyl group.

t-Bu -Bu PI‘L

— '~

TN
QN N— QN N~
T@l R_&\CI

Ru= u=\
c”| Pn c’|  Ph
PCys PCY3

164 165

Figure 30: Grubbs-type C4-symmetric (164) and C,-symmetric (165)
catalysts with a backbone-substituted NHC.

Complex 164 was obtained in poor yield (30%) and character-
ized through NOE and X-ray analysis, revealing the exclusive
formation of the rotational isomer in which the N-methyl lies

over the carbene unit (the syn isomer, Figure 31).

t-Bu t-Bu

e e

Ru=\ Ru=\
CI/ Ph CI/ Ph

PCY3 PCy3

164 164

syn anti

Figure 31: Possible syn and anti rotational isomers of catalyst 164.

The catalytic performances of 164 were tested in the asym-
metric ring-closing metathesis (ARCM) of prochiral trienes
166, 168 and 170 (Scheme 15, Table 6) [52,54] achieving enan-
tiomeric excesses (ee) that were generally lower with respect to
those obtained with the C)-symmetrical analogue 165 [55]
(Table 6).
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Scheme 15: ARCM of substrates 166, 168 and 170.

Table 6: ARCM of prochiral trienes 166,168, and 170 promoted by
catalysts 164 and 165.

entry catalyst substrate additive e (%) conv (%)

12 164 166 none 82 >98
2b NaBr 68 >98
3p Nal 48 >98
4a 164 168 none 28 >98
5p NaBr 34 >98
6P Nal 42 41

72 164 170 none 60 >98
8b NaBr 64 93

gp Nal - -

102 165°¢ 166 none 35 >98
110 Nal 90 >98
120 165° 168 Nal 90 >98
13b 165° 170 Nal 85 5

aCatalyst 2.5 mol %, solvent CH,Cly; Pcatalyst 4 mol %, solvent THF
[54]; “[55].

The size of the ring formed was found to have a crucial influ-
ence on the enantioselectivity of the reaction with the enan-
tiomeric excesses decreasing when passing from five to six and
seven-membered rings (Table 6, entries 1, 4 and 7). The use of
halide additives such as NaBr and Nal was also found to be de-
pendent on the size of the ring formed, affecting both conver-
sions and enantiomeric excesses with controversial results
(Table 6). It should be underlined that the ambiguous halide in-
fluence constitutes a relevant difference between 164 and 165.
In fact, for the latter, the employment of halide additives had
always a beneficial effect on the enantioselectivity [55].

The product ring size dependence observed in the desym-
metrization of 166, 168 and 170 with 164 was explained consid-
ering that an NHC rotation is possible during the catalytic cycle
and that 166, 168 and 170 should have different relative rates of
cyclization. If the cyclization is slow, for instance in the case of
seven-membered ring alkenes, an NHC rotation could occur
during the catalytic cycle, thus determining a decrease of the

enantiomeric excesses.
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Rotation of the NHC ancillary ligand was detected in the case
of 172, the Hoveyda-type analogue of 164 (Figure 32), for
which a room temperature interconversion between syn and anti
rotamers, observed at a ratio of 7.8:1, was revealed by NOE ex-
periments. Surprisingly, despite such rotation the reactivity
profiles and the enantioselectivities observed for 164 and 172 in
the desymmetrization of 166 and 170 were comparable. This
suggested that the reaction occurs faster when the N-methyl
group is syn to the ruthenium—carbene than when the N-aryl
group is located syn to the ruthenium—carbene moiety.

! t-Blg: t-Bu
| i N

NN
Te

Ru= Ru=
c | a|

O ‘<O

172 172

syn anti

t- t- -B -Bu
t- Bu

RU'—\ RU'—\
PCy3 PCYs
173 174

syn/anti 16:1 syn/anti 3.9:1

Figure 32: Hoveyda (172) and Grubbs-type (173,174) backbone-
substituted Cq-symmetric NHC complexes.

In order to try suppressing the NHC rotation during the catalyt-
ic cycle, catalysts 173 and 174, possessing additional substitu-
ents on the N-aryl group, were synthesized in moderate yields
(42-44%, Figure 32). Both complexes were isolated as a mix-
ture of rotamers, with a prevalence of the syn isomer and no
interconversion between the syn/anti rotational isomers was
detected at room temperature [54]. The catalytic behaviors of
173 and 174 were tested in a series of model ARCM reactions
and similar or improved performances with respect to 164 and
172 were noticed, suggesting that the significant reactivity

could result from the major syn isomer.

It is noteworthy that complex 174 was found to be very compe-
tent also in cyclizations to form six and seven-membered ring
olefins (175 and 177, Scheme 16), conversely to the other
C-symmetric systems previously reported. On the other hand,
coherently with 164 and 172, the best results were achieved
without the use of any halide additive.
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vinylcyclohexane
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0.012M 180
conv 38%
ee 80%

Scheme 16: ARCM of 175,177 and 179 with catalyst 174.

The unsymmetrical NHC catalysts 164, 173 and 174 were also
examined in the asymmetric synthesis of [7]helicene (180).
Among them, complex 174 exhibited the highest degree of
selectivity, leading to the desired product with an enantiomeric
excess of 80% [56]. An extension of this study, which exam-
ined the effect of the nature of the N-alkyl group on the com-
plexes' efficiencies, was published a few years later by the same
group [57]. In this paper, new Cj-symmetric NHC ruthenium
catalysts 181-184 bearing the more encumbered N-propyl or
N-benzyl substituents were presented. All catalysts were ob-
tained as a mixture of syn/anti rotational isomers (Figure 33).

The catalytic efficiency of these complexes was generally lower
with respect to their N-methyl analogues, both in terms of reac-
tivity and enantioselectivity. However, despite this disadvan-
tage, they showed an improved thermal and solution stability
which allowed their application also in the ARCM forming
tetrasubstituted alkenes, a reaction never examined so far with
this family of complexes [58]. In particular, using a sample of
catalyst 184 enriched in the anti rotational isomer (syn/anti 1:8),
the hindered cycloolefins 186 and 188 were obtained with enan-
tiomeric excesses of 71 and 78%, respectively (Scheme 17).

More recently, Grisi and co-workers investigated new Grubbs-
type C-symmetric catalysts bearing methyl or cyclohexyl as
the N-alkyl group and two phenyl units in syn or anti relative

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

-B -Bu t-B -Bu
t-Bu,
:§ 1 :§ Yo
Ru—-\ RU—-\
Ph Ph
PCY3 PCy3

181
syn/anti > 95:5

182
synl/anti 1:1.3

-B t-Bu t-B -Bu
t-Bu,
©¢ Tc@ @? TC@
PCy3 PCY3
183 184

syn/anti 1:1 syn/anti 1:0.7

Figure 33: Grubbs-type C1-symmetric NHC catalysts bearing N-propyl
(181, 182) or N-benzyl (183, 184) groups on the NHC.
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184 (2.5 mol %) p O
CH,Cl, —

30°C,3h
0.055 M 186
conv 50%
ee 71%

0

184 (2.5 mol %)

j‘)\E C6H6 NS
60 °C,6h
0.055 M
188
conv > 47%
ee 78%

Scheme 17: ARCM of 185 and 187 promoted by 184 to form the
encumbered alkenes 186 and 188.

configuration on the backbone positions (189—-192, Figure 34)
[59,60]. These complexes were tested in several model RCM,
ROMP and CM transformations and the size of the N-alkyl
group and the backbone configuration seemed to determine the
different catalytic behaviors. The most significant reactivity
differences between catalysts having syn or anti phenyl groups
on the backbone were observed in the presence of an N-cyclo-
hexyl substituent. In particular, the N-cyclohexyl anti catalysts
192a and 192b showed high efficiencies in almost all tested me-
tathesis transformations, especially in the most challenging
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RCM reactions of hindered diolefins in which they rival the
commercial second generation Grubbs and Hoveyda—Grubbs
catalysts. On the other hand, in the CM of 13 and 14
(Scheme 4), syn catalysts 191a and 191b gave the most interest-
ing results, leading to the desired cross product 15 in a lower
E/Z ratio with respect to the anti congeners 192a and 192b
(E/Z = 3.6 and 8.5 with 191a and 192a, respectively; E/Z=2.6
and 7.6 with 191b and 192b, respectively).

PQ}——éiEL Ph}——{EEL

N NS NN
T ¢
Ru—= Ru=
o’ Ph o |
PCy3 (0]
189a 189b

NN __N\T/N__<:::>
el Ll
Ru =\ Ru=
c’|  Pn o |
PCY3 (0]
190a 190b

.Cl Cl
Ru=— Ru=
c’|  Ph o |
PCY3 0}
191a 191b
" R
e O-o
Ll Kel
Ru—= Ru=
c’|  Ph o’
PCys 0
192a 192b

Figure 34: N-Alkyl, N*-isopropylphenyl NHC ruthenium complexes with
syn (189, 191) and anti (190, 192) phenyl groups on the backbone.

The effect of the NHC backbone configuration on the catalytic
properties has been justified considering a more electron-donat-
ing nature of the anti ligand with respect to the syn ligand, as
suggested by experimental and theoretical studies on the steric

and electronic properties of N-cyclohexyl, N’-isopropylphenyl

Beilstein J. Org. Chem. 2018, 14, 3122-3149.

NHC ligands of 191 and 192 evaluated using the corresponding

rhodium complexes [60].

A development of this study, which considered the utilization of
other N-alkyl (neopentyl and neophyl) and N-aryl (mesityl) sub-
stituents, was published later [61]. Among these novel
Hoveyda-type catalysts 193—-198 (Figure 35), 198 was of partic-
ular interest due to its excellent thermal stability in solution and
to the high efficiency in the ethenolysis of ethyl oleate (156,
Scheme 13). In this reaction, performed under neat conditions at
50 °C and at a catalyst loading of 100 ppm, 198 gave up to 90%
selectivity towards ethenolysis products 157 and 158 with a
TON of 4400. At a lower catalyst loading (20 ppm), the same
catalyst showed 83% selectivity with a TON of 7500, thus
giving the best result reported up to now for ethenolysis reac-
tions performed with N-alkyl, N'-aryl NHC ruthenium catalysts.

P hHﬂ PI‘l/_{ﬂ
= &

/RG = /Ru~
c’ | o’ )=
(0] (0] \
193 194

Ru= Ri—
| = o |
‘<O \ / _<O

195 196
Ph Ph Ph}}_{Ph

\T;CI \ng

Ru= Ru=
o | o |
4<O ‘<O

197 198

Figure 35: Hoveyda-type complexes 193—198 bearing N-alkyl, N*-aryl
backbone-substituted NHC ligands.

All the aforementioned catalysts with an anti NHC backbone
configuration (190, 192, 194, 196 and 198) were tested in
model ARCM and AROCM reactions displaying moderate en-
antioselectivities [60,61]. In the ARCM of 166, differently from
the other Cj-symmetric catalysts reported by Collins [52,54],
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enantiomeric excesses were found to increase with the use of
the halide additive. Interestingly, a pronounced efficiency
towards the ring closing of the hindered alkene 199 was also
observed (Scheme 18).

R

192b (2.5-4 mol %)

CH20|2 or THF
40°C,20r3h
0.055 M

167 R=H
ee 19% (no additive)
ee 52% (Nal)

200 R=Me
ee 42% (no additive)

166 R=H

199 R = Me conv > 98%

conv > 95

conv > 95%

Scheme 18: ARCM of 166 and 199 promoted by 192b.

In another contribution, the same group extended the feasibility
in asymmetric metathesis transformations also to Cj-symmetric
NHC catalysts bearing syn-related phenyl substituents on the
backbone, that were obtained for the first time in an enan-
tiopure form (201a and 201b, Figure 36) [62]. These com-
plexes were tested in model ARCM of trienes 166 and 199

showing moderate enantioselectivities (14—44% ee).

Ph  Ph Ph
- —
(v~ (O
Ic \R(cn
U= u
a’l ph o | “en
PCy3 PCy3
201a 201b

Figure 36: Enantiopure catalysts 201a and 201b with syn phenyl units
on the NHC backbone.

Ruthenium catalysts coordinated with
backbone monosubstituted N-aryl, N’-aryl
NHCs

In 2010, Blechert and co-workers synthesized a new type of
chiral NHC ruthenium catalysts containing a monosubstituted
backbone and two different N-aryl groups (202-204, Figure 37)
[63]. The idea behind this new category of compounds lied in
the possibility of an efficient transfer of chirality from the back-
bone group to the metal center through a significant twisting of
the monosubstituted arene unit. Additionally, the presence of
the flat mesityl segment as the other N-aryl substituent could
avoid steric hindrance reducing the reactivity.

Beilstein J. Org. Chem. 2018, 14, 3122-3149.
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Figure 37: Backbone-monosubstituted catalysts 202—-204.

The catalysts 202-204 were tested in model ARCM and
AROCM reactions. In the latter transformation, they were found
to be highly efficient showing both excellent enantioselectivity
and E-selectivity. In the AROCM of 75 with styrene (Scheme 8,
reaction performed at —10 °C using 5 equiv styrene and
1 mol % of the catalyst), complex 204 gave the desired product
76 in >98% conversion, 93% ee and E/Z ratio > 30:1.

Pursuing on this concept, the same group subsequently
published novel chiral backbone-monosubstituted NHC com-
plexes in which a bridge connecting the N-aryl group and the
backbone unit makes aryl rotation no longer possible, thus
creating a rigid environment in the surroundings of the alkene
coordination sphere (205a,b, Figure 38) [64].

RU::\

c’ Ph |
PCys o)
205a 205b

Figure 38: Grubbs (205a) and Hoveyda-type (205b) backbone-mono-
substituted catalysts.

The performances of these catalysts in AROCM transformat-
ions were comparable with those of the congeners 202-204
albeit they showed a lower E-selectivity. These systems were
successfully employed for the first time in the AROCM of 206
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with allyltrimethylsilane. Indeed, using catalyst 205a, both £
and Z geometric isomers of the desired cross product 207 were

obtained in a high degree of enantioselectivity (Scheme 19).

/\/SiMeg
(2 equiv)
205a (3 mol %)

=

CH,Cl,

/l"’-Od‘\\\,\i‘"\SiMea

¥z ‘-’\ / -:'\
O/\N/\O i, 96 h O/\N/\O
t-Bu 0.04 M t-Bu
206 207

conv > 96% ee 98% (E)
ElIZ 21 ee 92% (Z)

Scheme 19: AROCM of 206 with allyltrimethylsilane promoted by
catalyst 205a.

Conclusion

In the last decades, a wide array of olefin metathesis ruthenium
catalysts coordinated with monodentate unsymmetrical
N-heterocyclic diaminocarbene ligands have been developed.
The introduction of this class of second generation catalysts,
especially those containing alkyl, aryl substituted NHCs, has
offered new opportunities for various metathesis applications,
giving access, for instance, to highly selective alternating ring-
opening metathesis polymerization, ethenolysis reactions or self
metathesis of a-olefins. Both steric and electronic properties of
the unsymmetrical NHCs appear to influence stability, activity
and selectivity of the resulting ruthenium complexes. Therefore,
the possibility to further modify the NHC ligand architectures
creating new steric and electronic environments around the ru-
thenium center represents one of the most appealing topic on
which research efforts should be focused. The development of
tailor-made unsymmetrical NHC ruthenium systems is desir-
able to improve the efficiency in targeted metathesis reactions
of not only academic but also industrial interest.
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At 0 °C in THF in the presence of Grubbs first generation catalyst, cyclobutene derivatives undergo ROMP readily, whereas

norbornene derivatives remain intact. When the substrate contains both cyclobutene and norbornene moieties, the conditions using

THF as the solvent at 0 °C offer a useful protocol for the selective ROMP of cyclobutene to give norbornene-appended polycy-

clobutene. Unsymmetrical ladderphane having polycyclobutene and polynorbornene as two strands is obtained by further ROMP of

the norbornene appended polycyclobutene in the presence of Grubbs first generation catalyst in DCM at ambient temperature.

Methanolysis of this unsymmetrical ladderphane gives polycyclobutene methyl ester and insoluble polynorbornene-amide-alcohol.

The latter is converted into the corresponding soluble acetate. Both polymers are well characterized by spectroscopic means. No

norbornene moiety is found to be incorporated into polycyclobutene strand at all. The double bonds in the polycyclobutene strand

are mainly in cis configuration (ca 70%), whereas the E/Z ratio for polynorbornene strand is 8:1.

Introduction

Ring-opening metathesis polymerizations (ROMP) of strained
cycloalkenes offer a powerful arsenal for the synthesis of poly-
mers having a variety of fascinating properties [1-3]. To illus-

trate this, polynorbornenes and polycyclobutenes are readily ob-

tained from the corresponding monomeric norbornene and
cyclobutene derivatives under various conditions. Symmetrical
DNA-like double stranded ladderphanes are conveniently syn-
thesized from bisnorbornene [4-15] or from biscyclobutene [16]
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linked with a range of different rigid linkers. When a flexible
linker is used, bisnorbornene derivatives undergo cascade meta-
thetical cyclopolymerization giving the corresponding polynor-
bornenes with hammock-like pendants [17,18]. Unsymmetrical
polynorbornene-based ladderphane is obtained by a replication
protocol from a single stranded polynorbornene [19,20]. Alter-
natively, sequential polymerization of a monomer containing a
norbornene moiety and other polymerizable group furnishes an
unsymmetrical ladderphane having two structurally different
polymeric backbones [21,22]. It seems to be not easy if both
strands are arisen from different strained rings by ROMP. It is
known that norbornenes having different substituents would
have different reaction rates in ROMP [23]. These discrepan-
cies in reactivity have been used for sequence control in
polymer synthesis [24]. Since the first living ROMP methods
for cyclobutenes were reported in 1992 [25], cyclobutene-con-
taining block copolymers are well documented [26-34]. Alter-
nating cyclobutene—cyclohexene copolymers have been synthe-
sized by ROMP of the corresponding monomers [31-33]. How-
ever, to the best of our knowledge, selective ROMPs between

cyclobutene and norbornene have not been reported.

The strain energies for norbornene and cyclobutene are 25 and
31 kcal/mol, respectively [35]. It is therefore envisaged that
cyclobutene would react faster than norbornene under certain
ROMP conditions. As such, when monomer 1 containing a
cyclobutene moiety and a norbornene moiety connected by a
bridge are subjected to ROMP, it would be feasible that the
cyclobutene moiety would react preferentially giving the corre-
sponding norbornene-appended polycyclobutene 2. After all
cyclobutene moieties have been consumed and quenched,
further ROMP of 2 under different conditions would afford un-
symmetrical double-stranded ladderphane 3 having both poly-
cyclobutene and polynorbornene as two polymeric frameworks
(Scheme 1). We have tested this viewpoint and now wish to
report sequential ROMP of monomers containing both
cyclobutene and norbornene moieties tethered by a linker.

Results and Discussion

A comparison of the reactivity of cyclobutene
versus norbornene derivatives 4 and 5 in
ROMP catalyzed by Grubbs | catalyst (6)

In the beginning of this study, we have examined the first order
reaction kinetics of ROMPs of 4 and of 5 in the presence of
10 mol per cent of Grubbs first generation catalyst (6) [36] in
DCM at 10 °C [37]. The rate constants for the reactions
of 4 and 5 were 1.3 x 1073 and 5.1 x 107* 57!, respectively.
On the other hand, when the reaction was carried out in
THF-dg at 273 K, the second order rate constant for 4 was

2.1x1073 M_ls_l, whereas norbornene derivative 5 was inert

Beilstein J. Org. Chem. 2019, 15, 44-51.
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Scheme 1: Strategy for sequential ROMP of 1 to yield 3.

under these conditions. The details are described in the Experi-
mental section and Supporting Information File 1 (Figures S1,
S2 and S8-S10).

It has been suggested that the metathesis reaction may involve a
fourteen-electron ruthenium species as the active catalyst
[38-40]. This active species might be stabilized when the reac-
tion is carried out in polar solvent having weak coordination
ability such as THF [41-43]. As mentioned above, the differ-
ence in reactivity between the ROMP of 4 and 5 in THF at 0 °C



would offer useful conditions to selectively react with 4 in the
presence of 5. Thus, a mixture of an equal molar of 4 and 5 was
treated with 10 mol % of 6 in THF-dg at 0 °C. Only 4 was con-
sumed to give the corresponding polymer 7, whereas 5
remained intact (Scheme 2). This promising observation
prompted us to pursue the synthesis of unsymmetrical double-
stranded ladderphane 8 by sequential ROMPs of 9 (Scheme 3).

Synthesis of monomer 9

4-Aminobutanol (11) was used to link norbornene and
cyclobutene moieties via amide and ester groups. The use of
such a linker is because the ester group could be selectively
hydrolyzed in the presence of amides. This selectivity will be
helpful for the structural elucidation of polymer 8. Thus, 10b
was allowed to react with 11 to afford amide-alcohol 12 in
79% yield. Esterification of 12 with 13b furnished 70% yield of
monomer 9 (Scheme 4).

Synthesis of unsymmetrical ladderphane 8
by sequential ROMPs catalyzed by 6

Polymerization of monomer 9 in the presence of 10 mol % of 6
was performed in THF at 0 °C for 4 h, followed by quenching
with ethyl vinyl ether to give polymer 14 in 86% yield
(Scheme 5). It is worth noting that no incorporation of the
norbornene moiety into the polymeric backbone under these
conditions was observed. The 'H NMR spectrum of 14 shows
the olefinic proton signals at § 5.49 and 6.12 ppm in 1:1 ratio.
These signals were assigned to the absorptions of olefinic
protons on the polymeric backbone and the olefinic proton of
unreacted norbornene pendants, respectively. In the 13C NMR
spectrum, the peak at 6 139 ppm owing to the olefinic carbon of

|
CHPh

Scheme 3: Retrosynthesis of 8 from 9.
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Scheme 2: ROMP of 4 and 5 in THF at 0 °C in the presence of
10 mol % of 6.

cyclobutene shifts to & 130 ppm due to ring opening, whereas
the olefin carbon of the unreacted norbornene moiety at
8 136 ppm remained unchanged after first polymerization.
These observations are consistent with the results of our prelim-
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Scheme 5: Synthesis of 14 and 8 by selective olefin metathesis.
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inary studies that only the cyclobutene moiety, but not
norbornene in 9, proceeds 6-catalyzed ROMP under these
conditions. The degree of polymerization of 14 was estimated to
be 10 based on the 'H NMR integration of relevant peaks.

We have previously found that two norbornene derivatives
connected by a flexible linker 15 may undergo cascade ring-
opening-ring-closing metathesis polymerization to give single-
stranded hammock-like appended polynorbornenes 17
(Scheme 6) [17,18]. The linker in 8 is flexible, and, therefore,
the possibility for similar intramolecular metathesis cyclopoly-
merization might take place to form intermediate 16 for further
transformations. However, no such reaction was observed in
this study. Presumably, the 6-catalyzed metathesis reactivity of
cyclobutenes would be much higher than that of norbornene de-
rivatives. Accordingly, intermolecular metathesis reaction be-
tween two cyclobutene moieties would be favored over intra-
molecular ring-closing metathesis between a ruthenium carbene
and the norbornene moiety.
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Scheme 6: Cyclopolymerization of 15 with a flexible linker.

Polymer 14 was treated with 10 mol % 6 in DCM at rt to give 8
in 95% yield. The 'H NMR spectrum of 8 shows that the rela-
tive intensity of the signals around 6 5.4 ppm was doubled, all
signals due to olefinic protons in 9 and 14 being diminished.
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Scheme 7: Methanolysis of unsymmetrical ladderphane 8.
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Methanolysis of unsymmetrical ladderphane
8

In order to confirm the uniformity of the polymerization leading
to the formation of unsymmetrical ladderphane 8, methanolysis
of 8 with NaOMe in methanol at rt gave 7 and 18. Chloroform
was then added and 18 was collected as a grayish precipitate in
56% yield. After filtration, the filtrate was worked up to afford
7 in 64% yield with a degree of polymerization of 10
(M, = 2500, PDI = 1.11), in good agreement with those of 14
and 8. The '3C NMR spectrum of 7 shows two peaks at 5 40.6
and 45.4 ppm, attributed to the allylic carbons attached to a cis
and a trans double bond [13], respectively, and the relative ratio
of these two peaks is roughly 7:3. This result suggests that
about 70% of the double bonds in 7 might adopt cis configura-
tion. Moreover, no norbornene moiety was detected by NMR on
the polymeric backbones in 7 (Scheme 7).

Since 18 was insoluble in most organic solvents, acetylation of
18 with excess acetic anhydride and pyridine at 70 °C for 10 h
gave the corresponding acetate 19, which had good solubility in
DCM or chloroform. GPC analysis showed that the degree of
polymerization of 19 (DP = 10, PDI = 1.24) was again compa-
rable with that of the corresponding ladderphane 8, polycy-
clobutene 7 and 14.

The 'H NMR spectrum of 19 shows peaks at § 5.6 and 5.3 ppm
attributed to trans and cis olefinic protons, respectively, in a
ratio of 8 to 1. It is well documented that 6-catalyzed ROMP of
N-arylpyrrolidene appended norbornene gives polynorbornene
with all double bonds in trans configuration [44-46]. The exis-
tence of both Z- and E-double bonds in the parent polycy-
clobutene backbone in 14 may influence the stereoselectivity of

the polynorbornene strand in 7 during the course of ROMP.

Conclusion
In summary, we have demonstrated useful ROMP conditions to
selectively transform cyclobutene derivatives into the corre-

an

NH
O
RO o
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sponding polycyclobutenes in THF at 0 °C, whereas the corre-
sponding norbornene skeleton appears to be unreactive under
these conditions. This protocol has been used for the selective
synthesis of unsymmetrical ladderphane having polycy-
clobutene in one strand and polynorbornene in the other.
Further applications of this selectivity to other systems are in
progress in our laboratory.

Experimental

General

Unless otherwise specified, all commercially available starting
materials were used without further purification. All air and
moisture-sensitive reactions were carried out under an atmo-
sphere of dry nitrogen in a glove box. All 'H and 13C NMR
spectra were recorded on a Varian 400 Unity Plus NMR spec-
trometer using CDClj as solvent at ambient temperature. Chem-
ical shifts were expressed in parts per million using residual sol-
vent protons as internal standards ('H: chloroform: 7.26 ppm).
Gel permeation chromatography (GPC) was performed on a
Waters GPC instrument equipped with Waters 1515 HPLC
pump using Waters 2487 absorbance detector. Polymer
(approximately 0.5 mg) in THF (0.1 mL) was filtered through a
0.5-micron filter and 20 pL of the sample was injected into
Shodex KF-G, Styragel HR2, Styragel HR3 and Styragel
HR4 column (7.8 x 300 mm) with oven temperature at
40 °C using standard polystyrene samples (1.84 x 10° to
996 Da) for calibration. THF was used as eluent (flow rate
1.0 mL/min).

Synthesis of 12. Under N, atomosphere, to 10a (560 mg,
2.2 mmol) in DCM (20 mL) was added oxalyl chloride (0.4 mL,
4.3 mmol) at 0 °C. The mixture was gradually warmed to rt and
then stirred for 1 h. The solvent was removed in vacuo to give
the crude acyl chloride 10b, to which was added DCM (15 mL),
DMAP (60 mg, 0.5 mmol) and Et3N (2.0 mL, 15 mmol).
4-Amino-1-butanol (11, 178 mg, 2.0 mmol) was then added
slowly at 0 °C. After stirring for 8 h at rt, the mixture was
poured into H,O (50 mL) and DCM (50 mL). The organic layer
was separated, washed with brine (100 mL) and dried (MgSQy).
The solvent was removed in vacuo and the residue was chro-
matographed on silica gel (DCM/MeOH 20:1) to afford 12
(515 mg, 79%). mp 207-209 °C; IR (KBr): v 3455, 3306, 3056,
2940, 2867, 1606, 1554, 1514, 1473, 1379, 1309, 1199, 1130,
1047, 969, 826, 768, 733, 683 cm™!'; 'H NMR (400 MHz)
8 1.52 (d, J= 8.4 Hz, 1H), 1.61-1.70 (m, 6H), 2.92-2.99 (m,
4H), 2.98-2.99 (m, 2H), 3.09 (m, 2H), 3.25-3.30 (m, 2H),
3.47-3.48 (m, 2H), 3.71 (t, J= 5.6 Hz, 2H), 6.15-6.16 (m, 3H),
6.39 (d, J = 9.0 Hz, 2H), 7.61 (d, J =9.0 Hz, 2H); 13C NMR
(100 MHz): 6 26.8, 30.1, 39.8, 45.6, 46.8, 50.6, 52.2, 62.3,
110.7, 120.1, 127.9, 135.3, 148.9, 167.1; HRMS (FAB, m/z):
caled for CyoHy6N20», 326.1994; found, 326.1997.
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Synthesis of 9. Under N, atomosphere, to 13a (321 mg,
1.4 mmol) in DCM (20 mL) was added oxalyl chloride (0.4 mL,
4.3 mmol) at 0 °C. The mixture was gradually warmed to rt and
then stirred for 1 h. The solvent was removed in vacuo to give
the crude acyl chloride 13b, to which was added DCM (15 mL),
DMAP (60 mg, 0.5 mmol) and Et3N (2.0 mL, 15 mmol). Com-
pound 12 (522 mg, 1.6 mmol) was then added slowly at 0 °C.
After stirring for 8 h at rt, the mixture was poured into H,O
(50 mL) and DCM (50 mL). The organic layer was separated,
washed with saturated brine (100 mL) and dried (MgSOy). The
solvent was removed in vacuo and the residue was chro-
matographed on silica gel (DCM/MeOH 20:1) to afford 9
(512 mg, 70%). mp 238-240 °C; IR (KBr): v 3333, 3051, 2949,
2843, 1699, 1606, 1547, 1511, 1473, 1376, 1274, 1216, 1180,
1106, 1050, 963, 828, 769, 740 cm™!; 'H NMR (400 MHz)
8 1.51 (d, J=8.2 Hz, 1H), 1.61 (d, J=8.2 Hz, 1H), 1.72-1.85
(m, 4H), 2.92-2.98 (m, 6H), 3.07-3.09 (m, 2H), 3.25-3.29 (m,
2H), 3.49-3.56 (m, 4H), 3.65 (d, J = 10.0 Hz, 2H), 4.30 (t,
J = 6.4 Hz, 2H), 6.03 (m, 1H), 6.13-6.15 (m, 4H), 6.38 (d,
J=8.6 Hz, 2H), 6.62 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.6 Hz,
2H), 7.87 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz) § 26.4,
26.6,39.4,45.3,46.4, 46.5, 48.8, 50.4, 52.0, 63.7, 110.8, 111.8,
117.5, 120.4, 128.0, 130.9, 135.5, 139.1, 149.1, 152.9, 166.6,
167.1; HRMS (FAB, m/z): calcd for C33H37N303, 523.2835;
found, 523.2839.

Synthesis of 14. Under N, atomosphere, to a solution of 9
(84.0 mg, 0.16 mmol) in THF (10 mL) was added 6 (12.8 mg,
0.016 mmol) in THF (1 mL) at 0 °C. After stirring at 0 °C for
4 h, ethyl vinyl ether (1.0 mL) was then added and stirring was
continued at 0 °C for 2 h. The mixture was concentrated and the
residual solution was added to methanol. The precipitate was
collected and redissolved in DCM. Reprecipitation by adding
the DCM solution to methanol afforded 14 as a grayish powder
(74.8 mg, 89%). IR (KBr): v 3350, 3054, 2954, 2847, 1695,
1605, 1512, 1476, 1381, 1275, 1179, 1107, 967, 827, 768, 733,
698 cm™!; TH NMR (400 MHz) & 1.51-1.72 (m, 6H), 2.92-3.48
(m, 16H), 4.26 (br, 2H), 5.49 (m, 2H), 6.12 (br, 2H), 6.36 (m,
5H), 7.63 (br, 2H), 7.86 (br, 2H); degree of polymerization (DP)
analysis: 8 7.86/8 5.07 = 10, indicating a DP of 10; 13C NMR
(100 MHz) 6 26.6, 39.6, 40.9, 45.5, 46.6, 50.5, 52.1, 52.9, 64.0,
110.5, 110.9, 117.0, 120.5, 128.2, 129.8, 131.3, 135.6, 149.2,
150.2, 166.8, 167.4.

Synthesis of 8. Under N, atomosphere, to a solution of 14
(62.8 mg, 0.12 mmol) in DCM (40 mL) was added 6 (9.6 mg,
0.012 mmol) in DCM (5 mL). After stirring at rt for 4 h, ethyl
vinyl ether (0.5 mL) was then added and stirring was continued
for 30 min. The mixture was concentrated and the residual solu-
tion was added to methanol. The precipitate was collected and
redissolved in DCM. Reprecipitation by adding the DCM solu-
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tion to methanol afforded 8 as a grayish powder (59.7 mg,
95%). IR (KBr): v 3373, 3054, 2929, 2849, 1694, 1605, 1512,
1478, 1381, 1274, 1179, 1106, 966, 827, 767, 733, 697 cm™!;
TH NMR (400 MHz) & 1.47 (br, 1H), 1.82 (m, 5H), 2.88-3.49
(m, 16H), 4.27 (br, 2H), 5.47 (m, 4H), 6.49 (m, 5H), 7.67-7.89
(m, 4H); DP analysis: 8 4.27/8 5.05 = 11, indicating a DP of 11.
13C NMR (100MHz) 5 26.6, 40.0, 46.1, 49.7, 53.2, 63.7, 110.6,
111.8, 116.9, 121.8, 126.0, 128.5, 131.3, 136.5, 138.7, 150.1,
166.7, 167.5.

Synthesis of 7 and 18. To a solution of 8 (52 mg, 0.1 mmol
[calculated based on the molecular weight of the monomeric
unit]) in DCM (20 mL) was added 30% NaOMe in methanol
(6 mL). The mixture was stirred at 50 °C for 20 h and cooled to
rt. The insoluble solid residue was collected and dried to give
crude 18 as a grayish solid (18 mg, 56%). After filtration, the
filtrate was washed with water and dried (MgSQOy4). The mix-
ture was concentrated and the residual solution was added to
methanol. The precipitate was collected and redissolved in
DCM. Reprecipitation by adding the DCM solution to metha-
nol afforded 7 as a grayish powder (21 mg, 64%). IR (KBr):
v 3066, 2951, 2862, 1702, 1605, 1524, 1478, 1434, 1383, 1281,
1180, 1108, 970, 828, 769, 698, 507 cm™'; 'H NMR (400 MHz)
8 3.02-3.49 (m, 6H), 3.86 (br, 3H), 5.49 (m, 2H), 6.43 (br, 2H),
7.87 (br, 2H), DP analysis by integration of peaks at
8 6.43/5 5.06 = 10, indicating a DP of 10. 13C NMR (100 MHz)
8 40.8, 45.8, 51.6, 52.7, 110.5, 117.1, 128.4, 129.7, 131.3,
150.2, 167.2. GPC: M, = 2500, M,, = 2800 , PDI = 1.11.

Synthesis of 19. A mixture of crude 18 (16 mg, 0.05 mmol),
obtained from the above experiment, in Ac,O (0.5 mL) and
pyridine (5 mL) was stirred at 70 °C for 10 h. The solvent was
concentrated and the residue was dissolved in CHCl3 (15 mL)
and washed first with diluted HCI (pH 3) and then with water.
The organic solvent was concentrated and the residual solution
was added to methanol. The precipitate was collected and redis-
solved in CHCI3. Reprecipitation by adding the CHCl3 solution
to methanol afforded 19 as a grayish powder (12 mg, 63%).
TH NMR (400 MHz) § 1.73 (br, 6H) 2.05 (s, 3H), 2.73-3.62 (m,
10H), 4.07 (br, 2H), 5.50 (m, 2H), 6.48 (br, 2H), 7.73 (br, 2H),
DP § 5.50/8 5.05 = 10, indicating a DP of 10. !13C NMR
(100 MHz) 6 21.1, 28.0, 39.7, 45.0, 46.5, 50.8, 64.3, 112.2,
121.9, 128.5, 131.8, 132.0, 150.5, 168.1, 171.6.

General procedure for kinetic measurements

Monomer 4 or 5 (0.03 mmol) was dissolved in DCM-d, or
THF-dg (0.5 mL) and was syringed into an NMR tube inside a
glove-box under nitrogen atmosphere. The NMR tube was then
covered with a standard tube cap and placed in the NMR spec-
trometer. The tube was left to equilibrate at the desired tempera-

ture and all parameters were adjusted. A solution of 6 (24 mg in
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1.0 mL of the same solvent) was prepared under nitrogen atmo-
sphere prior to the reaction. Catalyst 6 (10 mol %) was syringed
into the NMR tube which was immediately put in the NMR
probe again. The reaction was monitored by the decrease of the
peak intensity for H-2 using the peaks for H-1 and H-1" as the
internal reference (Supporting Information File 1, Figures
S8-S10). The spectra were recorded every ten to twenty
minutes interval depending on the reaction (Figures S8-S10).

The rate constants were thus obtained (Figures S1 and S2).

Supporting Information

Supporting Information File 1

'H and 13C NMR spectra of both monomers and polymers,
as well as GPC and kinetic investigation results.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-4-S1.pdf]
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The influence of microwave and ultrasonic irradiation on the performance of ammonium-tagged Ru-based catalysts in olefin me-

tathesis transformations in aqueous media was studied. Differences in the catalytic activity in correlation with the nature of the

present counter ion and the size of the N-heterocyclic carbene (NHC) ligand were revealed. The presented methodology allows for

preparation of a variety of polar and non-polar metathesis products under environmentally friendly conditions.

Introduction

Olefin metathesis is well established as a powerful transformat-
ion used for effective and elegant creation of new carbon—car-
bon double bonds [1,2]. The development of commercially
available, stable and effective catalysts for that reaction [3-6]
made possible for its wide application not only in academia but
also in industry [7-12]. However, there is still a large interest in
improving the catalytic activity of the existing Ru-based me-
tathesis catalysts as there is no universal catalyst for all the me-
tathesis transformations. This is especially true for olefin me-

tathesis reactions carried out with the use of green solvents, for

which there is currently an increasing demand, especially in
industrial practice, as a replacement for those with major regu-
latory issues such as chlorinated (dichloromethane, 1,2-
dichloroethane) or aromatic solvents (toluene, benzene) [13-16].
In that aspect olefin metathesis in aqueous media appears to be
an interesting alternative, especially in the case of preparation
of biologically important molecules [17-20] as well as of highly
polar compounds. Thus far, several strategies were applied to
facilitate olefin metathesis in water including the development
of specially designed water-soluble catalysts [21-28], addition

160


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:tomasz.olszewski@pwr.edu.pl
https://doi.org/10.3762%2Fbjoc.15.16

of organic solvents [29-31], or use of additives such as for ex-
ample calixarenes or cyclodextrins [32,33], chloride salts [34],
vitamin E-based amphiphiles [35], dodecyltrimethylammonium
bromide (DTAB) [36], polymerised cyclooctadiene (COD) and
cyclooctene (COE) [37], sodium dodecyl sulphate (SDS) [38]
or DL-a-tocopherol methoxypolyethylene glycol succinate solu-
tion (TPGS-750-M) [39], to improve the solubility of reacting
species and/or performance of the catalyst. Recent progress in
the flourishing field of micellar catalysis and the use of surfac-
tants that self-aggregate in water into micelles in which the
hydrophobic core provides an environment for effecting homo-
geneous reactions between organic molecules has been
reviewed by Scarso et al. [40] and very recently by Lipshutz
and co-workers [41]. Worth mentioning are also reports of
heterogenous and recyclable catalysis able to mediate metathe-
sis in aqueous media [42-45]. Although the aforementioned ex-
amples show a significant progress in the olefin metathesis in
aqueous media, some limitations such as complex structure of
the tailored catalysts and thus difficulties associated with their
synthesis, or the need to use additives or co-solvents to improve
the solubility of reacting species, still remain. Therefore, further
development of catalytic systems would provide a complimen-
tary extension to the scope of this interesting transformation.

Furthermore, in the continuous search for new sustainable

protocols for chemical reactions to induce new reactivates or

Beilstein J. Org. Chem. 2019, 15, 160—166.

reduce the energetic cost of the processes, the replacement of
mechanical mixing and/or heating of the reacting species with
microwave (WW) [46-48] and ultrasonic irradiation (US) [49-
55] appears as a promising approach. Both methods were shown
in the past to be responsible for shortening the reaction time,
increasing the reaction yield or even favour the formation
of the desired product when compared to traditional protocols
[56,57]. In the case of olefin metathesis, examples of applica-
tion of those techniques are well documented for organic sol-
vents [58-66], surprisingly, examples describing reactions in
aqueous media are scarce and thus merit further investigation
[67,68].

In line with our ongoing research on synthesis of catalysts for
olefin metathesis and to expand the utility of ammonium-tagged
ruthenium-based catalysts [69-76], herein we present the use of
such catalysts for olefin metathesis in aqueous media promoted
by microwave and ultrasound irradiation.

Results and Discussion
The structures of the catalysts 1-5 used in this work are
depicted in Figure 1.

Catalyst 1b was prepared by alkylation of the non-ionic tertiary
amine-containing analogue with methyl iodide [71]. Com-

plexes 1¢,d were prepared from their commercially available

jﬁ/ ﬂﬁ/ ﬂﬁ/
- \/\ - X_ \/\
X A X =
MesN_ _NMes DIETN_ _NDIET DIPPN_ NDIPP
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Figure 1: Structures of the Ru-based catalysts used in this study.

161



corresponding chloride salt 1a [72] by exchange of the CI™
counter-ion to PFg~ or BF4™ [76]. The exchange was performed
in water, and after addition of NH4PFg or NH4BF,4 the formed
catalysts were collected by filtration. Catalyst 2¢ was prepared
from the new complex 2a using a similar procedure (see Sup-
porting Information File 1 for details). The complexes 3a [75]
and 5 are commercially available and catalyst 4b was obtained
according to a literature procedure from commercially avail-
able Grubbs 2nd generation catalyst through ligand exchange
[68]. In general, the solubility of the catalysts containing Cl™ as
counter ion in water is good (e.g., 50 mg mL™! for 1a or 3a)
whereas for those with I™ as counter-ion is much lower (e.g.,
4.0 mg mL™! for 1b). In turn catalysts bearing PFs~ or BF,4™ as

counter ions are not soluble in water [71].

We have started our study with the comparison of the catalytic
activity of complex 4b, having the ionic tag attached to the
benzylidene ligand, with that of catalyst 1a, bearing an ionic tag
placed on the N-heterocyclic carbene (NHC) fragment. As
model reactions we have selected the ring-closing metathesis
(RCM) of the water-soluble substrate 6, the homometathesis of
alcohol 8, and more challenging, the cross metathesis (CM) be-
tween alcohol 8 and the electron-deficient cross partner methyl
acrylate (10, Table 1).

All reactions were run at 36 °C in D,O promoted either by
microwave (WW) or ultrasound (US) irradiation, and for com-
parison purposes also with standard magnetic stirring. In the
case of the RCM (Table 1, entries 1 and 2) both tested catalysts
(1 mol %) under classical conditions exhibited similar activities
with 4b being slightly less active (52 vs 48%, respectively). The
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reaction performed under ultrasound irradiation proved to be
ca. 10% more productive with both catalysts compared to the
classical conditions. On the other hand, microwave irradiation
turned out to be less effective leading to a drop in the reaction
yield for 1a (48%) and a slightly increased yield in the case of
4b (55%). In the homometathesis reaction of allyl alcohol 8
(Table 1, entries 3 and 4) both catalysts (5 mol %) produced the
desired product again with quite similar yields under classical
conditions. However, the use of microwave or ultrasound irradi-
ation promoted the undesired isomerisation of the C=C bond,
thus lowering the yields of the desired product 9 (Table 1,
entries 3 and 4). This result is in agreement with the known fact
that in protic solvents ruthenium hydrides are formed leading to
isomerisation byproducts [66]. Finally, we were pleased to see
that the use of ultrasound or microwave irradiation were benefi-
cial for the CM of alcohol 8 with methyl acrylate (10, Table 1,
entries 5 and 6) resulting not only in increased conversion but
also reducing the amount of the unwanted product of self-me-
tathesis of 8.

In general, the results obtained with catalysts 4b and 1a were
comparable. However, we expected that 1a should be much
more effective because it remains tagged after the initiation
step. This unexpected catalytic activity might be due to the fact
that catalysts 4b and 1a have different counter ions and there-
fore we decided to examine if there is an influence of counter
ions on the catalytic activity. To achieve this we used ana-
logues of 1a bearing different counter ions (1b—d) and also
included catalysts having differently sized NHC ligands (2a,c).
For testing the catalysts performances, we selected the RCM of
the water-soluble substrate 12 (Table 2).

Table 1: Effect of microwave (uW) and ultrasound (US) irradiation on RCM, homometathesis and CM in water mediated by complexes 1a and 4b.

Entry Substrate Product Ru complex Classical conditions?® usa pwa
1b 2 j 1a 52 63 48
2 N. O N._O 4b 48 59 55

P e _ or
cl J
7 N+
i< <
6 7
3¢ /\/OH Ho/\/\/OH 1a 81 (78) 73 (60) 64 (68)
4¢ 8 9 4b 77 (88) 38 (66) 75 (84)
5¢ OH 5 1a 69 (74) 71 (79) 81(88)
Py NN
6° ” % HO » COMe 4b 35 (45) 71 (80) 80 (86)
+
X -COsMe
10 (4 equiv)

aConversion and selectivity (in parentheses, referring to the formation of an aldehyde, having a signal at 9.60 ppm, resulting from double bond migra-
tion) have been determined based on "H NMR. PReaction conditions: D,0, catalyst (1 mol % Ru), ¢ 0.1 M, 36 °C, 2 h. °Reaction conditions: D50,

catalyst (5 mol % Ru), ¢ 0.1 M, 36 °C, 2 h.
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Table 2: Effect of the counter ion and substituents size of the NHC ligand in catalysts 1b—d, and 2a,c on their efficiency in the RCM of substrate 12 in

water under yW and US irradiation.?

Entry Substrate Product

: L
N _

3 P as W cr \rlxj“CI
4 /'TF\ - |\
5 12 13
6
7

Ru Classical conditionsP usP pwo
1a 33 41 58
1b 13 53 77
1c 53 49 81
1d 35 46 72
2a 54 12 51
2c 33 32 61
5 3 1 1

aReaction conditions: D,O, Ru catalyst (0.25 mol %), ¢ 0.2 M, 36 °C, 2 h. PConversions determined based on NMR.

Under the reaction conditions the classical catalyst 5
(0.25 mol %) was not soluble resulting in poor yields and justi-
fying the use of modified catalysts. For the ammonium NHC-
tagged catalysts (0.25 mol %), the use of microwave irradiation
was more productive than ultrasound treatment. This effect was
most pronounced in the case of catalysts with low solubility in
water such as 1b or the insoluble catalysts 1d and 2¢. Addition-
ally, under classical conditions, we observed a higher activity of
catalyst 2a with C1™ as counter ion and a larger NHC ligand
when compared to 1a. In turn, the use of US and uW had an
inverse effect on that reaction furnishing lower yields of the
product in the case of 2a when compared with 1a. In case of
catalysts bearing a large hexafluorophosphate counter ion
(PF¢; 1c and 2¢) an increase of the NHC’s size had a negative
effect on the catalyst performance (Table 2, entries 3 and 6, re-
spectively).

Examining further the influence of the steric hindrance of the
NHC ligand we tested complexes 1a, 2a and 3a (1 mol %) all
with CI” as counter ion in the RCM of polar substrate 6
(Table 3).

In order to maintain homogeneity of the reaction mixture addi-
tion of isopropanol (iPrOH) was necessary. Under the applied

conditions the activity of the tested complexes decreased with

increasing size of the NHC ligand. This result suggests that a
fast propagation ensured by a smaller carbene ligand rather than
robustness ascribed to larger catalysts is a prerequisite for the
efficient metathesis in homogeneous aqueous conditions.
Except in the case of catalyst 3a, exhibiting the lowest activity
under classical conditions, we noted a positive effect of US in-

creasing the reaction yield from 22 to 61%.

Finally, we have tested the influence of pW and US irradiation
on the RCM of lipophilic substrates 14, 16 and 18 in water
(Table 4).

Regardless of the conditions and substrate used, the lowest
yields were observed for the water-soluble complexes 1a and
2a. This is most probably due to the reduced stability of those
catalysts in aqueous medium and additionally to their limited
contact with the substrates, being in a different phase (organic
layer), and in a process that resembles more to a “heterogen-
eous reaction”. In turn, reactions with the use of catalysts 1b,
1c, 1d and 2¢ with much lower solubility in water gave signifi-
cantly better results. With only two exceptions the use of pW or
US irradiation provided poorer results when compared to the
classical conditions. Only catalysts 1¢ and 2¢ bearing PFg as
counter ion performed better with both, uW and US irradiation.

However, this effect was observed only for the simplest sub-

Table 3: Effect of the size of the NHC ligand in the catalysts 1a, 2a, and 3a on their catalytic efficiency in the RCM of substrate 6 under pW and US ir-

radiation.@
Entry Substrate Product
. 7 @
2 N._O
N.__O
3 /\/ _ Cl_
Cl o
e N+
I -
6 7

Ru Classical conditionsP usP pwo
1a 61 48 51
2a 43 38 36
3a 22 61 39

aReaction conditions: D,O/iPrOH 2:1 (v/v), Ru catalyst (1 mol %), 36 °C, 2 h. PConversions determined based on NMR.

163



Beilstein J. Org. Chem. 2019, 15, 160—166.

Table 4: Effect of microwave (WW) and ultrasound irradiation (US) irradiation on the RCM of lipophilic substrates in water.2

Entry Substrate? Product?
1
=
. ) C
3 0T Ts
4 14 15
5
6
7
8
190 2\ {
N,
11 R Ts
12 16 17
13
14
d
1 5d _
1 Gd _ CO,Et CO,Et
17 CO,Et CO3Et
1 8d 18 19
19d
20d
21d

Ru Classical conditions® use¢ uwe
1a 21 6 17
1b 95 95 97
1c 83 92 93
1d 93 80 89
2a 20 6 12
2c 73 91 97
5 49 63 96
1a 24 3 11
1b 82 29 46
1c 96 73 74
1d 90 25 55
2a 12 2 7
2c 96 95 83
5 88 78 77
1a 3 2 3
1b 78 15 56
1c 93 27 64
1d 78 1 57
2a 3 2 2
2c 93 37 67
5 80 69 50

aReaction conditions: H,0, Ru catalyst (0.5 mol %), ¢ 0.2 M, 36 °C, 2 h. PTs: p-toluenesulfonyl. °Conversions determined based on GC. 9Reaction

conditions: H,O, Ru catalyst (1.0 mol %), ¢ 0.2 M, 36 °C, 2 h.

strate 14. The results collected in Table 4 can be explained by
the fact that the reactions actually occurred under heterogen-
eous conditions between water-insoluble components at the
water—reagents phase boundary [26,77,78]. Such conditions can
imply a positive impact on the rate of a reaction and are the
result of a “hydrophobic effect” [78,79]. This phenomenon,
mentioned by Sharpless and co-workers in their seminal paper
[78] is not well understood yet [80]. Jung and Marcus postu-
lated a trans-phase hydrogen bonding from water OH groups to
H-bond acceptor sites of organic reactants contributing to a
stabilisation of organic transition states enables the on-water ca-
talysis [77]. Ben-Amotz et al. demonstrated that the effect of the
water OH groups depends either on the surface area involved or
on the electrostatic nature of the surface itself [81]. Additional-
ly, the packing density of supramolecular clusters of water
created by strong intermolecular hydrogen bonds may also play
a key role. Indeed, various effects may be depending on the
solubility of the reactants in water [82,83]. The hydrophobic
and water molecules stay in minimal contact between each other
because a sphere of water molecules is formed around the non-
polar components resulting in higher (local) concentration and
higher pressure in water [26,79]. The application of US and pyW
irradiation could, to some extent, disturb the “hydrophobic

effect” and thus may explain the less satisfactory results of the
reactions using those techniques compared to those obtained
under classical conditions.

Conclusion

We have examined the effect of microwave and ultrasonic irra-
diation on a range of different olefin metathesis transformat-
ions in water catalysed by ammonium-tagged Ru-based cata-
lysts. It was noted that placing the water solubilising ionic tag
on the NHC ligand gives catalysts with improved catalytic ac-
tivity and more suitable for reactions in water than those having
an ionic tag on the benzylidene part. In general, a more promi-
nent positive effect of microwave irradiation on the reaction
outcome compared to ultrasound was observed. This effect was
shown in a CM reaction, where an improvement in the reaction
yield and selectivity was noted, as well as in the RCM of water-
soluble substrates. In reactions with lipophilic substrates the
solubility of the tested catalysts had a crucial influence on the
reaction outcome. In turn, the use of microwave and ultrasonic
irradiation did not have a positive effect on the reaction produc-
tivity. In contrast, catalysts that are sparingly or even insoluble
in water gave better results that were explained by the “hydro-
phobic effect”.
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pyridinyl-alcoholato ligand

Abstract

Four new Grubbs-type precatalysts [RuCl(H,IMes)(O~N)(=CHPh)], where [O"N = a,a-diphenyl-(3-methylpyridin-2-
yl)methanolato, a,a-diphenyl-(4-methylpyridin-2-yl)methanolato, a,a-diphenyl-(5-methylpyridin-2-yl)methanolato and a,0-
diphenyl-(3-methoxypyridin-2-yl)methanolato] were synthesized and tested for their activity, stability and selectivity in the
1-octene metathesis reaction. Overall the precatalysts showed good activity and high stability for the metathesis of 1-octene at tem-
peratures above 80 °C and up to 110 °C. Selectivities towards the primary metathesis products, i.e., 7-tetradecene and ethene, above
85% were obtained with all the precatalysts at 80 and 90 °C. High selectivities were also observed at 100 °C for the 4-Me- and
3-OMe-substituted precatalysts. With an increase in temperature an increase in isomerisation products and secondary metathesis
products were observed with the latter reaching values >20% for the 3-OMe- and 3-Me-substituted precatalysts at 110 and 100 °C,
respectively. All the precatalysts exhibits first-order kinetics at 80 °C with the 3-substituted precatalysts the slowest. The behaviour
of the 3-substituted precatalysts can be attributed to electronic and steric effects associated with the adjacent bulky phenyl groups.

Introduction

The alkene metathesis reaction is now well established as a  the reaction including the application of these in industrial pro-
powerful synthetic tool in organic and polymer chemistry [1,2].  cesses (Figure 1). Of course, the role of the so-called Schrock
The development of metal alkylidene precatalysts based on ru-
thenium, starting with the so-called Grubbs 1 (1) and 2 (2)

metal carbenes, played a major role to extend the versatility of

metal carbenes based on tungsten and molybdenum should not
be ignored in the success story of the alkene metathesis reac-

tion but it is not the focus of this article.
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Figure 1: Structures of Grubbs 1 (1) and 2 (2) precatalysts.

The large number of ruthenium alkylidene precatalysts that has
been developed is based on the design concepts illustrated in
Scheme 1 [3]. The design concept C is of interest because of the
potential hemilabile nature and latent metathesis activity of
these complexes [4]. Of particular interest to us are the rutheni-
um alkylidene complexes containing the pyridinyl alcoholato
bidentate ligands investigated by a number of research groups

[5].

L' L! L! 1

[ .Cl | .Cl el [ Cl

RU=CHR Ru= RU=CHR RU=C(H)XR
c | cr’l \) X7 | cl” |

L2 L L L2

A B c D

L' = PR3, HplMes; L2 = PRy

Scheme 1: Design concepts for ruthenium alkylidene precatalysts [3].

The pyridinyl alcohol found its way to the Grubbs-type com-
plexes from research by Van Der Schaaf and co-workers on the
Schrock-type analogues [6,7]. Grubbs 1-type complexes 3a—f
(Figure 2) were used to catalyse the ring-closing metathesis
(RCM) of dialkenes, ring-opening metathesis polymerisation
(ROMP), isomerisation of alkenes and cross-metathesis (CM)
of alkenes [7]. The complexes were synthesized by reacting the
lithium salts of the corresponding pyridinyl alcohols with
[RuCly(=CHC»H5)(P(iPr3)),]. These complexes catalysed inter
alia the cyclisation of hex-5-enyl undec-10-enoate to oxacyclo-
hexadec-11-en-2-one (50% at 60 °C in toluene) and the ROMP
of dicyclopentadiene. They were also able to immobilise these
Grubbs 1-type precatalysts using dendritic pyridinyl alcohols
[8]. These complexes catalysed the RCM reaction (at 80 °C) of

3a,R'=R%2=Ph

(P < 3b,R'=R2=Me
o—RU=CHPh 3¢, R!=Ph, R2= Me
Rz‘é"’" N 3d,R'=R2=p-CIPh
&1 @ 3e, R' = R2 = p-NMe,Ph
3f, R" = R? = p-(t-Bu)Me ,SiOPh
3
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diethyl diallylmalonate with 100% conversion after 30 min,

results comparable to the unimolecular catalyst.

Denk et al. [9] synthesised N-heterocyclic (NHC) ruthenium
alkylidene complexes containing pyridinyl-alcoholato ligands
(4). These complexes were tested as precatalysts at different
temperatures in the ROMP of norbornene and cyclooctene.
Oligomers were obtained at room temperature in the presence
of 4a and 4d, while 4b and 4c yielded polymers. At 60 °C,
ROMP was observed with norbornene (98—100%) and cyclo-
octene (72-80%) in the presence of 4.

We investigated a number of Grubbs 1- and Grubbs 2-type (5)
metal carbenes with pyridinyl alcoholato ligands for the
1-octene metathesis reaction (Figure 3) [10-14]. The incorpora-
tion of pyridinyl-alcoholato ligands in the Grubbs-type precata-
lysts has shown an increase in the thermal stability, activity and
lifetime of the precatalysts when compared to 1 and 2 [10]. The
pyridinyl-alcoholato Grubbs 2-types exhibited higher activities
and selectivities than the Grubbs 1-types and were investigated
in more detail. It is clear from the results that the chelating
ability of the pyridinyl alcoholato ligands combined with the
NHC ligand is responsible for the activity and improved
stability of the precatalyst at high temperatures. In general 5d
performed the best in the 1-octene metathesis reactions when

compared to complexes Sa—c and Se—h. The catalytic perfor-

Ko

,I?'uéCHPh

5a, R12 = -(CH,)s-

5b, R' = R2=Me

5¢c,R'=R2=iPr

5d,R'=R2=Ph

2 | 5e,R'=R2=H

RZ G O 5f, R" = 2-MePh, R2 = Ph
R U 5g, R' = 2-MePh, R2 = Me

5h, R' = Ph, R? = iPr

5 5i, R' = 2-CIPh, R2 = Ph

5j, R' = 4-CIPh, R2 = Ph

5k, R! = 4-OMe, R? = Ph

Figure 3: Structures of Grubbs 2-type (5) pyridinyl-alcoholato precata-
lysts.

-

R-N_ N-R3 i ,

ol 4a, R'2 = -(CH,)s-, R3 = Cy
4b, R'2 = -(CH,)s-, R® = PhEt

Ru=CHPh ; 2)s7

o™ | 4c,R'=R2=Me, R3 = Cy

R2G N 4d, R' = R2 = Me, R® = PhEt
v

4

Figure 2: Structures of Grubbs 1-type (3) and 2-type (4) pyridinyl-alcoholato precatalysts.
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mance could be further tuned by the incorporation of an elec-
tron-donating (e.g., OMe, 5Kk) or electron-withdrawing (e.g. Cl,
5i and 5j) group at the 2- or 4-position of one of the a-phenyl
groups of 5d [14]. At 80—110 °C these complexes showed im-
proved catalytic performance in the metathesis of oct-1-ene. At
110 °C complex 5k, with 96% conversion and 95% selectivity
towards the primary metathesis products tetradec-7-ene and
ethene, outperformed the other complexes. In a computational
study the improved catalytic performance was attributed to
strengthening of the Ru—N bond due to steric repulsion be-
tween the substituted phenyl group and the NHC ligand [14].
An 8-quinolinolate Grubbs 2-type derivative, patented by
Slugove and Wappel [15] for use in ROMP reactions, was
found to be inactive (<1% conversion) for 1-octene metathesis
at 60 °C [12].

Schachner et al. [16] evaluated the catalytic activity of 5b, 5d
and related complexes for the ROMP of cyclooctene, CM of
hex-5-enyl acetate with dec-5-ene and the RCM of hex-5-en-1-
yl undec-10-enoate. Superior (CM, RCM) to moderate (ROMP)
activities were observed for most of these precatalysts. An inter-
esting result was the very high affinity (“stickiness”) to
untreated, unmodified and commercially available chromatogra-
phy-grade silica. This was exploited further by Cabrera et al.
[17,18] when 5b and related complexes were investigated as
heterogeneous precatalysts in biphasic RO-RCM and CM reac-
tions. The substrate and catalyst were adsorbed on a thin layer
silica plate and developed in EtOAc/hexane (1:7 v/v) for the
CM of methyl 9-dodecene and in hexane for the RO-RCM of
cis-cyclooctene.

The above-mentioned studies clearly illustrate the versatility
and use of ruthenium alkylidene complexes with pyridinyl-alco-
holato ligands. In principle these studies had one approach in
common concerning the pyridinyl-alcoholato ligand, and that
was to focus on substituents on the a-carbon of the ligand. To
our knowledge, there are no reports on investigations of elec-
tronic and/or steric effect(s) of pyridinyl substituents on the
chelation efficiency of pyridinyl alcoholato ligands, and subse-
quently its metathesis activity. Therefore, in this paper, we in-
vestigated the influence of a monosubstituent on the pyridinyl
moiety on the 1-octene metathesis activity of a Grubbs 2-type
precatalyst with an a,a-diphenyl methanolato ligand. For the
synthesis of the pyridinyl methanol compounds, commercially
available substituted bromopyridines were reacted with benzo-
phenone followed by a reaction of the lithiated alcohol with 2.
Four new ruthenium alkylidene complexes, i.e., 6-9 (Figure 4),
were successfully obtained and investigated as precatalyst in
1-octene metathesis in the temperature range 40—-110 °C. The
stability, selectivity and turnover frequency (TOF) of 2 in-
creased upon substituting Me and OMe groups on the various

Beilstein J. Org. Chem. 2019, 15, 194-209.

positions of the pyridine ring of the pyridinyl-alcoholato ligands
at high temperatures (80—110 °C). The increase in stability is at-
tributed to the electronic and steric influence of the Me and
OMe groups on Ru—N chelation. The activity of the precata-
lysts also showed a significant improvement upon increasing
the reaction temperature from 40 to 110 °C. The increase in the
activity of the precatalysts is relatively low in the 40—60 °C
range, but a high activity difference is observed upon increas-
ing the temperature in 10 °C intervals between 70 and 110 °C.

e e

,Ru CHPh O,Ru CHPh

o0 pw @
= mﬁ@f@% s

Ru CHPh O,Ru CHPh
Qé DG
i
h U PhU
MeO 3

Figure 4: Structures of pyridinyl-substituted Grubbs 2-type pyridinyl-
alcoholato precatalysts.

Results and Discussion

A mixture of products, summarised in Table 1, is obtained
during the metathesis of 1-octene, i.e., primary metathesis prod-
ucts (PMPs), isomerisation products (IPs) and secondary me-

Table 1: Mixture of products formed during 1-octene metathesis in the
presence of ruthenium alkylidene precatalysts.

Reaction Substrate?  Products? Abbrev.
primary metathesis PMPs
self-metathesis C=Cy C=C + C7=Cy
isomerisation C=Cy Cy=Cg + IPs

C3=Cs +

C4=C4
secondary SMPs
metathesis
cross metathesis C=C; + Co=C7 +

Cy=Cg C=Cg + C=C,

+Ce=C7
self-metathesis Cy=Csg Co=Cy +

CG=CG

a8Geometrical isomers and hydrogens are not shown for simplicity.
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tathesis products (SMPs). The PMPs, 7-tetradecene (cis and
trans) and ethene, forms as a result of the self-metathesis (SM)
of 1-octene. Simultaneously 1-octene is isomerised to 2-, 3- and
4-octene (IPs). The subsequent SM and CM reactions of the
internal alkenes yield alkenes (cis and trans) in the C3—C3
range (SMPs).

All the reactions were followed by GC at regular sampling
intervals until 540 min. Because the observed formation of IPs
is mostly below 2% and never above 4% it is also not shown in
the figures.

Effect of the reaction temperature

The results of the metathesis of 1-octene at temperatures
40-100 °C are presented in Figure 5 and Table 2 for precatalyst
7. The rate of self-metathesis of 1-octene showed an increase
upon raising the reaction temperature from 40 to 100 °C. The
metathesis reaction is insignificant at lower temperatures (40 to
60 °C). Upon raising the temperature beyond 70 °C, an in-
crease in the reaction rate was observed, resulting in a signifi-
cant increase in 1-octene conversion greater than 80% at 90 °C
after 540 min. Increasing the temperature further to 100 °C
showed a dramatic increase in the metathesis reaction rate and a
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high PMPs formation are observed at 100 °C (>85% after
ca. 200 min).

The formation of PMPs did not equilibrate within 540 min for
the temperature range 50 to 80 °C; however, its formation
equilibrated at ca. 400 min at 90 °C and ca. 200 min at 100 °C.
This shows that 7 is stable at high temperatures, with
moderate to very good PMPs (ca. 25-80%) formation. On the
other hand, the formation of SMPs (ca. 0.2-2.0%) and IPs
(ca. 0.2-0.5%) is negligible in the range 40—80 °C, while a
more significant amount is formed at temperatures greater than
90 °C (ca. 10-14% SMPs and 1.7-2.1% IPs) after 540 min.

Table 2 summarises the overall catalytic performance of 7 at
420 min. In this period it can be seen that the PMPs and SMPs
formation, TON, and TOF of the precatalyst show a direct rela-
tionship with temperature. The highest PMPs formation is ob-
served for the temperature changes from 80 to 90 °C (29.3%)
and the least for 40 to 50 °C (0.7%) at 420 min.

The selectivity towards PMPs showed a dramatic increase upon
increasing the temperature from 40 to 80 °C (23-97%); howev-
er, it showed a decrease going from 80 (97%) to 90°C (89%),
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Figure 5: The influence of the reaction temperature on the (a) conversion of 1-octene, (b) formation of PMPs and (c) formation of SMPs using precat-
alyst 7 (Ru/1-octene = 1:9000). [ 40 °C, m 50 °C, A 60 °C, @ 70 °C, ¢ 80 °C, 0 90 °C, A 100 °C].

Table 2: Summary of the catalytic performance of precatalyst 7 at different temperatures (Ru/1-octene molar ratio 1:9 000, 420 min).

Entry Temp. [°C] Conv.@ PMPs? SMPs?2
1 40 0.8 0.2 0.2

2 50 2.1 0.9 0.4

3 60 7.2 5.8 1.1

4 70 223 21.2 0.9

5 80 44 .4 43.1 1.1

6 90 81.4 72.4 8.0

7 100 95.2 83.1 11.0

IPs? sb TON¢ TOFd

0.4 23 18 0.07 x 1072
0.8 44 81 0.32 x 1072
0.3 80 522 2.07 x 1072
0.2 95 1908 7.57 x 1072
0.2 97 3879 15.39 x 1072
1.0 89 6516 25.86 x 1072
1.1 87 7479 29.68 x 1072

aConversion or yield in mol %; PS (selectivity) in percent toward PMPs; °TON (turnover number) = [%PMPs x (Oct/Ru)}/100; 9TOF (turnover frequen-

cy) = TON/time in s.

197



and then to 100 °C (87%). An overall assessment of the results
show that at 80 °C the catalyst showed a high selectivity for
PMPs with a negligible amount of SMPs and IPs. Although the
activity of the precatalyst increased a great deal at 90 and
100 °C, the selectivity for PMPs decreased as a result of the
high amount of SMPs and IPs formation. The TOF increased
significantly as a result of increasing the temperature. The
highest TOF increase was observed upon increasing the temper-
ature from 80 to 90 °C. Generally, precatalyst 7 showed very
good activity, selectivity and stability at high temperatures.

The results of the metathesis of 1-octene at temperatures
40-100 °C are presented in Figure 6 and Table 3 for precatalyst
8. A similar overall trend for 8 is observed, i.e., very low reac-
tion rates at temperatures below 60 °C with a rapid increase in
reaction rates above 70 °C resulting in 1-octene conversions
above ca. 70% after 540 min. Although the formation of PMPs
equilibrated quickly at ca. 70% after ca. 150 min at 100 °C and
at ca. 65% only after ca. 400 min for 90 °C it did not equili-
brate at 80 °C even after 540 min.

The formation of SMPs is very low (below 4%) for 8 in the

temperature range 40—80 °C after 540 min, while it is relatively
high at 14 and 21% at 90 and 100 °C, respectively. In the same

100
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period the formation of IPs remained below 3% even at the high
temperatures. At 100 °C and 540 min, a larger amount of SMPs
is formed for precatalyst 8 than that of 7.

Table 3 summarises the overall catalytic performance of precat-
alyst 8 at 420 min. The PMPs and SMPs formation, TON and
TOF all show a direct relationship with temperature. Precata-
lysts 7 and 8 share similarities in having the same temperature
range for the highest PMPs formation, i.e., 70 to 80 °C at
420 min. The biggest difference, however, is observed for 8
(37%). Relatively higher SMPs are formed for 8 (11%, 19%)
than that of 7 (8%, 11%) at 90 and 100 °C, respectively. The
relatively low PMPs formation of 8 compared to that of 7 is due
to the relatively high SMPs and IPs formations with precatalyst
8. The IPs formation in 8 follows a similar pattern to that of 7,
i.e., it showed an increase upon increasing the temperature from
40 to 50 °C, followed by a decrease from 50 to 60 °C and then
an increase from 60 to 100 °C. The selectivity in 8 increased
upon increasing the temperature from 40 to 70 °C, and then
showed a decrease from 70 to 100 °C.

A maximum selectivity for 8 is observed at 70 °C (94%) (see

Table 3, entry 4) and for that of 7 at 80 °C (97%) (see Table 2,
entry 5). Generally, precatalyst 7 showed a better selectivity
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Figure 6: The influence of the reaction temperature on the (a) conversion of 1-octene, (b) formation of PMPs and (c) formation of SMPs using precat-
alyst 8 (Ru/1-octene = 1:9000). ¢ 40 °C, m 50 °C, A 60 °C, @ 70 °C, ¢ 80 °C, 0 90 °C, A 100 °C].

Table 3: Summary of catalytic performance of precatalyst 8 at different temperatures (Ru/1-octene molar ratio 1:9 000, 420 min).

Entry Temp.[°C]  Conv.? PMPs? SMPs? IPs? sb TON¢ TOFd

1 40 1.5 0.8 0.3 0.4 56 72 0.28 x 1072
2 50 2.9 1.4 0.6 0.9 49 126 0.50 x 1072
3 60 5.3 4.5 0.7 0.1 85 405 1.61x 1072
4 70 24.0 22.7 1.1 0.2 94 2043 8.11 x 1072
5 80 65.4 60.5 4.1 0.8 92 5445 21.61x 1072
6 2 77.3 65.0 11.0 1.3 84 5850 23.21x 1072
7 100 93.8 73.0 19.0 1.8 78 6570 26.07 x 1072

aConversion or yield in mol %; PS (selectivity) in percent toward PMPs; °TON (turnover number) = [%PMPs x (Oct/Ru)}/100; 9TOF (turnover frequen-
cy) = TON/time in s.
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compared to that of 8 at 420 min. Although the TOF of 8 is in
direct relation with temperature, it follows the following order
upon comparing with 7; 8 > 7 at 40 and 50 °C (see Table 2 and
Table 3, entries 1-7), at 60 °C 7 > 8 (see Table 2 and Table 3,
entry 3), at 70 and 80 °C 8 > 7 (see Table 2 and Table 3, entries
4 and 5) and 7 > 8 at 90 and 100 °C (see Table 2 and Table 3,
entries 6 and 7).

Summarising the comparisons of precatalysts 7 and 8, it is
noted that precatalyst 7 showed better activity, selectivity and
stability in the 60—100 °C temperature range, except for 80 °C,
at 420 min. It also showed higher TOF at 60, 90 and 100 °C at
420 min. According to a DFT study by Getty et al. [19] the
more positively charged the Ru, the slower the initiation rate of
the catalyst. The calculated Mulliken atomic charge of Ru in 7
(0.934) is less positive than in 8 (0.976).

The results of the metathesis of 1-octene at temperatures of 60
to 110 °C are presented in Figure 7 and Figure 8 for precata-
lysts 6 and 9, respectively. Because of their low activity and
high stability, the metathesis reactions were done between 60
and 110 °C. Metathesis of 1-octene by the 3-Me-substituted

100

100
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precatalyst 6 showed an increase in the activity of the precata-
lyst upon increasing the temperature from 60 to 110 °C. A large
increase in the rate of the metathesis reaction is observed upon
increasing the temperature from 80 to 90 °C. Although the ac-
tivity of the precatalyst has shown an increase upon increasing
the temperature from 60 to 110 °C, a very high (ca. 45%) in-
crease in the PMPs formation is observed upon increasing the
temperature from 80 to 90 °C at 540 min. The PMPs formation
did not equilibrate at 90 °C and this shows the stability of
precatalyst 6 at high temperatures. The PMPs formation, how-
ever, equilibrated from ca. 270 min at 100 °C and ca. 140 min at
110 °C. At 80 °C, the activity of precatalyst 6 (ca. 25%) is very
low compared to precatalysts 7 (ca. 50%) and 8 (ca. 70%)
during the course of PMPs formation, at 540 min. Generally, in
the first 100 to 300 minutes, the rate of formation of PMPs in-
creases dramatically and slows down afterwards in the tempera-
ture range of 90 to 110 °C. A similar trend is observed during
the course of SMPs formation. Significant amounts (16-36%)
of SMPs are formed by 6 for temperatures 90 to 110 °C, while
negligible amounts (1.3-3.6%) of SMPs are formed from 60 to
80 °C. Large amounts of SMPs (ca. 36%) and IPs (5%) were
formed by 6 at 540 min at 100 °C. A comparison of precata-
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lysts 6, 7 and 8 with regard to SMPs and IPs formation at
100 °C and 540 min shows a decreasing order of 6 > 8 > 7.
Generally, a relatively large amount of IPs is formed by precat-
alyst 6. Although the rate of PMPs formation is slow at 80 °C,
high selectivity and stability are attained at this temperature for
precatalyst 6, similar to precatalysts 7 and 8. The highest differ-
ence in the PMPs formation (ca. 45%) is observed between 80
and 90 °C. Although the SMPs formation has shown a direct
relationship with temperature, the formation of high SMPs
(16-36%) from 90 to 110 °C limited the PMPs formation to
only a maximum of ca. 68% at 540 min. The contribution of the
IPs formation in limiting the formation of PMPs is not negli-
gible as a result of the relatively high (ca. 3.5%) IPs formation.
The SMPs formation increased approximately six-fold upon in-
creasing the temperature from 80 to 90 °C, which was then fol-
lowed by approximately a two-fold increase upon increasing the
temperature from 90 to 100 °C.

Table 4 presents the overall catalytic performance of precata-
lyst 6 at 420 min. At 420 min, 1-octene conversion is 98.0%
(110 °C), 93.0% (100 °C), 70.5% (90 °C), 19.4% (80 °C), 6.8%
(70 °C) and 2.5% (60 °C). This shows the dramatic increase of
the catalytic activity upon increasing the temperature. An inves-
tigation of the PMPs formation reveals a huge 66% increase for
the PMPs formation upon increasing the reaction temperature
from 60 to 110 °C. The IPs formation, on the other hand, in-
creased two-fold upon increasing the temperature from 60 to
70 °C, 80 to 90 °C and 90 to 100 °C.

The selectivity toward PMPs (67.2%) and the SMPs (28.8%)
are relatively high at 110 °C. The TOF is also directly related to
the reaction temperature. The TOF of precatalyst 6 are general-
ly lower than for precatalysts 7 and 8. This, therefore, shows the
relatively high stability of precatalyst 6 compared to those of 7
and 8. As a result of having a more positive Ru charge, precata-
lyst 6 showed a low initiation rate. This is also in agreement
with the DFT study of Getty et al. [19], i.e., precatalyst 6

(0.988) has more positive Mulliken’s atomic charge on Ru than

Beilstein J. Org. Chem. 2019, 15, 194-209.

both 7 (0.934) and 8 (0.976). Its high activity at 110 °C with
69% selectivity is, however, remarkable for linear alkene me-

tathesis catalysed by ruthenium alkylidene precatalysts.

The 3-OMe-substituted precatalyst 9 showed a negligible activi-
ty for the metathesis of 1-octene at 60 °C (Figure 8), similar to
the 3-Me-substituted precatalyst 6. The overall activity of the
precatalyst, however, showed a significant increase upon in-
creasing the temperature from 60 to 110 °C. In a similar way to
that of 6, the largest increase in the activity of the precatalyst is
observed upon increasing the temperature from 80 to 90 °C
(ca. 38%) at 420 min. The activity of the catalyst showed a
small difference between 100 and 110 °C, on the overall me-

tathesis reaction.

During the course of PMPs formation, high catalytic activity for
9 is observed within 200 min at temperatures above 90 °C
(ca. 60%), while the activity of the precatalyst showed a
dramatic increase from 70 to 90 °C after ca. 500 min, similar to
that of 6 (see Figure 7b). For both 6 and 9 the highest PMPs
(>60%) is observed from 90 to 110 °C after 420 min. The rate
of formation of SMPs is very high for 9 at 110 °C within
420 min. This is the reason for the decrease in the formation of
PMPs from 71% at 100 °C to 64.2% at 110 °C.

Table 5 presents the overall catalytic performance of precata-
lyst 9 at 420 min. Firstly, PMPs formation increased from 0.5 to
71% when increasing the temperature from 60 to 100 °C; how-
ever, from 100 to 110 °C the PMPs yield decreased from 71 to
64.2%. The reason for this is the formation of a very large
amount of SMPs (23.2%) and IPs (2.6%), which is, more than
twice the amount at 100 °C. Similarly, the selectivity and TOF
showed a decrease when going from 100 to 110 °C.

The selectivity showed a dramatic (50%) increase upon increas-
ing the temperature from 60 (43%) to 80 °C (93%) and then
begins to decrease to 91% (at 90 °C), 85% (at 100 °C) and
finally to 71% (at 110 °C). Although the catalyst showed signif-

Table 4: Summary of catalytic performance of precatalyst 6 at different temperatures (Ru/1-octene molar ratio 1:9000, 420 min).

Entry Temp.[°C] Conv.? PMPs2 SMPs?
1 60 2.5 1.0 0.9

2 70 6.8 4.5 1.0

3 80 19.4 16.4 2.3

4 90 70.5 59.0 10.3

5 100 93.0 61.3 28.5

6 110 98.0 67.2 28.8

IPs? sb TON¢ TOFd

0.6 41 93 0.36 x 1072
1.3 66 406 1.61 x 1072
0.7 85 1479 5.86 x 1072
1.2 83 5310 21.07 x 1072
3.9 66 5514 21.88 x 1072
2.1 69 6051 24.01 x 1072

aConversion or yield in mol %; S (selectivity) in percent toward PMPs; °TON (turnover number) = [%PMPs x (Oct/Ru))/100; 9TOF (turnover frequen-

cy) = TON/time in s.
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Table 5: Summary of catalytic performance of precatalyst 9 at different temperatures (Ru/1-octene molar ratio 1:9000, 420 min).

Entry Temp. [°C] Conv.@ PMPs@ SMPs?
1 60 1.1 0.5 0.3

2 70 7.3 53 1.1

3 80 25.7 24.0 14

4 90 64.0 58.3 5.1

5 100 83.3 71.0 1.1

6 110 90.0 64.2 23.2

IPs3 sb TON® TOFd

0.3 43 45 0.18 x 1072
0.9 73 477 1.89 x 1072
0.3 93 2160 8.57 x 1072
0.6 91 5247 20.82 x 1072
1.2 85 6390 25.36 x 1072
2.6 71 5778 22.93 x 1072

aConversion or yield in mol %; PS (selectivity) in percent toward PMPs; TON (turnover number) = [%PMPs x (Oct/Ru)}/100; 9TOF (turnover frequen-

cy) = TON/time in s.

icant stability and very good (71%) selectivity at 110 °C, it is
advisable not to go beyond 100 °C, as the formation of SMPs
and IPs doubled that will affect the overall PMPs yield. It is
also worthwhile to note the decrease in the turnover frequency
at 110 °C.

Similar to the Me-substituted precatalysts 6 (85%) (see Table 4,
entry 3), 7 (97%) (see Table 2, entry 5) and 8 (92%) (see
Table 3, entry 5), precatalyst 9 showed high selectivity (93%)
towards PMPs and good stability at 80 °C after 420 min. It is
also observed from the results that precatalyst 9 showed rela-
tively high selectivity (91%) for PMPs and good activity, higher
than its methyl counterparts 6 (83%) (see Table 4, entry 4), 7
(84%) (see Table 2, entry 6) and 8 (89%) (see Table 3, entry 6),
at 90 °C after 420 min.

A general comparison of the overall performance of the precata-
lysts, in terms of PMPs, SMPs, IPs, selectivity, TON and TOF,
exhibits the decreasing order of 7> 9 > 8 > 6 at 60, 90 and
100 °C. The order, however, changes at 80 °Cto 8 >7>9> 6
and at 70 °C to 7 = 8 > 9 > 6. In all cases, the small amounts of
SMPs and IPs are positive for the application of these systems
at higher temperatures. Overall precatalyst 7 performed the best

at all temperatures (except at 80 °C). In an attempt to under-
stand the significance of these results, DFT calculations were
performed on the precatalysts.

Precatalyst 6 showed the lowest activity of all precatalysts in
the specified temperature ranges. It is also worthwhile to note
that increasing the reaction temperature showed a significant in-
crease in the activity of 6. Precatalyst 9, on the other hand,
showed better performance at high temperatures (=70 °C) com-
pared to 6. This may be explained by the longer Ru—N bond
(2.181 A) in the geometry-optimised structure (Figure 9) of
precatalyst 9 compared to that of the Ru-N bond (2.166 A) of 6.
A longer bond suggests a weaker Ru—N chelation thus a more
active hemilabile complex. The difference in the Ru—N bond
length may be attributed to the electron-withdrawing inductive
effect of the OMe group making the Ru—N chelation weaker.
Furthermore, a type of orbital interaction between the oxygen of
the 3-OMe group and the two a-phenyl rings, i.e., an oxygen
lone pair-aromatic 7 interaction illustrated in Figure 10, may
add to the inductive effect. The longer Ru—~O bond (2.031 A),
shorter C,—O bond (1.420 A) and C,—C, bond (1.541 A) ob-
served in precatalyst 9 when compared to the corresponding
bonds in 6, i.e., 2.028, 1.425 and 1.544 A, respectively, supports

Figure 9: Geometry-optimised structures of precatalyst 9, 6 and 8.
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such a premise. It may also be a plausible explanation for the
envelope geometry of the five-membered ruthenacycle. In addi-
tion, the relatively low ruthenium metal positive charge on 9
would cause it to have a high initiation rate constant [19].

lone pair-n- ™.} 7
interaction 0

Figure 10: An illustration of the envisaged methoxy oxygen lone pair-
aromatic Tr-electron interaction.

On the other hand, the 3-Me group in 6 will strengthen the
Ru—N chelation via inductive electron-donation and steric
repulsion between the methyl group and the two phenyl rings.
As a result of the steric interaction 6 has a planar five-mem-
bered ruthenacycle geometry (Figure 9). In the absence of sub-
stituents on the pyridinyl moiety it is expected that the resulting
precatalyst will be more active at lower temperatures. This is

indeed the case when 5d is used as catalyst.

As we have discussed earlier, the 4-Me-substituted precatalyst 7
has shown better catalytic performance in all temperatures
under investigation except at 80 °C. The reason for this is that
the Me group is, relatively speaking, further removed from the
pyridine nitrogen so that the inductive electron-donation by the
methyl group cannot significantly influence the electron densi-
ty on the pyridine nitrogen. There is also no steric effect that
would interfere with the Ru—N bond strength. The strength-
ening effect on the Ru—N chelation would, therefore, possibly

be low compared to the other precatalysts.

If this is a plausible explanation for the relatively better perfor-
mance of the 4-Me-substituted precatalyst 7, one might ask
what about the difference between the 3-Me-, 6, and 5-Me-
substituted, 8, precatalysts that are at the same distance from the
pyridine nitrogen? In the optimised structure of 6, the Me group
is in a crowded environment due to its proximity to the two
o-phenyl groups, which upon opening the Ru—N chelation,
would even become more sterically crowded. This results in a
planar geometry of the five-membered ruthenacycle while 8 ex-
hibits an envelope geometry. The Ru—N (2.179 A) bond length
in 8 is longer and the C,—O (1.417 A) and C,—C, (1.532 A)
bonds are shorter than the corresponding bonds in 6.

Beilstein J. Org. Chem. 2019, 15, 194-209.

In order to overcome the combined effect of the resistance that
resulted from the steric crowdedness and the inductive electron-
donation by the 3-Me group and open the strong Ru—N chela-
tion, it needs relatively high energy. In 8 the methyl group is in
exactly the opposite orientation to the two a-phenyl groups.
Therefore, the steric crowdedness that is observed in 6 that will
lead to steric resistance to open the Ru—N chelation does not
exist. Thus 8 is more susceptible to hemilability than 6 and ex-
hibits higher activity. Therefore, for 4-Me- and 5-Me-subtsti-
tuted precatalysts, only the inductive electron-donation effect of
the methyl group is the reason for the increased stability. In the
3-Me- and 3-OMe-substituted precatalysts, however, the steric
effect and orbital interactions work towards the stability of the

precatalyst in addition to inductive effects.

Stability of precatalysts

In previous studies [11,12,14] we investigated the stability of
pyridinyl-alcoholate Grubbs-type precatalysts as seen in the im-
proved catalytic lifetimes of these complexes. Plots of
In([starting material]) versus time, proposed by Grubbs and
co-workers [20], were used as a measure of the stability of the
precatalyst, i.e., a linear plot indicates a reaction with pseudo-
first order rate kinetics, while a curved plot points towards cata-
lyst decomposition. We used the conversion of 1-octene at a
Ru/1-octene molar ratio of 1:9000 and a reaction temperature of
80 °C to compare the stability of 5d with that of 5i, 5j and Sk
[14]. In Figure 11 the literature data (% 1-octene conversion
and In(% 1-octene)) of 5d is compared with that of precatalysts
6 — 9 at a Ru/l-octene molar ratio of 1:9000 and a reaction tem-
perature of 80 °C over 540 min.

The overall activity order of the catalysts follows the order
5d>8>7>9>6upto ca. 540 min. The order 8 >5d = 7 >
9 > 6 is observed for both the overall metathesis and the PMPs
formation. All the precatalysts exhibits first-order kinetics over
the first ca 540 min when the In(% 1-octene) plots (Figure 11b)
are considered. The substituted precatalysts show better stability
than 5d, thus longer lifetimes, with 6 and 9 the slowest and 8
close to but slower than 5d.

It is interesting to note that the stability of 5j and 5k correlates
very well with that of 7, while 5i is more stable than 7 but less
than 9 (comparison of current results with results in [14]). This
clearly indicates that a substituent on one of the a-phenyl
groups or the pyridinyl moiety has a stabilising effect on the
corresponding precatalyst with a substituent on the 3-position (6
and 9) of the pyridinyl rendering the precatalyst the most stable.
The latter two is also active at higher temperatures.

Table 6 presents the overall catalytic performance of precata-
lysts 5d, and 6-9 at a Ru/1-octene molar ratio of 1:9000, 80 °C

202



1001_[_]31:,._,
g S
/N s\ \’\.
0 ~
80 A |

. \ N AN
< . N e
. ‘I:l’ A\\
G:.) RN A £ 2
S w P A
- ~~’*D_~ \A
e |:|\
20 mam
0
0 100 200 300 400 500 600

Reaction time (min)

(a)

Beilstein J. Org. Chem. 2019, 15, 194-209.

—_ O =~ea.
() O ~~as A
c ~~.0
o 3.0 Ty
[&]
?
X
35 2.0
S

1.0

0.0

0 100 200 300 400 500 600

Reaction time (min)

(b)

Figure 11: Influence of precatalysts 6-9 and 5d on the (a) conversion of 1-octene and (b) In([n%1-octene]) versus time plots (Ru/1-octene = 1:9000;
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Table 6: Summary of catalytic performances of different precatalyst (Ru/1-octene molar ratio 1:9000, 80 °C, 420 min).

Entry Precat. Conv.2 PMPs? SMPs2
1 5d¢ 71.2 68.0 3.0
2 8 65.4 60.5 4.1
3 7 44.4 431 1.1
4 9 25.7 24.0 1.4
5 6 19.4 16.4 23

IPs@ sb TON¢® TOFd

0.3 96 6120 24.29 x 1072
0.8 92 5445 21.61 x 1072
0.2 97 3879 15.39 x 1072
0.3 93 2160 8.57 x 1072
0.7 85 1476 5.86 x 1072

aConversion or yield in mol %; bs (selectivity) in percent toward PMPs; “TON (turnover number) = [%PMPs x (Oct/Ru)]/100; dTOF (turnover frequen-

cy) = TON/time in s; ®See reference [14].

and 420 min. According to these results precatalyst 5d shows
the highest PMPs, TON and TOF. Although it has relatively
high SMPs compared to most of the precatalysts, its overall
performace prevails over the other precatalysts. The second best
performance was observed for 8, as it resulted in relatively high
PMPs, TON and TOF compared to the rest of the precatalysts,
although its SMPs ranks as first. The rest of the precatalysts can
be ranked in a decreasing order of activity of 7> 9 > 6. It is
clear from the data in Table 6 that the unsubstituted precatalyst
5d is more active compared to the substituted precatalysts at
420 min. This will only be due to the substituent effect on the
activity of the precatalyst.

Effect of catalyst concentration

Earlier studies indicated that 80 °C is the optimum temperature
for 5d [10,11]. It was therefor decided to investigate the effect
of the concentration of the precatalyst on the metathesis of
1-octene at 80 °C. Precatalyst 8 was chosen for this investiga-
tion at Ru/1-octene molar ratios of 1:6000, 1:9000, 1:10000 and
1:15000.

Table 7 presents the overall catalytic performance of precata-
lyst 8 at different Ru/1-octene molar ratios, 80 °C and 420 min.
With a decrease in precatalyst concentration a direct relation-
ship was observed with the conversion of 1-octene and PMPs,

Table 7: Summary of the catalytic performance of precatalyst 8 present in different concentrations (80 °C, 420 min).

Entry Cg:Ru Conv.2 PMPs? SMPs2
1 6000 76.9 70.7 5.9
2 9000 65.4 60.5 4.1
3 10000 60.2 55.4 45
4 15000 52.8 48.4 3.8

IPs@ sb TON¢® TOFd

0.4 92 4240 16.83 x 1072
0.8 92 5445 21.61 x 1072
0.4 92 5539 21.98 x 1072
0.7 92 7254 28.78 x 1072

aConversion or yield in mol %; PS (selectivity) in percent toward PMPs; TON (turnover number) = [%PMPs x (Oct/Ru)}/100; 9TOF (turnover frequen-

cy) = TON/time in s.
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they all decreased, while the TON and TOF increased. The
SMPs and IPs did not follow a specific trend while the
selectivity remained the same, i.c., 92%, at all the concentra-

tions.

TH NMR investigation of precatalyst 7 and 5d
Proton nuclear magnetic resonance spectrometry (\H NMR) is a
powerful tool to study ruthenium alkylidene complexes and was
used to study 1-octene metathesis in the presence of 1 and 2
[10,21,22]. The conversion of the benzylidene, [Ru]=CHPh, to
the heptylidene, [Ru]=CHC¢H 3, and methylidene, [Ru]=CH,,
(where [Ru] = RuL,Cl,) could be clearly distinguished using
the carbene-H,, signals; they appeared as a singlet, triplet and
singlet in the & 18.5-20.2 ppm region, respectively. We also in-
vestigated Sa and observed five carbene-H,, signals attributing
three to the alkylidene species when the pyridinyl-alcoholato
ligand was in the “closed” (coordinated) position; ¢ gpn
18.05 ppm, dcypx 16.71 ppm and SCHH 16.08 ppm [10]. The
other two was attributed to the benzylidene (5cgpp 19.48 ppm)
and methylidene (dcyy 19.76 ppm) species in the “open”
(uncoordinated) position with the uncoordinated heptylidene
signal not appearing probably due to the fast reaction of this
species. Four signals at 6 9.48 ppm (for the coordinated ligand),
9.05 ppm, 9.22 ppm, and 9.71 ppm attributed to the H, signals

Beilstein J. Org. Chem. 2019, 15, 194-209.

of the pyridine ring were also observed. The latter three signals

overlapped too much to be useful.

We performed a 'H NMR investigation of the metathesis of
1-octene by precatalyst 7 in the temperature region 60-90 °C in
order to gain some insight into the reaction mechanism. The
carbene-H, '"H NMR signals at 90 °C over a period of 345 min
are presented in Figure 12. Three signals attributed to the
benzylidene (& 17.33 ppm, singlet), heptylidene (6 16.85 ppm,
triplet) and methylidene (3 15.68 ppm) were observed. A small
signal at 8 16.66 ppm appeared at 270 min and was not assigned
(inter alia multiplicity not discernable). A different develop-
ment of carbene signals over time is observed than what was re-
ported before for 5a [10], i.e., the methylidene signal starts to
appear at 12 min while the heptylidene signal only starts to
appear at 165 min. The benzylidene signal rapidly declines after
194 min and is not observed at 345 min. No clear indication of
an “open” or “closed” complex was observed, so it assumed
that the signals represent the “closed” species. It can be con-
cluded that the alkylidene species of the pyridinyl-alcoholato
Grubbs 2-type precatalysts are quite stable at high temperatures
explaining the activity of these precatalyst at high temperatures
and the slow rate of disappearance/formation of these signals
confirms the longer lifetimes observed in the catalytic reactions.

[Ru] =CZ
H,IMeS
‘/Cl
Ri= R ‘
|
N " )
l:.]l;h ‘ R R w 345 min
Y/
CH; Mf
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s e e RN R B = 270 min
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e n P NM,“‘ - . i - 194 min
WA o A "
T . . 165 min
J
w'ﬂa 116 min
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Figure 12: 'H NMR spectra of the carbene-Hq region at different time intervals of the 1-octene/7 reaction mixture in toluene-dg at 90 °C.
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The H,, pyridine ring 'H NMR signals at 90 °C at 345 min are
presented in Figure 13. Five H,, signals of the pyridine ring that
are not observed at the beginning of the reaction were observed
at 6 9.57 ppm (doublet), & 9.22 ppm (doublet), 5 9.08 ppm
(unknown multiplicity), 6 8.91 ppm (doublet) and & 8.85 ppm
(doublet). The signal at § 9.70 ppm (singlet) was the only signal
observed at the beginning of the reaction. These signals is prob-
ably due to the “open” and “closed” pyridinyl-alcoholato
ligands of alkylidene species and a possible assignment is
shown in Figure 13. Further research is required to gain a
comprehensive understanding of the operation of the active
species of the pyridinyl-alcoholato ruthenium alkylidene precat-
alysts.

Effect of solvent on 1-octene metathesis

using precatalyst 7

Because toluene-dg was used in the 'H NMR study it was
decided to investigate if toluene as solvent has any effect on the
1-octene metathesis reaction using precatalyst 7. Results of this

investigation are presented in Table 8.

An increase in SMPs formation is the only difference that was
observed when toluene was used as solvent with an 8.9% in-
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crease at 420 min. This affected the other performance indica-
tors, i.e., PMPs, S, TON and TOF; lower values than the neat
reactions were obtained. The results suggest that no significant
solvent effect appears to exist .However, the increase in SMPs
(associated with an increase in IPs) indicates decomposition of
the precatalyst to active isomerisation species, probably metal
hydride species. In our NMR study no indication of the exis-

tence of metal hydride species was found.

Conclusion

The aim of our research is to control the Ru—N bond strength of
the bidentate hemilabile pyridinyl-alcoholato ligands in precata-
lyst 5d in an attempt to synthesise a precatalyst with high per-
formance for linear alkene metathesis at high temperatures. To
reach this aim, we synthesised ruthenium alkylidene precata-
lysts by substituting one of the hydrogens of the pyridine ring of
the bidentate pyridinyl-alcoholato ligand by Me and OMe
groups. We synthesised the 3-, 4-, and 5-methyl and 3-methoxy-
substituted 5d precatalysts. The catalytic activity, selectivity
and stability results of the Me- and OMe-substituted Sd precata-
lysts, in 1-octene metathesis, showed promising results at high
temperatures. The high stability, very good activity, selectivity,
TON and TOF of the four precatalysts, at high temperatures,
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o' | Ph N _H
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Figure 13: "H NMR spectra of the H region of the pyridine ring of the 1-octene/7 reaction mixture in toluene-dg at 90 °C at 345 min.

Table 8: Summary of the catalytic performance of precatalyst 7 present in the presence of toluene as solvent (Ru/1-octene = 1:9000, 90 °C, 420 min).

Entry Solvent Conv.2 PMPs? SMPs?
1 neat 81.4 724 8.0
2 toluene® 79.8 61.8 16.9

IPs2 sb TONC TOFd
1.0 89 6516 25.86 x 1072
1.2 77 5564 22.08 x 1072

aConversion or yield in mol %; bs (selectivity) in percent toward PMPs; “TON (turnover number) = [%PMPs x (Oct/Ru)]/100; dTOF (turnover frequen-

cy) = TON/time in s; ®Viojuene = 4 mL.
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proved that the hemilability of the bidentate hemilabile
pyridinyl alcoholato ligand can be influenced by monosubstitu-
tion on the pyridinyl moiety. A Ru/1-octene precatalyst concen-
tration of 1:9000 and 80 °C were found to be the best reaction
conditions for the precatalysts. Although 8 performed better
than the rest of the precatalysts at 80 °C, 7 showed the best per-
formance in the other temperatures under investigation.
TH NMR spectrometry was used to investigate precatalyst 7 and
the active alkylidene species, i.e., benzylidene, heptylidene and
methylidene, were observed. NMR evidence of the hemilabile
nature of these precatalysts was found in the H, region of the
pyridine ring of the pyridinyl alcoholato ligand.

Experimental

Instruments and reagents
TH NMR (600 MHz) spectra were obtained using a Bruker
Ultrashield Plus 600 Avance III spectrometer.

GC/FID: The progress of the metathesis reactions was fol-
lowed on an Agilent 6890 gas chromatograph equipped with an
Agilent 7683 auto sampler, HP-5 5% phenyl methyl siloxane
capillary column and a flame ionisation detector (FID). The
following general GC settings were used: Column: HP-5,
30.0 m x 320 um x 0.25 pum, nominal; detector: FID at 250 °C;
H, flow rate: 40 mL/min at 20 °C; air flow rate: 450 mL/min at
20 °C; inlet temperature: 200 °C, 60.6 kPa; N, carrier gas flow
rate: 45 mL/min at 20 °C; injection volume: 2 pL (auto injec-
tion); syringe size 10.0 pL; split ratio: 50.4:1; split flow
94.3 mL/min; oven programming: 60 °C for 5 min; 60 to
110 °C at 25 °C/min; 110 °C hold for 10 min; 110 to 290 °C at
25 °C/min; 290 to 300 °C at 25 °C for 5 min.

GC/MSD analyses was performed on an Agilent 6890 gas chro-
matograph equipped with an Agilent 7683B autosampler, HP-5
capillary column and an Agilent 5973 mass selective detector
(MSD). The oven programme was used with either a
two-minute solvent delay or no solvent delay. Helium was used
as carrier gas with a 1.5 mL/min flow rate at 20 °C. The
following general GC settings were used: Column: HP-5,
30.0 m x 320 um x 0.25 um; Split ratio: 0.1:1; Split flow:
0.1 mL/min; Inlet: 250 °C, 16.6 kPa; Injection volume: 0.2 pL;
Detector: 50-550 Dalton mass range; scan speed of
2.94 seconds per decade; oven programming: 60 °C (hold time
2 min); 60 to 110 °C at 25 °C/min; 110 °C (hold time 10 min);
110 to 290 °C at 25 °C/min (hold time 16 min).

Reagents: 2-Bromo-3-methylpyridine (95%), 2-bromo-4-
methylpyridine (97%), 2-bromo-5-methylpyridine (98%),
2-bromo-3-methoxypyridine (97%), n-BuLi (2.5 M in hexane),
benzophenone (99%), 2-N, N-dimethylaminoethanol (> 99.5%),
Grubbs 2 (2) (97%), 1-octene (99% GC), nonane (reagent plus
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99%) and toluene (99%) were purchased from Sigma-Aldrich.
Toluene-dg (99.5%) was purchased from MERCK and fert-
butyl hydrogen peroxide (80%) from Riedel-de Haen. Diethyl
ether and THF were dried over Na in the presence of benzo-
phenone. Pentane was distilled over CaH, in an inert atmo-
sphere before using as solvent. 2-N, N-Dimethylaminoethanol
and n-hexane were dried over molecular sieves (4 A) and kept
under nitrogen before use. Gas-tight Hamilton syringes were
used to add reagents and dried solvents to the reactor. Acrodisc
Premium 25 mm syringe filter with GxF/0.45 pym GHP mem-
brane (PALL) was used to filter the lithium salt from the precat-
alyst.

Experimental procedures

Precatalyst synthesis: The well-established methods of
Herrmann et al. [23] and Van Der Schaaf et al. [7] were used to
synthesize precatalysts 6-9. This is illustrated in Scheme 2.

Benzylidene chloro(1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)[1-(3’-methyl-2'-pyridinyl)-1,1-
diphenylmethanolato]ruthenium (6): Yield 0.422 g, 89%,
green powder, decomp.: 190 °C, 'H NMR (600 MHz, CDCls) &
16.89 (s, 1H, H of Ru=CHPh), 9.70 (t, J = 3.8 Hz, 1H, H-6 of
CsH3N), 7.24 (m, 1H, para H of Ru=CHPh), 7.24 (m, 2H, meta
H of Ru=CHPh), 7.15 (m, 2H, ortho H of Ph), 7.05/7.28 (m,
4H, meta H of mesityl), 7.00 (m, 1H, H-4 of CsH3N), 6.90 (s,
2H, para H of Ph), 6.97 (d, J = 3.7 Hz, 2H, ortho H of
Ru=CHPh), 6.49 (s, 1H, H-5 of CsH3N), 6.75 (s, 2H, meta H of
Ph), 4.01-3.87 (m, 4H, H of NHC), 2.56/2.18/2.11 (3 x s,
3 x 6H, H of 6-CH3 on mesityl), 1.18 (s, 3H, H of CH3 on
CsH3N); MALDI-MS (m/z): [M]' 807.2646
(C47H4gCIN3ORu); IR (in em™!): v(OH, moisture) = 3386,
v(=C-H) = 3054, 3018, 776, v(CH3) = 2921, 2852, 1396,
v(C=N) = 1604, v(C=C) = 1584-1443, v(C-N) = 1254, v(C-0) =
1157; 13C NMR (150 MHz) 5 290.4, 214.5, 169.9, 151.2, 148.4,
144.6, 144.4, 139.2, 137.8, 132.4, 128.8, 128.7, 126.8, 126.7,
121.3,93.7, 51.2, 21.0, 19.1, 18.8.

Benzylidene chloro(1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)[1-(4'-methyl-2'-pyridinyl)-1,1-
diphenylmethanolato]ruthenium (7): Yield 0.456 g, 96%,
green powder, decomp.: 190 °C, 'H NMR (600 MHz, CDCl3) §
17.09 (s, 1H, H of Ru=CHPh), 9.42 (d, J= 5.9 Hz, 1H, H-6 of
CsH3N), 7.27 (m, 1H, H-3 of CsH3N), 7.27 (m, 2H, para H of
Ru=CHPh), 7.24 (s, 2H, meta H of Ru=CHPh), 7.24/7.04 (m,
4H, meta H of mesityl), 7.10 (m, 4H, ortho H of Ph), 6.96 (t,
J =17.6 Hz, 2H, para H of Ph), 6.92 (s, 2H, ortho H of
Ru=CHPh), 6.76 (s, 1H, H-5 of CsH3N), 6.63 (s, 4H, meta H of
Ph), 4.04-3.90 (m, 4H, H of NHC), 2.60/2.25/2.19 (3 x s,
3 x 6H, H of 6-CH3 on mesityl), 1.99 (s, 3H, H of CH3 on
CsH3N); IR (in cm™!): v(OH, moisture) = 3393, w(=C-H) =
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1. n-BulLi, Et,0, —78 °C, 30 min
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OH
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Scheme 2: Synthesis of pyridinyl-alcohol ligands and Grubbs 2-type pyridinyl-alcoholato complexes.

3052, 3018, 755, w(CHz) = 2919, 2850, 1290, v(C=N) = 1611,
v(C=C) = 1448-1443, y(C-N) = 1258, v(C-0) = 1248;
13C NMR (150 MHz, CDCl3) & 291.7, 214.7, 170.6, 151.5,
149.8, 146.2, 143.8, 139.2, 137.8, 136.7, 129.0, 128.5, 126.8,
126.6, 122.3, 93.0, 51.3, 21.0, 19.1, 18.8.

Benzylidene chloro(1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)-[1-(5'-methyl-2'-pyridinyl)-1,1-
diphenylmethanolato]ruthenium (8): Yield 0.304 g, 64%,
dark-green crystalline powder, decomp.: 125 °C, '"H NMR
(600 MHz, CDCl3) 6 17.07 (s, 1H, H of Ru=CHPh), 9.37 (s,
1H, H-6 of CsH3N), 7.26 (m, 1H, para H of Ru-CHPh), 7.24 (s,
4H, meta H of mesityl), 7.14 (m, 1H, H-3 of C5H3N), 7.10-7.02
(m, 4H, ortho H of Ph), 6.97 (t, J = 7.5 Hz, 2H, meta H of
Ru=CHPh), 6.92 (s, 2H, ortho H of Ru=CHPh), 6.92 (s, 1H,
H-4 of CsH3N), 6.75 (t, J = 7.6 Hz, 2H, para H of 2Ph), 6.68/
6.58 (2d, J = 7.3 Hz, 4H, meta H of 2Ph), 4.00-3.95 (m, 4H, H
of NHC), 2.60/2.26/2.19 (3 x s, 3 x 6H, 6-CHj3 of mesityl), 2.17
(s, 3H, H of CH; on CsH3N); MALDI-MS (m/z): [M]"
807.2660 (C47H4g3CIN3ORu); IR (in cm™1): v(OH, moisture) =
3391, v(=C-H) = 3055, 3020, 755, v(CH3) = 2920, 2849, 1377,
v(C=N) = 1605, v(C=C) = 1481-1410, v(C-N) = 1261, v(C-0) =
1163; 13C NMR (150 MHz, CDCl3) & 291.2, 214.5, 168.2,
151.6, 149.9, 146.3, 143.9, 139.2, 137.3, 134.9, 129.0, 128.5,
126.8, 126.5, 121.7, 92.9, 51.3, 20.9, 19.1, 18.8.

Benzylidene chloro(1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)-[1-(3’-methoxy-2'-pyridinyl)-1,1-
diphenylmethanolato]ruthenium (9): Yield 0.465 g, 96%,
green powder, decomp.: 197 °C, 'H NMR (600 MHz, CDCl3) &
16.97 (s, 1H, H of Ru=CH), 9.38 (d, J = 5.5 Hz, 1H, H-6 of

CsH3N), 7.30 (m, 1H, para H of Ru=CHPh), 7.29 (m, 2H, meta
H of Ru=CHPh), 7.25 (m, 4H, ortho H of 2Ph), 7.16 (m, 1H,
H-4 of CsH3N), 6.91/6.54 (s, 4H, meta H of mesityl), 7.04 (m,
1H, H-4 of CsH3N), 6.99 (m, 2H, para H of 2Ph), 6.99 (m, 1H,
H-5 of CsH3N), 6.73 (m, 4H, meta H of 2Ph), 6.73 (m, 2H,
para H of 2Ph), 6.43 (d, J = 7.7 Hz, ortho H of Ru=CHPh),
4.01-3.89 (m, 4H, H of NHC), 2.57/2.19/2.16 (3 x s, 3 x 6H,
6-CHj3 of mesityl), 2.90 (s, 3H, H of OCH3); MALDI-MS
(m/z): [M]" 823.2417 (C47H43CIN3O,Ru); IR (in cm™!): w(OH,
moisture) = 3388 v(=C-H) = 3054, 3015, 755, v(CH3) = 2920,
2848, 1316, v(C=N) = 1601, w(C=C) = 1586-1457, v(C-N) =
1258, v(C-0) = 1230; '3C NMR (150 MHz, CDCls) & 290.5,
214.5, 162.9, 151.5, 151.4, 149.1, 142.3, 139.2, 137.3, 137.2,
129.0, 128.6, 126.8, 122.1, 93.6, 55.4, 51.3, 20.9, 19.1, 18.8.

Metathesis reactions: The metathesis reactions were carried
out in 5 mL small-scale glass reactors. The reactor containing a
small magnetic bar was flushed with nitrogen and an appro-
priate amount of precatalyst added by weighing. Once again,
the contents of the reactor were carefully flushed with nitrogen
and the reactor was sealed. The sealed reactor was placed in an
aluminium block on a magnetic stirrer. The temperature was set
to the desired temperature and allowed to stabilise prior to the
reactor being placed in the block. The temperature was regu-
lated throughout the reaction using a temperature controller
fitted with a thermocouple. After one minute of heating nonane
(0.25 mL) was added via gastight syringe (1 mL) as an internal
standard, followed by the addition of 1-octene (5 mL) via
gastight syringe (5 mL). Samples (0.1 mL) were withdrawn at
time intervals for ca. 520 min with a gastight syringe (1 mL),

transferred to a GC vial (1 mL), quenched with toluene
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(0.3 mL) and tert-butyl hydrogen peroxide (2 drops), and then
injected into a GC/FID by auto sampler. The metathesis reac-
tion was terminated after 1440 minutes and analysed by
GC/FID. Some samples were also analysed by GC/MSD. Each
experiment was repeated at least three times.

IH NMR investigation of metathesis reaction: An NMR tube
was placed in a Schlenk tube, evacuated with a vacuum pump
and then flushed with a stream of argon. The same procedure
was repeated and then 12 mg (0.015 mmol) of precatalyst 7 was
added to the NMR tube. Once again, the contents of the NMR
tube were flushed with argon and toluene-dg (0.65 mL) added.
The catalyst was dissolved by shaking the contents and 1-octene
(0.1 mL, 0.64 mmol) added immediately before putting the tube
in the spectrometer for temperature ranges 3050 °C. 'H NMR
spectra were recorded at 5—6 minute intervals for 5—8.5 h. For
temperature ranges 60-90 °C, 'H NMR of the precatalyst was
done alone before adding the l-octene. The precatalyst
(11.5 mg, 0.014 mmol) and anthracene (5.2 mg, 0.03 mmol)
were mixed in the metathesis reaction where anthracene was

used as an internal standard.

Computational details

Geometry optimisation: Geometry optimisation of the precata-
lysts was done using the DFT module DMol? of Materials
Studio 6.1. The generalized gradient approximation (GGA) with
a double numerical basis set and a p-function (DNP) was used.
The exchange correlation functional PW91 was investigated.
All electrons were treated explicitly and the net charge of all the
structures was set to zero. Energies were calculated with
frequencies using coarse-grained parallelisation in order to

avoid optimised structures with negative frequencies.

Atomic charge calculation: Total electron density was calcu-
lated with fine grid resolution, 0.15 A grid interval and 3.0 A
border. Mulliken atomic charges of Ru were calculated from
population analysis and total electron density.

Ru-atom bond length measurement: All bond lengths were
measured from the optimised complexes with a,a-diphenyl-
(monosubstituted-pyridin-2-yl)alcoholato ligands.

Hardware: 1. Personal computer (HP); (Windows 7 Enterprise
© 2009 Microsoft Service Pack 1, Intel® Core™ i5-2450M
CPU @ 2.50 GHz, 2.50 GHz; 64-bit operating system).

2. HPC: 336 CPU Cluster with 1 x Master Node: (HP BL460C
G6 - 2 Quad Core 2.93 GHz, 16 GB RAM, 2 146 GB HDD),
40 x Compute Nodes: (HP BL460C G6 - 2 Quad Core
2.93 GHz, 16 GB RAM, 2 146 GB HDD, ProLiant BL2 x 220c
G5, HP BL460C G1), 1 x 3 TB HP EVA 4400 SAN and 1x HP
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BL460C G6 Storage Server, Operating system on compute
nodes: Scientific Linux SL release 5.3, Cluster operating

system: Rocks 5.2 - Scientific Linux SL release 5.3.
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Multiblock copolymers constitute a basis for an emerging class of nanomaterials that combine various functional properties with

durability and enhanced mechanical characteristics. Our mini-review addresses synthetic approaches to the design of multiblock

copolymers from unsaturated monomers and polymers using olefin metathesis reactions and other ways of chemical modification

across double C=C bonds. The main techniques, actively developed during the last decade and discussed here, are the coupling of

end-functionalized blocks, sequential ring-opening metathesis polymerization, and cross metathesis between unsaturated polymers,

or macromolecular cross metathesis. The last topic attracts special interest due to its relative simplicity and broad opportunities to

tailor the structure and hence the properties of the copolymer products. Whenever possible, we analyze the structure—property rela-

tions for multiblock copolymers and point to their possible practical applications.

Introduction

Nowadays, olefin metathesis has become a well-established
field of organic and polymer chemistry. The discovery of metal-
locarbene initiators that are capable of catalyzing metathesis po-
lymerization in a living fashion turned it into a powerful tool of
polymer design [1]. Hundreds of linear, comb-like, graft-,
bottle-brush, ladder, and other homopolymers and copolymers
were synthesized [2-7]. Block copolymers combining proper-
ties of two or more individual polymers in one material attract

ongoing attention from both experimentalists and theoreticians

due to their intrinsic tendency to self-assemble into diverse
microstructures [8-11]. Technological applications of block
copolymers cover lithography [12], photovoltaics [13], mem-
branes [14] and many other areas [15]. Most of the research is
devoted to diblock and triblock copolymers, whereas multi-
block copolymer studies are still much less common
[3,4,16-18]. Aside from more complicated synthesis and charac-
terization of multiblock copolymers, for decades it was thought

that any sequence disorder along polymer chains hinders their
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ordering [19] so that the only interesting are regular multiblock
copolymers that can form structures with more than one period-
icity [20]. Meanwhile, theoretical investigations [21-23] and
computer simulations [24-27] gradually revealed the high
potential of random multiblock copolymers with respect to self-
assembly. In recent years, it was demonstrated that such poly-
mers can be prepared with many of the available techniques, in-
cluding polycondensation [28], chain-shuttling polymerization
[29], copper-mediated radical polymerization [30-32], revers-
ible addition—fragmentation chain transfer polymerization
[33,34], and intermacromolecular reactions [35-37]. Though the
properties of multiblock copolymers are far from being fully
explored and understood, their applications already include
adhesives, barrier materials, emulsifiers, impact modifiers, and
materials for electronics, fuel cells, gene and drug delivery
[8,9,15,38-40]. Compared with diblock and triblock copoly-
mers, not to speak about polymer blends, multiblock copoly-
mers often demonstrate superior mechanical properties, bio-
compatibility, biodegradability, compatibilizing ability, and ten-
dency to form bicontinuous phases needed for ionic and molec-
ular transport [8-10,41-45]. On the other side, they retain indi-
vidual properties of their comonomers, which are usually aver-

(0]
OAc

R'=
OAc

M2 OAc
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aged and therefore lost in fully random copolymers of similar
composition [46,47].

In this mini-review we consider the approaches to multiblock
copolymer syntheses via olefin metathesis reactions developed
mainly over the past ten years. The following sections address
the achievements and perspectives of three main techniques
used for this purpose, namely, sequential ring-opening metathe-
sis polymerization, coupling of end-functionalized blocks, and

macromolecular cross metathesis.

Review

Synthesis by sequential ring-opening
metathesis polymerization

Living ring-opening metathesis polymerization (ROMP)
provides an opportunity to use a well-established route to multi-
block copolymers based on the repetitive addition of different
monomers to living polymer chains after full consumption of a
previous monomer [48,49]. This technique was effectively
applied for the synthesis of di-, tri- and tetrablock carbohydrate
copolymers mediated by Schrock’ and Grubbs’ catalysts of the
Ist (Grl) and 2nd (Gr2) generations (Scheme 1, Figure 1)

Scheme 1: Multiblock copolymer synthesis by sequential ROMP, replotted from [51].

PCy3
| Cl

Ru—
N c | —\

Il
t-BUOw.. Mo =CHCMe,Ph PCys
t-BuO
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Grubbs catalyst
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«Cl N—Ru=
RU— QCI/l _\Ph
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cI” | bh Br >
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catalyst

Figure 1: The most known commercially available catalysts for olefin metathesis.
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[50,51]. It yields copolymers of the desired average
molecular mass and narrow molecular mass distribution
(D = My/M, = 1.0-1.19) and enables control over the block se-
quence and length in the copolymer chains (sequence-con-
trolled multiblock copolymers). However, in practice this
method is restricted to copolymers with a limited number of
blocks, such as tetrablocks or pentablocks [52], because each
time a new monomer is added some of the living chains cannot
initiate polymerization being terminated with trace impurities.
Besides, in the course of ROMP main-chain double bonds are
prone to secondary metathesis in a chain-transfer process that
leads to reshuffling of the monomer unit sequences. Since less
sterically encumbered groups are more easily involved into the
secondary metathesis, this effect can be minimized by first
polymerizing a more bulky monomer and then conducting a fast

polymerization of another monomer [53-55].

Synthesis from end-functionalized blocks

Another strategy to multiblock copolymer preparation is to
assemble them by using pre-synthesized telechelic polymers
with o,m-bifunctional end groups, which can be coupled in dif-
ferent ways. The classical technique for preparing telechelics
uses a symmetrical difunctional olefin compound as a chain-
transfer agent (CTA). This was applied for the synthesis of
styrene (S)—isoprene (I)-butadiene (B) multiblock copolymers

by combining ROMP with nitroxide-mediated polymerization

CTA

O -y

\4/ O O \‘/
Aol
N\O%Of\/\/];:o oN

macroinitiator

Beilstein J. Org. Chem. 2019, 15, 218-235.

(NMP) [56]. A perfectly regioregular o,o-telechelic poly(1,4-
butadiene) bearing alkoxyamine termini was obtained by
ROMP of trans,trans,cis-1,5,9-cyclododecatriene in the pres-
ence of a symmetric acyclic olefin CTA (Scheme 2). This
telechelic polybutadiene was used as the macroinitiator for the
NMP of styrene and diene monomers to yield unimodal SBS,
IBI, and SIBIS multiblock copolymers, which include glassy,
rubbery, and semicrystalline polymer segments and demon-

strate peculiar mechanical behavior [57,58].

References [59] and [60] report on the preparation of fluores-
cent polymer nanoparticles for bioimaging and in vivo targeting
of tumors and the nanoparticles were formed by a ABCBA
pentablock copolymer. In this polymer A stands for hydrophilic
oligo(ethylene glycol) (OEG)-grafted polynorbornene
possessing stealth-like and antifouling properties that are useful
for in vivo applications. The B block is formed by polynor-
bornene functionalized with N-hydroxysuccinate esters (NHS)
that can be used as a carrier for antitumor drugs, and the
C block is a far-red emitting conjugated random copolymer of
p-phenylene ethynylene (PPE) and perylene monoimide (PMI,
Figure 2). For the synthesis, the random PPE-PMI copolymer
was end-capped with norbornadiene (NB—(PPE-PMI)-NB) to
allow further functionalization through olefin metathesis. The
separately prepared by ROMP living diblock copolymers com-
prising norbornene with OEG (A block) and an NHS (B block)

ROMP
Gr2

toluene
26-30 h

NMP \)\

125 °C X
NMP |/

120 °C

= o) _N
OMH +?[o‘ﬂ+/YH po

SIBIS

Scheme 2: Multiblock copolymer synthesis by combining ROMP and NMP, replotted from [56].
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Figure 2: A highly fluorescent multiblock copolymer for bioimaging and in vivo tumor targeting [60].

were synthesized in the presence of Grl and terminated by the
reaction with NB—(PPE-PMI)-NB to obtain the ABCBA
pentablock copolymers.

This copolymer forms nanoparticles with a central hydrophobic
core capable of accommodating fluorescent dyes and conven-

tional therapeutics and a hydrophilic biocompatible outer shell.

The efficient combination of the ROMP process and click
chemistry led to the highly photoresponsive multiblock polybu-

)

COoD

tadiene [61]. Initially, ROMP of 1,5-cyclooctadiene (COD) in
the presence of a difunctional CTA provided dibromo-telechelic
polybutadiene (PBD), which was transformed into diazido-
functionalized telechelic PBD (Scheme 3).

The multiblock PBD then was assembled by multiple click
reactions of the diazido-telechelic PBD with a dialkynyl-con-
taining azobenzene chromophore. The newly formed triazole
moieties can tune and improve the photoresponsive properties
of PBD.

S o ROMP 0
AP Ao 22 e g 0
Br e r r WW
8 0 0 8 toluene 8 o n MBr
CTA o (0]
50 °C NaN;
DMF/THF
click reaction 80 oé

SN SIS PN AP PN A
(o]

dialkynyl azobenzene chromophore

30°C

CuBr(bpy)
1,4-dioxane

diazo telechelic PBD

,{N/\_W{o}_@ NNOO@NMOWWOM,W

multiblock PBD

Scheme 3: Multiblock copolymer synthesis by combining ROMP and click reactions replotted from [61].
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o,0-Functional telechelic polymers also can be synthesized by
acyclic diene metathesis (ADMET) polymerization. This ap-
proach was implemented for the preparation of fluorene-con-
taining multiblock copolymers [62,63]. Poly(9,9-di-n-octylfluo-

Beilstein J. Org. Chem. 2019, 15, 218-235.

rene-2,7-vinylene, PFV) obtained by ADMET polymerization
of 2,7-divinyl-9,9-di-n-octylfluorene in the presence of Gr2
under reduced pressure (Scheme 4), possessed exclusive trans
regularity and contained vinyl groups at the both polymer chain

R R ADMET
I) Gr2 —C2H4

! 4 0.0 N ii) CH,=CHOEt

(termination)

R = n-octyl
PFV
OHC_:}_CHO: one-pot synthesis
Mo cat (1.8 equiv)
onc__S A N__s__cho oHc—{  }-cHo
/AN bis(aldehyde) 0.5 equiv
OR'

i [ e 1
OHC O

R'O
m=3,7 Wittig reaction l
R' = CH,CH,0Si(iPr)3

i) Mo cat (2.5 equiv)
i) ArCHO (excess)

A Prv] T [Prv]A]

ABCBA
multiblock copolymer

ArCHO:
Mo cat
PFV C Br

N
|| t ') Mo cat (5 equiv)

CHC(CH3) ii) ArCHO (10 equiv) OHC@CHgBr
> ( @m : >_§Br
CuBr
ATRP //_Q l (NH2)2bpy

o) ©m® @l

(F3C)a(CHz)CO™
(F3C)2(CH3)CO

I) NaN3
ii) CuBr
(NH2)2bpy

click reaction Meoﬁ\/oﬂ/\oﬂ\/\\\
PEG

\ N
MeOMOi/\/O\[N\/ %« O @é \%\/\gov\to/\tOMe

ABCBA multiblock copolymer

Scheme 4: Multiblock copolymer synthesis by combining ADMET and other reactions, replotted from [63,64].
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ends. These groups were treated with a Mo catalyst to generate
the corresponding Mo-alkylidene moieties followed by the
Wittig-type cleavage with various aldehydes, gave an opportu-
nity to utilize atom transfer radical polymerization (ATRP) and
click reactions for the precise synthesis of amphiphilic
ABCBA-type block copolymers (Scheme 4) [63]. A more facile
“one-pot” procedure for the synthesis of an end-functionalized
conjugated multiblock copolymer with PFV main chain was
accomplished by combining olefin metathesis and subsequent
Wittig coupling (Scheme 4) [64].

The ADMET technique was used not only for the synthesis of
polymer telechelics but also for their assembling into multi-
block copolymers. A simple one-pot way for the preparation of
random multiblock copolymers was proposed in reference [65].
A mixture of semicrystalline and amorphous samples of partly
hydrogenated PBD underwent ethenolysis in the presence of the
Ru-carbene catalyst. This depolymerization procedure resulted
in the formation of telechelics with both end vinylated. Then,

the ethylene atmosphere was replaced with argon and an addi-

Beilstein J. Org. Chem. 2019, 15, 218-235.

tional amount of catalyst added. Under these conditions, the
ADMET polymerization led to the multiblock copolymers with
randomly distributed semicrystalline and amorphous blocks,
which exhibited noticeably improved mechanical properties
compared with the blend of the initial polymers.

An approach utilizing macromonomers or macrocycles was
used for the synthesis of multiblock copolymers with random or
sequence-controlled structure [66]. The ROMP is also suitable
for the synthesis of bottle-brush block copolymers, in which
linear or branched side chains are densely grafted to a linear
backbone, being easily functionalized for recognition, imaging,
and drug delivery in aqueous media [4-6,67]. They have a low
tendency to entangle and can rapidly self-assemble in selective
solvents even at very low concentrations forming large-domain
microstructures. The facile synthesis of norbornenyl-terminated
di- and triblock poly(cyclohexene carbonate)s was carried out
by the B-diiminate (BDI) zinc-catalyzed block copolymeriza-
tion of functionalized epoxides and CO, with a norbornenyl-
containing initiator (Scheme 5) [68]. The subsequent “grafting

Lot

RZ
CO,
2 = 3=
R®=H(CF2)s R®=Hex-0 p(CHC) . PF-CHC) p(Hex-CHC)
0 .
/ ~N
-
1
1. NB=p(CHC)g-b—p(F-CHC)5
Ru cat %0 %0
Gr3

2. NB—p(CHC);9—b—p(F-CHC)5~b—p(Hex-CHC)1o

SHOHD-4)d-g-0(OHO)d

0H{oHO-xeH)d—a—5+(OHD-4)d—9-°(oHD)d

Scheme 5: Synthesis of multiblock bottle-brush copolymers by ROMP, replotted from [68].
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through” by ROMP of norbornene resulted in the synthesis of
multiblock copolymer brushes. Changes in the synthetic stage

sequence led to variable layer compositions.

Various linear and star-shaped (triarm) ABA and ABCBA
amphiphilic multiblock copolymers containing acetal-protected
sugars (APS) were prepared by the coupling of an end-functio-
nalized ROMP copolymer of norbornene (NB) and APS-substi-
tuted NB with poly(ethylene glycol) (PEG) [69]. Ring-opening
metathesis copolymerization of the rather strained cyclooctene
(COE) and a strainless 27-membered macrocyclic olefin (MCO)
led to the multiblock copolymer consisting of octenylene blocks
linked with ring-opened MCO segments (Scheme 6) [70]. The
higher reactivity of COE in ROMP is the reason for the forma-
tion of long octenylene sequences.

The MCO was obtained by ring-closing metathesis and
contained easily cleavable ester linkages. It gave the possibility
to cut the multiblock copolymer into pieces under alkaline
conditions in order to obtain telechelic polyoctenylene with
carboxyl end groups. The last reaction represents an example of
the so-called sacrificial synthesis, another effective approach to
telechelics [71].

Hiff and Kilbinger generated cleavable ABAB pentablock and
ABABABA heptablock metathesis copolymers via the sequen-
tial ROMP of seven-membered cyclic acetals (2-methyl-1,3-
dioxepine and 2-phenyl-1,3-dioxepine) and N-substituted NB
dicarboximide derivatives [72]. The subsequent hydrolysis of
the prepared copolymers resulted in well-defined telechelics in
good yields per initiator molecule and thus significantly im-

ring-closing metathesis

e y

Beilstein J. Org. Chem. 2019, 15, 218-235.

proved the initiator efficiency. The sacrificial approach also
helps to describe the multiblock copolymer structure: owing to
the acid-labile acetal group, polymer scission takes place at the
point of the dioxepin insertion thus providing an indirect way to
detect the monomer location [73].

Supramolecular multiblock copolymers with the possibility to
introduce stimuli-responsive functionalities were obtained using
a bimetallic ruthenium initiator [74]. The initiator allowed for
the single-step fabrication of symmetrically end-functionalized
telechelic polymers using ROMP and functional chain termina-
tors (Scheme 7). In more detail, the synthesis included ROMP
of NB octyl ester or NB by means of metal coordination using
the obtained telechelic polymers methyl triglycol ester in the
presence of the bimetallic ruthenium catalyst followed by the
addition of an excess of either a Pd-containing chain terminator
to obtain pincer-functionalized telechelic polymer 1 or a pyri-
dine-containing end-terminator to yield pyridine-functionalized
telechelic polymers 2. On this basis, supramolecular copoly-
mers with alternating blocks were constructed using AgBF, to
remove Cl from the pincer complex and generate a cationic Pd
ligand, which can coordinate with pyridyl ligands in a new

pincer complex.

A range of Zr(IV) and Hf(IV)-based bisamido complexes can
catalyze both ROMP and addition (AP or vinyl) (co)polymeri-
zation of NB [74,75]. The presence of a 2-pyridyl moiety, along
with a boron-containing group, and activation by MAO makes it
possible to synthesize a NB copolymer with ethylene, contain-
ing both NB-ROMP and NB—AP monomer units. This ap-
proach allows obtaining multiblock copolymers that are capable

ring-opening metathesis
copolymerization

7
~/ © Gri - Gr2 o) E 0
RN RN AN M/\
\—\ 0 40°C \/\ 50 °C 6 °n 7 © © 7 m
(0] 0 7 n cyclooctene
N— 0 e 99 9o 9
MCo M C—0 O —C i C—0 w0 —CxwC—0w0—Crw
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|
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telechelics

Scheme 6: Sacrificial synthesis of multiblock copolymers, replotted from [70].

224



Beilstein J. Org. Chem. 2019, 15, 218-235.

PCy3 PCy3
— /CI
PC;©\ /©/ PCy;

O n n

R
OR' ()G
M s 0o
R'O R1O
2
/O\7R R3
/O\¢

=CgHq7

R' = (CH,CH,0)CH3

AgBF,

Arn (R3R2)NW(R2R3)VW(R3R2)’W‘(R2R3)\'W(R3R2)M

R= (HzC)s(O)COQOC(O)(CHz)s

SPh

Pd-Cl

SPh

R?= HC(H,C)s0

RS = HC(HZC)5OQN

sph | BF4

| —
HC(H,C)s0 F]d—?‘-lQ’O(CHz)s

SPh

(R%R?)

Scheme 7: Synthesis of supramolecular multiblock copolymers, replotted from [74].

of simple post-polymerization functionalization across double
bonds (Figure 3). For instance, the introduction of polar groups
imparts adhesive properties to the copolymers, which are essen-
tial for coatings.

NB-ROMP PE
NB-AP

Figure 3: The multiblock copolymer capable of post-functionalization
[76].

Synthesis by macromolecular

cross metathesis

Cross metathesis between polymers containing main-chain C=C
double bonds is a recent and actively developing approach to
random multiblock copolymers. For years, the cross metathesis
involving double bonds in the polymer backbone was consid-
ered as an undesired chain-transfer process that broadens mo-
lecular mass distribution, leads to the formation of cyclooligo-
mers and reshuffling of monomer units in the course of the
polymer synthesis [77]. The cross metathesis reactions on poly-
mers were mostly studied with regard to the intramolecular
polymer—catalyst interactions [77-79] or intermolecular degra-
dation of polymers via the cometathesis with different olefins
[77,80,81]. Only recently, the cross metathesis between macro-
molecules, or macromolecular cross metathesis (MCM), began
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to be considered as a promising reaction for various applica-
tions [82-93]. It was shown that the random copolymers pro-
duced by the cross metathesis of chemically dissimilar poly-
mers, such as polycarbonate and PCOE, demonstrate an ability
to ordering via microphase separation (Figure 4A) [82]. The
MCM was shown to be effective in the preparation of multi-
block copolymers from parent polymers synthesized according
to different polymerization mechanisms. New multiblock
copolymers were obtained by the cross metathesis of ROMP-
derived 1,4-polybutadiene or natural polyisoprene and olefin-
containing polyester or polyurethane prepared via step-growth
polymerization (Figure 4B and C) [83-85]. The multiblock
copolymers from polybutadiene and olefin-containing
polyurethane demonstrated improved mechanical properties
[85]. Head-to-tail regioregular and E-stereoregular multiblock
copolymers and heterotelechelic polymers were successfully
synthesized by the cross metathesis between different ROMP-
derived poly(3-substituted cyclooctenes), (Figure 4D) [86]. The
MCM between immiscible commercial polybutadiene and poly-
isoprene led to the formation of single-phase block copolymers
(Figure 4E) [87]. The cross metathesis between functionalized
polyoctenamers (PCOE) and polynorbornenes (PNB) opened
the way to new multiblock copolymers that are difficult to
obtain by other methods (Figure 4F) [88-93]. With a large
excess of COE, the ring-opening metathesis copolymerization
of NB and COE results in the formation of a mixture of the
homopolymers and copolymers enriched with NB units [94,95].
The substantial difference in the monomer strain energy (NB:
100 kJ mol™!, ~AG° ROMP = 47 kJ mol™!; COE: 16 kJ mol !,
—AG° ROMP = 13 kJ mol™!) [77,96] is the reason for such be-
havior. Unlike copolymerization, the MCM starts from two
homopolymers, PNB and PCOE, in which there is no differ-
ence in the strain energy, so that multiblock copolymers with
various block lengths are easily formed [88,89,91,93]. Obtain-
ing of multiblock polymers using cross metathesis is syntheti-
cally much simpler than using the earlier described sequential
ROMP or pre-synthesized block-coupling techniques so that
MCM can be advantageous when a strict sequence control over
the copolymer structure is not needed. Nevertheless, random
block copolymers obtained by interchain exchange reactions,
like MCM, retain the ability to ordering [82].

MCM is an interchain cross reaction characterized by reshuf-
fling of monomer units in the macromolecular backbones via
break up and formation of new double bonds according to the
olefin metathesis mechanism. In the beginning, an exchange of
chain segments between the parent homopolymers results in the
formation of diblock copolymers. Then random multiblock
copolymers are formed (Scheme 8), their average block lengths
are decreased until they gradually reach the values typical of a

copolymer with the fully random unit sequence.
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Therefore, the copolymer chain structure can be controlled by
altering the reaction time, molar ratio of the starting polymers,
catalyst type and concentration, as well as solvent type and
initial polymer concentration [83-89,93]. It is important to keep
a relatively high polymer concentration in the reaction mixture
to prevent intramolecular metathesis that leads to cyclooligo-
mers. It is worth noting that the Gr2, Gr3 and Grubbs—Hoveyda
(Gr—H) catalysts (Figure 1) are much more active than Grl in
MCM and concentrations of 0.036-0.049% are sufficient to
carry out the process effectively [86,87]. In the PBD—polyiso-
prene (PI) cross metathesis, Grl can be replaced by Gr-H1 but
longer reaction times are needed [87]. A control over the reac-
tion kinetics can be sometimes complicated because the overall
composition of a polymer mixture does not change in the course
of MCM. Nevertheless, it can be successfully implemented
using a complex of NMR, GPC, and DSC methods. As a rule,
the parent polymers are characterized by different molecular
masses, which allow using GPC to track how two peaks in the
chromatogram merge into one with conversion. If the initial
polymers display different glass transition temperatures, DSC
can be also used to monitor the kinetics (Figure 5). At the
beginning of the MCM reaction, two T, values are observed
which get closer and finally merge into one, when long se-
quences of chemically identical units stemming from the parent
homopolymers are exhausted.

TH NMR spectroscopy was implemented to track the evolution
of the chain structure in the course of MCM between polybuta-
diene (PBD) or polyisoprene (PI) and olefin-containing poly-
esters or polyurethane, as well as changes in the chain stereo-
specificity during the reaction between 3-substituted PCOEs
[83-86]. Cross metathesis in the PNB/PCOE (Figure 6) and
PBD/PI pairs was monitored by '3C NMR [87-91,93]. The frac-
tion of heterodyads in the copolymer gradually increased with
conversion thus indicating the formation of random multi-
blocks. The average block length L was calculated from an inte-
gral ratio of homo (A—A, B-B) and heterodyad (A-B) signals in
the NMR spectra:

La = [(CAM+UCABYI(CAB); Ly = [I(CBBY+I(CBH)Y
I(CB); where I(CA) and I(CB-B) are the peak intensities of
the initial homodyads, A—A and B-B, and /(CAB) and /(CB4)
are the peak intensities related to the alternating dyads.

The average block lengths decreased with the conversion, reac-
tion time, and catalyst concentration and asymptotically
approached the value of 2, characteristic of a completely
random (Bernoullian) equimolar copolymer. Thus, a proper
choice of the MCM conditions enables one to obtain copoly-
mers with a controllable average block length ranging from the

initial homopolymer length to a few monomer units.
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Figure 4: Multiblock copolymers synthesized by macromolecular cross metathesis.

227



catalyst

+

W

Scheme 8: Macromolecular cross metathesis.

————'—\__/\/‘"—"_—
(viyi2h 4 |
Ty=199 K
(v) 6h
e Ty=206K
o [iv)2h
<
S il
° Ty=205K
l !
Ty=211K

Ty=234K

Ty=172K

Beilstein J. Org. Chem. 2019, 15, 218-235.

o o PP 00~

multiblock copolymers

PCOE

PCOE+Grl

PCOE:PNB=2:1

PCOE:PNB=1:1

PCOE:PNB=1:2

I I I
150 2(|)0 2%0 3(|)0 350
Temperature (K)

T,°C

Figure 5: Changes in the DSC thermograms during MCM of PBD and polyesters (left) [84] and PNB—PCOE (right) mediated by Gr1 catalyst [89].

Arrows indicate the glass transition temperatures.

Important data on the kinetics of MCM between PNB and
PCOE mediated by Grl were obtained by combining in situ
NMR studies of the Ru-carbene transformations and ex situ
NMR monitoring of the dyad composition evolution [90]. It was
found that Grl first interacts with PCOE so that all Ru-carbenes
become bound to those macromolecules approximately within
one hour (Scheme 9, reaction 1 and Figure 7). Recall that the
addition of Grl to a mixture of NB and COE first causes rapid
metathesis polymerization of NB and only after that COE
monomers are involved. An early MCM stage is also character-
ized by a decrease in the average molar mass of the mixture,
which indicates that polymer backbones break during their
interaction with the catalyst.

It takes about a day for the interchain exchange between the
homopolymers with carbene-functionalized end groups to yield
a statistical NB—COE copolymer and during this process its
molar mass remains almost unchanged. The slowest elementary
reaction, which controls the overall kinetics, is the interaction
between [Ru]=PCOE carbenes and C=C bonds in PNB chains
(Scheme 9, reaction 2). Its low rate is consistent with the

bulky structure of NB units. During the cross metathesis, the
concentration of [Ru]=PNB carbenes is very low but they are
necessary for the cross reaction to proceed (Scheme 9,
reaction 3).

An increase of the PNB concentration in the mixture results in a
growth of the copolymer degree of blockiness [89]. This fea-
ture of the cross metathesis between PNB and PCOE is also
opposite to what is expected for the metathesis copolymeriza-
tion of NB and COE, where a high excess of COE is needed to
allow for the formation of NB—COE copolymer [95].

Some results regarding the cis/trans-isomerization of double
bonds in the MCM process were obtained [85,87,89]. In the
systems PNB-PCOE (68% cis)-Grl and PBD-cis-olefin-
containing polyurethane (cis-PU)-Gr2, cis-double bonds partly
transform to a more thermodynamically stable trans-configura-
tion, which is well-known for olefin metathesis [85,89]. The
cis/trans-isomerization is observed for homodyads in MCM
and even in the course of the homopolymer—catalyst interaction
as a result of self-metathesis reactions that do not directly
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Figure 6: The 13C NMR spectrum recorded after 8 h of the reaction between PCOE, PNB, and Gr1; the homo- and heterodyad signals are enlarged
in the inset [90].
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Scheme 9: Elementary reactions of MCM between PNB and PCOE, replotted from [90].
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Figure 7: The "H NMR spectrum recorded after 24 h of the reaction between PCOE, PNB, and Gr1 in CDCls. The carbene signals are enlarged in the

inset [90].

influence the copolymer formation. For instance, the cross
metathesis of commercial cis-PBD (97% cis, 2% trans, 1%
vinyl) with cis-PI (94.5% cis, 5.5% trans) mediated by Grl
led to a partial conversion of cis-double bonds in PBD units
into the trans-configuration increasing its content from 2 to 9%
[87]. On the opposite, the amount of zrans-double bonds
in PI decreased, which resulted in the increase of the cis-
double bonds content from 94.5 to 99%. The authors explained
this observation by the higher reactivity of isoprene frans units.
However, the cis-PU was more active in the MCM reaction
with PBD than frans-PU [85]. It seems that more research on
this topic is needed. It is also worth mentioning that the
MCM of 3-substituted PCOEs proceeds in a regioselective
fashion, similar to the ROMP of 3-substituted COE monomers
[86].

Choosing a suitable solvent is of vital importance for the effec-
tive implementation of MCM reactions. It should provide
homogeneity of the reaction medium at a highest possible
polymer concentration to minimize the impact of intrachain
reactions [79]. At the same time increasing polymer concentra-
tion can lead to polymer/solvent and polymer/polymer phase

separation. These issues can be controlled by light scattering

[90]. Another possible concern is related to the high viscosity of
the initial polymer mixture, especially in the case of high mo-
lecular mass components, like PNB. Fortunately, upon the cata-
lyst addition such mixtures rapidly become more fluid because
of polymer-chain scission. The effect of solvent (THF and
CH,Cl,) was studied for the MCM in the PBD-PU-Gr2 system
[85] and it was found that the reaction in THF proceeded at a
higher rate than in CH,Cl,.

A decrease in the polymer molecular mass can be considered as
a disadvantage of the MCM process. It takes place at the first
stage of the reaction when Ru—polymer carbene active sites are
formed as a result of the catalyst—polymer interaction. The de-
crease in M, is observed during the first 1-2 hours and then it
remains nearly unchanged [84]. The molecular mass of the re-
sulting multiblock copolymer decreases with increasing the
catalyst concentration [84,88]. Another reason for lowering the
copolymer molecular mass is related to intramolecular metathe-
sis that leads to low molecular mass cyclooligomers [77], which
are lost during isolation of the reaction product. This negative
effect can be partially counteracted by increasing the polymer
concentration in the reaction mixture [84] in order to suppress

intramolecular reactions.
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The range of practical applications of multiblock copolymers
can be significantly broadened through their functionalization.
This goal can be achieved by introducing substituents into the
parent homopolymers before MCM, just to mention 3-substi-
tuted PCOEs that are able to form stercoregular structures [86].
We introduced substituents into NB-COE copolymers by
premodification of NB blocks or COE blocks (Figure 4F)
[91,93]. A bulky MesSi-substituent that can enhance gas separa-
tion properties was introduced into NB copolymer blocks by the
cross metathesis of poly(5-trimethylsilylnorbornene) with
PCOE [89]. Kinetic studies demonstrated that a substituent in
the NB monomer units considerably lowers the MCM rate. The
introduction of hydroxy groups into COE units of a NB-COE
copolymer met certain difficulties mainly related to the poor
solubility of the parent poly(5-hydroxycyclooct-2-ene),
PCOE(OH), homopolymer in common solvents [91,97]. The
cross metathesis of PNB with PCOE(OH) in the presence of
Gr2 was carried out only in a mixed solvent, CHCl3 (10%)/
MeOH. However, MCM was accompanied by partial hydroge-
nation of double bonds, especially for long reaction times. The
ability of the Gr2 catalyst to form Ru—hydride complexes in the
presence of alcohols is well-known and described in the litera-
ture [98,99]. Such complexes promoting C=C bond hydrogena-
tion were detected in the PNB-PCOE(OH)-Gr2 system using
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NMR [97]. It is curious that the resulting multiblock copoly-
mers reveal some crystallinity, whereas the parent PNB and
PCOE(OH) are fully amorphous. It can be explained if we
recall that hydrogenated PNB is a semicrystalline polymer
[100]. The Pd/Al,O5 catalyst was used to promote the hydroge-
nation of multiblock copolymers formed with the cross metathe-
sis of PBD and olefin-containing polyester (Scheme 10A) [84].
It was shown that shortening the block length in both the
olefinically unsaturated and hydrogenated copolymers resulted
in a decrease, and, finally, in the extinction of 7,. At the same
time multiblock copolymers with long blocks demonstrated two
glass temperatures, which get closer to each other upon block
shortening and then a single-phase copolymer with one 7 was
formed [84,86-88]. Besides, the semitransparent, hard, and
brittle copolymers obtained by MCM of PBD and polyesters be-
came nearly transparent and flexible upon hydrogenation [84].
Another approach to the post-functionalization of NB-COE
multiblock copolymers was implemented in reference [101] via
double-bond epoxidation in the presence of m-chloroper-
benzoic acid (Scheme 10B). It was found that this reaction
proceeds more actively in the COE copolymer blocks than in
the parent PCOE homopolymer. The epoxidation, as well
hydrogenation, influenced the thermal and crystalline proper-
ties of the multiblock copolymers resulting in the increase of 7

MWOWOMM

Ha

2 MPa THF

PNB-PCOE

Pd/Al,O4
100 °C

mCPBA B.
toluene

M/\NWYQ}

EPNB-EPCOE

Scheme 10: Post-modification of multiblock copolymers by hydrogenation (A) [85] and epoxidation (B) [101] of C=C double bonds.
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by 40-50 °C and Ty, by 20-30 °C. It is quite natural that the
degree of crystallinity and melting temperature are higher for

the copolymers with longer COE blocks.

Copolymer crystallinity can be studied in detail by combining
WAXD and DSC methods, including recently emerged tech-
nique of thermal fractionation by successive self-nucleation and
annealing [84,92,102,103]. It was found that the width distribu-
tion of crystalline lamellae in NB—COE copolymers correlates
with the average length of the trans-octenylene blocks. Com-
pared with the pure PCOE or its equimolar blend with PNB, the
NB—-COE copolymers form considerably smaller crystallites
(Figure 8) [92].

FL
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0.25

0 5% L L 1 L L

0 40 80 120
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Figure 8: Integral distribution functions for the lamella thickness of
crystallites in thermally fractionated (1) PCOE after Gr1 treatment,
(2) PCOE/PNB blend, and NB—COE copolymers with different COE-
block lengths, (3) Lcoe = 22, (4) Lcoe =12, and (5) Lcoe = 9.4 [92]

Conclusion

It is rather clear nowadays that the olefin-metathesis reaction is
a versatile tool for the synthesis of multiblock copolymers with
diverse chemical structures. Due to the rapid progress in the
catalyst design for living polymerization, sequential ROMP has
become a well-established method of obtaining copolymers
with sequence-defined structures. However, in many aspects,
this technique remains laborious and even cumbersome. Most
publications report on the multiblock copolymers synthesis by
the coupling of premade individual blocks. A key point here is
related to advances in the development of synthetic approaches
for fabricating symmetric and asymmetric telechelics and
monochelics, macromonomers and macrocycles based on dif-
ferent olefin-metathesis techniques like CTA, ADMET, etc. A
subsequent assembling of macroblocks into copolymers can be
carried out by combining olefin metathesis with other reactions
such as ATRP, RAFT, click-reaction, and so on, which permit
to gain certain control over the final copolymer structures. The

most recent approach to the multiblock copolymer synthesis
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implements the macromolecular cross-metathesis reaction,
which is still poorly studied. For this method, the simplicity of
realization is counterweighted by inability of precise control
over block sequences and considerable drop in the average mo-
lecular mass of reacting polymers as a result of their interaction
with metathesis catalysts. Nevertheless, the average block
lengths can be easily tailored and the resulting copolymers
reveal the ability to self-assemble into ordered structures, en-
hanced mechanical properties, and nontrivial crystalline and
thermal characteristics. Recent kinetic studies with the use of in
situ and ex situ NMR have shed some light on the regularities of
the macromolecular cross-metathesis reaction, which appeared
to be somewhat opposite to the notions about metathesis copo-
lymerization. Perspectives of the entire field under review are
related to the elaboration of novel post-modification methods
for obtaining new functionalities and enhancing various charac-
teristics of multiblock copolymers. In our opinion, further de-
velopment of the olefin metathesis methods for the multiblock
copolymer synthesis will be directed by the search for new

properties and possible applications.
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This mini-review summarizes the applications of olefin metathesis in synthesis and functionalization of polyhedral oligomeric

silsesquioxanes (POSS) and POSS-containing polymeric materials. Three types of processes, i.e., cross metathesis (CM) of vinyl-

substituted POSS with terminal olefins, acyclic diene metathesis (ADMET) copolymerization of divinyl-substituted POSS with

a,0-dienes and ring-opening metathesis polymerization (ROMP) of POSS-substituted norbornene (or other ROMP susceptible

cycloolefins) are discussed. Emphasis was put on the synthetic and catalytic aspects rather than on the properties and applications of

synthesized materials.

Introduction

Silsesquioxanes are nanostructures described by the empirical
formula RSiO3/,, where R represents hydrogen, alkyl, alkenyl,
aryl, arylene or their functionalized derivatives. A number of
silsesquioxane structures have been reported including random,
ladder, cage and partial cage structures. Silsesquioxanes with
specific cage structures are commonly referred as polyhedral
oligomeric silsesquioxanes (POSS). From among POSS struc-
tures the most thoroughly studied is a cubic silsesquioxane unit,

denoted also as Tg. It contains an inorganic cubic core

composed of eight Si atoms at the vertices, connected through
O atoms along the edges, chemically bonded with eight
different or similar organic substituents so that it represents
a truly hybrid architecture. The cubic silsesquioxane unit is
characterized by a three-dimensional nanoscopic size structure
with approximate Si—Si distance equal to 0.5 nm and an approx-
imate R—R distance of 1.5 nm (Figure 1). The synthesis, struc-
ture and properties of POSS have been extensively reviewed
[1-3].
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Figure 1: Cubic octasilsesquioxane.

Proper selection of organic substituents R allows the modifica-
tion of solubility of POSS in reaction media, its compatibility
with polymers, biological systems, or surfaces. The introduc-
tion of one or more reactive groups into the POSS structure
permits their further chemical modification. Because of the ease
of the synthesis as well as the commercial availability of poly-
hedral oligomeric silsesquioxanes containing vinyl groups
(which is a common functional group used in organosilicon
chemistry), POSS are often functionalized through the chemi-
cal processes of C=C bond transformation, e.g., hydrosilylation,
Heck coupling, silylative coupling and olefin metathesis.

Olefin metathesis, i.e., catalytic exchange of double bonds be-
tween carbon atoms, is a powerful tool in organic synthesis. The
use of metathesis in organic and polymer synthesis is compre-
hensively described in excellent monographs [4-6]. However,
the literature does not offer a more detailed review on the appli-
cation of metathesis in the synthesis of functionalized polyhe-
dral oligomeric silsesquioxanes (POSS). The lack of a pertinent
overview in this field has prompted us to summarize the re-
ported applications of olefin metathesis in the synthesis and
functionalization of oligomeric silsesquioxanes and POSS-con-
taining polymeric materials. This review is focused on the syn-
thetic and catalytic aspects rather than on the properties and ap-
plications of the resulting materials.

Vinylsilanes show a specific reactivity towards alkylidene ru-
thenium complexes because of a strong effect of the silyl group
on the properties of the double bond. In general, the substitu-
ents at the silicon atom determine the regioselectivity of the
vinylsilane cycloaddition to the Ru=C bond. The knowledge of
this untypical reactivity is pivotal for the application of metath-
esis for the modification of vinylsilanes, vinyl-substituted silox-
anes, spherosilicates and silsesquioxanes. The appropriate
choice of substituents permits the control of the process to a
certain degree. The reactivity of vinylsilanes with different sub-
stituents at silicon towards alkylidene ruthenium complexes is
illustrated in Scheme 1 [7].

According to Scheme 1a, as a result of the reaction of trialko-

Xy-, tris(trimethylsiloxy)-, trichloro- or dichloromethyl-substi-
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tuted vinylsilanes with Grubbs catalyst of first or second gener-
ation (A), the active methylene complex B and the correspond-
ing (E)-1-phenyl-2-(silyl)ethene are formed. The methylene
complex B in the presence of styrene undergoes metathetic
conversion to benzylidene complex A and ethene. When
dichloro-substituted vinylsilanes are used, the pathway shown
in Scheme 1b is also possible. Metathesis of dichloro-substi-
tuted vinylsilanes with Grubbs catalyst A leads to styrene and
(silyl)methylidene complex C. Formation of (silyl)methylidene
complex C has not been confirmed by spectroscopic methods.
The reaction of the postulated complex C with vinylsilane gives
the corresponding (E)-1,2-bis(silyl)ethenes and the methylene
complex B. The methylene complex B may react with vinylsi-
lane to form ethene and regenerate complex C. In the presence
of vinylsilanes containing alkyl substituents the Grubbs catalyst
undergoes fast decomposition as a result of B-transfer of the
silyl group in the appropriate B-(silyl)rutenacyclobutane com-
plex to ruthenium followed by reductive elimination of the cor-
responding propene derivative (Scheme 1c). The transformat-
ion resulted in complexes that do not contain a carbene ligand

and do not show catalytic activity in metathesis.

The most important consequences of the above-described
reactivity in metathesis of vinyl-substituted siloxanes, sphero-
silicates and silsesquioxanes are presented in Figure 2. It should
be indicated that one of the consequences of the described
reactivity is the inactivity of vinylsilsesquioxane in homo-

metathesis.

The limitations apply to silanes containing a double bond locat-
ed directly at the silyl group and do not apply to allylsilanes and
other alkenylsilanes, which behave like terminal olefins and

readily undergo metathesis.

Application of metathesis in chemistry of unsaturated deriva-
tives of POSS is limited to three types of processes, i.e., cross
metathesis (CM) of vinyl-substituted POSS with terminal
olefins, acyclic diene metathesis (ADMET) copolymerization of
divinyl-substituted POSS with o,0-dienes and ring-opening
metathesis polymerization (ROMP) of POSS-substituted
norbornene (or other ROMP susceptible cycloolefins,
Scheme 2).

Nearly all metathetic transformations described in this review
have been performed in the presence of commonly used ruthe-
nium-based catalysts (Figure 3). In contrast, there are only a
few examples of application of molybdenum-based complexes
in modification of silsesquioxanes (Figure 3), which can be ex-
plained as related to the sensitivity of these complexes toward
atmospheric oxygen, moisture and functional groups of

reagents.
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Figure 2: The scope and limitations of metathesis in transformations of
vinyl-substituted siloxanes and silsesquioxanes.

Review

Cross metathesis of vinyl-substituted
silsesquioxanes

The first metathetic transformations of vinyl-substituted
silsesquioxanes and spherosilicates (Figure 4) were reported by
Feher in 1997 [8]. In the presence of molybdenum alkylidene
complex Mo-1 octavinylsilsesquioxane (OVS) underwent cross
metathesis of terminal and internal olefins, functionalized

olefins (such as allyltrimethoxysilane, ethyl undec-10-enylate,
oct-7-enyltrimethoxysilane, 5-bromopentene, pent-4-en-1-ol)

and styrene.

Moreover, the catalytic activity of the first generation Grubbs’
catalyst (Ru-1) was demonstrated in CM of OVS with pent-4-
en-1-ol and 5-bromopentene. It has been found that terminal
alkenes undergo cross metathesis much more readily and are
clearly better than internal alkenes from the cost perspective.
However, internal alkenes are less volatile and cannot produce
any ethene, which makes them interesting starting materials. A
slight vacuum had to be applied to reactions with terminal
alkenes in order to remove ethene, because ethene would
strongly slow down the desired cross metathesis and inactivate
Schrock-type metathesis catalysts. CM of OVS with styrenes
proceeded stereoselectively. A mixture of cis- and trans-
isomers was obtained in the transformations of other olefins
tested. Spherosilicate was shown to undergo CM with pent-1-
ene and styrene in the presence of Mo-1. No data on the activi-
ty of Ru-1 in metathesis transformation of spherosilicates was

provided.
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Figure 3: Olefin metathesis catalysts used in transformations of silsesquioxanes.

In 2004 Marciniec reported the first efficient cross metathesis of  first-generation Grubbs catalyst at room temperature using a 12-

octavinylsilsesquioxane (OVS) occurring in the presence of first  or 24-fold molar excess of olefin relative to silsesquioxane. The
generation Grubbs’ catalyst (Ru-1, Scheme 3) [9]. reaction with styrene led to the formation of the expected prod-
uct with an exclusive E-stereochemistry around the newly

Octavinylsilsesquioxane (OVS) has been effectively trans- formed C=C double bond, while aliphatic a-alkenes (1-hexene,

formed via cross metathesis with styrene, 1-hexene and allyltri-

methylsilane. The reactions were carried out in the presence of

allyltrimethylsilane) gave a mixture of stereoisomers

(E/Z =94:6). Additionally, when 1-hexene was used as reacting
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Scheme 3: Cross metathesis of OVS with terminal olefins (stereoselectivity as discussed in the text).

partner, the product of the cross metathesis was accompanied by
considerable amounts of those of olefin homometathesis. Under
optimized conditions, CM of OVS with styrene proceeds quan-
titatively despite the low loading of the catalyst (0.5 mol % rela-
tive to the vinylsilyl group, Scheme 3) [9]. Effective cross me-
tathesis was observed when OVS was treated with vinyl sulfide
in the presence of second generation Grubbs’ catalyst (Ru-2).
The product was obtained in 91% isolated yield, however, the
process required a temperature elevation to 60 °C and the use of
a catalyst amount of 4 mol % [9].

Laine has described the cross metathesis of OVS with a series
of substituted styrenes (Scheme 4) [10].

Cross metathesis was carried out using a 1.5-fold excess of
commercially available functionalized styrenes and 0.5 mol %
of Ru-1. The reaction mixtures were stirred for 72 h to ensure
complete conversion of the silsesquioxane. The quantitative
conversion of the substrate can be achieved by blowing a gentle
stream of nitrogen above the reaction mixture to remove the
ethylene formed. The resulting 4-bromostyryl derivatives were
subsequently modified via Heck coupling with a set of 4-substi-
tuted styrenes to give the next generation of functionalized de-
rivatives. The authors also demonstrated the possibility of
further functionalization of an amino-substituted derivative via
the reaction with 3,5-dibromo or dinitrobenzoyl chloride. The
proposed synthetic method based on the gradual development of

,R\_ 7/ 2R
\
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Scheme 4: Cross metathesis of OVS with substituted styrenes.
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the organic part can be used for the synthesis of new star poly-
mers, dendrimers or hyperbranched molecules. Further exam-
ples of the use of cross metathesis of OVS with styrenes in
order to form functionalizable dendrimer cores have been re-
ported by Cole-Hamilton [11]. Procedures allowing the synthe-
ses of POSS derivatives with synthetically useful functional
groups in multigram quantities have been proposed (Scheme 5).

A similar procedure permits the synthesis of a series of vinyl-
biphenyl chromophore-decorated cubic oligosilsesquioxanes
[12,13]. In the process conditions applied (methylene chloride
at 55 °C, Ru-1) cross metathesis has been accompanied by
competitive olefin homometathesis. The authors have de-
veloped a method for the isolation and purification of the ex-
pected materials and obtained the desired derivatives (Figure 5)
with isolated yields exceeding 60%.

Chromophore-functionalized silsesquioxane-core dendrimers
were obtained to investigate their photophysical properties
[12,14]. In the synthesized compounds chromophore properties
were only slightly influenced by the core. The possibility of
fine-tuning of the photophysical properties of the POSS-based
dendritic molecule not only by changing the chromophore but
also by providing tailored steric interactions between bridges
and/or chromophores was proved [14]. Interestingly, the
4’-vinylbiphenyl-3,5-dicarbaldehyde group modified macro-
molecule (Figure 5d) displayed the ability to become lumines-
cent when exposed to reducing agents such as NaBHy, LiAlHy
or BH3 [13].

Procedures for high yield and selective modification of
octavinylsilsesquioxane (OVS) via CM with a variety of substi-
tuted styrenes, including the ones bearing highly n-conjugated
substituents such as phenyl, 1-naphthyl, 9-anthracenyl and
2-thienyl have been reported by Marciniec [15]. For all styrene
derivatives tested, the procedures described permitted highly

R
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//\S|/06S\I Ru-1
2 0
(0] s - =
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Scheme 5: Modification of OVS via CM with styrenes.
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regioselective metathesis leading to exclusive formation of the
E-isomer. Cross-metathesis experiments were performed under
mild reaction conditions (CH,Cl,, 40 °C, 24 h), in the presence
of the first generation Grubbs catalyst (Ru-1). Under such
conditions, a fully selective course of the reaction was ob-
served.

Nufiez has described the synthesis of fluorescent POSS deriva-
tives with carboranylstyrene fragments attached to each corner.
The procedure involves CM of OVS with carboranylstyrene
compounds with different substituents (Ph, Me, or H,
Scheme 6) [16].

The reactions catalyzed by Ru-1, occurred with quantitative
conversion and excellent regio- and stereoselectivity leading to
exclusive formation of E-isomers. However, CM was accompa-
nied by a minor amount of homometathesis. Fortunately, the
product of homocoupling could be easily separated from the
desired CM products. The presence of the carborane clusters
was shown to enhance the thermal stability of the materials.
Absorption and emission data of carborane—POSS hybrids indi-
cate a large red-shift with respect to the precursors. Dautel and
Moreau have synthesized octakis[2-(p-carboxyphenyl)ethyl]
(Scheme 7) and octakis[2-(4-carboxy-1,1’-biphenyl)ethyl]-
silsesquioxane via cross-metathesis methodology [17]. In the
presence of palladium and dihydrogen the synthesized deriva-
tives undergo, under mild conditions, hydrogenolysis of the
benzyl ester group to the carboxylic acid and hydrogenation of
the C=C double bonds at the silicon atoms (Scheme 7). The
ability of the obtained derivatives, in particular the carboxylic
acids, to generate nanostructured materials through self-organi-
zation processes was tested. The X-ray crystal structures of the
octaester showed an interpenetrated compact packing of the mo-
lecular building blocks without any specific supramolecular
interaction. The structure of the octaacid was found to contain
hydrogen-bonded ribbons, thanks to the two-dimensional char-
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Figure 5: Vinylbiphenyl chromophore-decorated cubic silsesquioxanes.

acter of the acid and the directionality of the hydrogen bond
pattern of the acid dimer.

Cross metathesis of monovinyl-substituted POSS with olefins
has been reported for the first time by Marciniec [18]. It was
demonstrated that monovinylheptaisobutyl-substituted
octasilsesquioxane (monovinyl-POSS) underwent highly effi-
cient CM with styrenes as well as vinyl and allyl organic deriv-
atives in the presence of Ru-1 (Scheme 8).

The reactions were performed in refluxing methylene chloride

in the presence of usually 1 mol % of first generation Grubbs

Beilstein J. Org. Chem. 2019, 15, 310-332.
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catalyst (Ru-1) and led to the formation of the expected prod-
ucts with isolated yields ranging from 85% to 97%. In all cases
the exclusive formation of E-isomers was detected and the for-
mation of competitive olefin homometathesis was not observed.
The reactions were carried out using a small excess of olefin
(1.5-3 equiv) to ensure complete conversion of the reactants. In
the reaction of monovinyl-POSS with allylbenzene, CM was
accompanied by double bond migration, which results in reduc-
tion of the isolated yield of the CM product (85%) and the for-
mation of minor amounts (15%) of 1-propenylbenzene. No sim-
ilar isomerization was observed in the reaction of POSS with

allyltrimethylsilane. Further research enabled Marciniec to
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isolated yields:

R = Ph 84%;

Scheme 6: Cross metathesis of OVS with carboranylstyrene.

extend the scope of the reaction by reporting efficient CM of
monovinyl-POSS with a series of substituted styrenes. The re-
ported procedures permit efficient and selective functionaliza-
tion of mono- and octavinylsilsesquioxanes with n-conjugated

substituents via cross metathesis (Scheme 9) [15].

In 2016 Marciniec reported the synthesis of a series of new
cubic POSS in which one vertex silicon atom was replaced by a
germanium atom bearing a vinyl group [19]. Monovinylger-
masilsesquioxanes were successfully converted into the corre-
sponding styryl derivatives via CM with styrenes (Scheme 10).
Under optimized reaction conditions complete conversion of
reacting partners and selective formation of CM products with
exclusive E-arrangement around the C=C double bonds was ob-
served.

The most suitable catalyst for CM was found to be Ru-1, in
whose presence no undesirable competitive reaction of olefin
homometathesis occurred. Full conversion of monovinylger-
masilsesquioxane required the use of 1 mol % of the catalyst.
The reactions described are the first examples of metathesis ac-

tivity of vinylgermanium compounds.

More than a decade ago Yoshida developed a new class of
silsesquioxyl compounds containing rigid Si—O-Si bonds,
called double-decker silsesquioxanes [20,21]. This class of
compounds has recently been reviewed [22]. Marciniec found

that divinyl-substituted double-decker silsesquioxanes (DDSQ-

R =Me 83%; R=H75%

2SiVi) can be functionalized via cross metathesis and provided
a series of examples of effective CM of DDSQ-2SiVi with
styrenes and selected allyl derivatives (Scheme 11) [23].

Under optimized reaction conditions (Scheme 11), CM led to
the exclusive formation of E-isomers and was not accompanied
by competitive homometathesis. This selectivity was obtained
thanks to the use of the Ru-1 catalyst, moderately active in
homometathesis of the olefins studied. Effective transformation
was observed for substituted styrenes. Expected products were
isolated with yields in the range of 88-95%. When allyl deriva-
tives (allyltrimethylsilane, allylbenzene and allyl alcohol) were
tested as olefinic partners, incomplete conversions of reactants
(55-60%) were observed, despite the increased catalyst loading
(2 mol %). Effective metathesis transformation was observed
also in the presence of Ru-2 but then considerable amounts of
olefin homometathesis product were formed. The presence of a
methyl group at the vinylsilyl moiety was responsible for the
lack of activity, which was consistent with earlier studies
(Scheme 1). The scope of the reaction was further extended to
the palette of olefins containing conjugated systems of n-bonds
(Scheme 12) [24].

Irrespective of the type of olefin used, under optimized condi-
tions all reactions proceeded with high yields and stereoselec-
tivity, leading to exclusive formation of the E,E-isomer.
Marciniec reported the synthesis of divinylgermasilsesquioxane
(DDSQ-2GeVi) and proved effective functionalization of such
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isolated yield = 85-97%
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Scheme 11: Cross metathesis of DDSQ-2SiVi with olefins.

compounds by cross metathesis with a series of 4-substituted
styrenes and allylbenzene, in the presence of Ru-1 (Scheme 13)
[19].

Under optimized conditions reactions led to fully chemo- and
stereoselective formation of disubstituted germasilsesquioxanes.
The ability of alkyldisiloxyvinylgermane to be converted in me-
tathesis is worth noting as the analogous vinylsilane does not
undergo metathesis.

In 2010 Laine reported a procedure enabling the synthesis of
polyhedral vinylphenyl-substituted deca- and dodeca-

silsesquioxanes (denoted Ty and Tyj, respectively) [25].
Divinyl octa- or decaphenylsubstituted Ty¢ and Ty, derivatives
(mixture of isomers) were demonstrated to effectively undergo
cross metathesis with 4-bromostyrene in the presence of Ru-1
(Scheme 14).

Attempts of homometathesis of vinylsilsesquioxanes have
failed, which is understandable in view of the above presented
scheme of reactivities of vinylsilanes (Scheme 1). The possibili-
ty to modify vinyl and styryl derivatives of silsesquioxanes via
Heck reaction has been proved. The Heck coupling of 4-bromo-

styrene and vinyl-POSS derivatives leads to the formation of
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Scheme 14: CM of divinyl-substituted T1¢ and T42 with 4-bromostyrene (selected isomers are shown).

oligomeric products containing a silsesquioxane core in the 4-bromostyrene in the presence of Ru-1 to form 4-bromostyryl
polymer backbone. The deca- and dodecavinyl derivatives of ~ derivatives, which in turn can be modified by Heck coupling

Ty and Ty, respectively, undergo cross metathesis with  with styrene to produce stilbenevinyl derivatives (Scheme 15)
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Scheme 15: Synthesis of vinylstilbene derivatives of T1¢ and T42 via a sequence of CM and Heck coupling.

[26]. Laine has proposed a procedure for the separation of Tyy  Detailed photophysical studies of chromophore-functionalized
and Ty, derivatives, which enabled detailed photophysical Ty and Ty; silsesquioxanes have shown that the cage size and/

studies of pure Ty¢ and Ty, core-based materials [26]. or the symmetry can strongly affect photophysical properties
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[26]. In the subsequent paper the authors describe the use of
OVS or mixtures of Ty¢ and Ty units in the synthesis of
hydroxyphenyl-terminated silsesquioxanes. Such derivatives
were obtained via cross metathesis with 4-acetoxystyrene or via
a sequence of cross metathesis with 4-bromostyrene and
Heck coupling with 4-acetoxystyrene. The resulting acetoxy
compounds were then hydrolyzed to produce hydroxy-
functionalized derivatives. These compounds, after purification,
were reacted with adipic acid chloride to form POSS-moiety
containing highly crosslinked polyesters with some porosity
[27].

Czaban-Jozwiak and Grela have studied the metathetic transfor-
mation of allyl-substituted cubic silsesquioxane [28]. In search

for the optimum catalyst a variety of ruthenium complexes were

Beilstein J. Org. Chem. 2019, 15, 310-332.

tested in the CM of allylsilsesquioxane with terz-butyl acrylate
and (Z)-1,4-diacetoxybut-2-ene as model olefins (Scheme 16).

For the majority of the ruthenium catalysts tested, despite the
mild reaction conditions, high yields were observed. No reac-
tion or lower yields of the test reaction products were observed
for first generation catalysts and indenylidene complexes. For
further research, active in preliminary tests and commercially
available second generation Grubbs—Hoveyda catalyst Ru-3 and
its nitro derivative Ru-4 were selected. The same authors were
able to successfully functionalize allylsilsesquioxane with more
challenging, three different steroid derivatives. The reactions
were performed in toluene at 100 °C in the presence of 2 mol %
of Ru-3 or Ru-4 (Scheme 17, substrate a or in CH,Cl, at 45 °C
in the presence of 2 mol % of Ru-4 (Scheme 17, substrates b
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Scheme 16: Cross metathesis of allyl-POSS with tert-butyl acrylate and (Z)-1,4-diacetoxy-but-2-ene.
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Scheme 17: Cross metathesis of allyl-POSS with olefins.
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and ¢). The products were obtained with yields of 62-72% as a
mixture of Z/E isomers in the ratio of 20:80. Efficient homo-
metathesis of allylsilsesquioxane occurring in toluene at 100 °C
in the presence of 0.5 mol % of Ru-4 was noted. The observed
activity of allylsilsesquioxane in homometathesis is understand-
able because allylsilanes (unlike vinylsilanes) behave in metath-
esis like terminal olefins.

There are scarce reports on the application of ADMET in the
synthesis of oligomers or polymers containing a POSS unit in
the main chain. Marciniec disclosed ADMET copolymerization
of DDSQ-2SiVi with dienes in the stereoselective synthesis of a
new class of vinylene—arylene copolymers containing double-

decker silsesquioxanes in the main chain (Scheme 18) [24].

The products were polymers characterized by M, in the range
from 9100 to 18300 Da and My, in the range from 13600 to
46100 Da. Thermogravimetric analyses indicate a high level of
thermal resistance of the obtained systems, reaching the temper-
ature values over 550 °C. Analogous ADMET copolymeriza-
tion of divinylgermasilsesquioxanes with 4,4'-divinylbiphenyl
or 4,4"-divinylterphenyl can be used in the synthesis of stereo-
regular trans-germasilsesquioxyl-vinylene—phenylene
oligomers (Scheme 19) [19].
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This method permitted obtaining a polymer with My, in the
range from 9057 to 11033 Da and polydispersity index
(PDI) = 1.5.

Ring-opening metathesis polymerization
(ROMP) of POSS-functionalized monomers
The chemistry of inorganic—organic hybrid materials has
emerged as a fascinating new field of modern nanotechnology.
The inclusion of POSS cages into the polymeric material can
significantly improve such properties of the polymer as thermal
and oxidative resistance, surface properties, improvement of
mechanical properties as well as reduced flammability, heat
release and viscosity during processing [29]. Synthesis, proper-
ties and applications of POSS-containing materials are the
subject of numerous reviews [30-37]. From among the methods
for preparation of organic—inorganic hybrid materials, polymer-
ization or copolymerization is particularly convenient to incor-

porate POSS units into polyolefins.

Ring-opening metathesis polymerization (ROMP) is the type of
olefin metathesis chain-growth polymerization that uses metath-
esis catalysts to generate polymers from cyclic olefins [38-41].
To obtain polymers functionalized with POSS in the side chain,
a susceptible to the ROMP monomer connected via a suitable

Ph

/
—— Si + / Ru-1
A e —
Ph

CH,Cly, 40 °C, 24 h

/Ph
Si
/ n
Ph

O FF
o=§;§s,§s

Scheme 18: Acyclic diene metathesis copolymerization of DDSQ-2SiVi with diolefins.

Et CH,Cl,, 40 °C, 24 h /

O OO

Scheme 19: Acyclic diene metathesis copolymerization of DDSQ-2GeVi with diolefins.
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linker to the silsesquioxane cage should be used. Due to the
ease of polymerization and functionalization, norbornene deriv-

atives are the most often used monomers.

The aim of this section is to indicate the applications of ROMP
in the synthesis of hybrid materials containing the POSS moiety
covalently bonded to organic polymeric chains rather than the

discussion of the properties of the obtained materials.

The synthesis of polymers by ROMP is carried out almost ex-
clusively in the presence of ruthenium-based catalysts
Ru-1-Ru-6 because of their tolerance to moisture, atmospheric
oxygen and most functional groups as well as commercial avail-
ability. The choice of solvents is determined by the solubility of
monomers, with methylene chloride, chloroform, and toluene
being the most commonly used. Polymerization is terminated
by addition of ethyl vinyl ether to the reaction mixture. Rutheni-
um residues from the obtained copolymer are removed on a
short alumina plug.

In 1999 Lichtenhan reported ring-opening metathesis copoly-

merization of POSS-functionalized norbornene with norbornene
in the presence of the Mo-based catalyst Mo-2 (Figure 3,

X,

Beilstein J. Org. Chem. 2019, 15, 310-332.

Scheme 20) [42]. The polymerization was carried out in CHCl3
under nitrogen atmosphere. The reactions were terminated by
the addition of benzaldehyde. A series of random copolymers
with different weight percentage of POSS containing comono-

mer were synthesized.

Ruthenium alkylidene catalyst Ru-1 was successfully used by
Caughlin who reported ring-opening metathesis polymerization
of heptacyclopentylnorbornenylethyloctasilsesquioxane and its
copolymerization with cyclooctene [43]. The obtained
copolymer was subsequently hydrogenated to afford polyeth-
ylene—POSS random copolymer (Scheme 21). Thermogravi-
metric analysis of the polyethylene—POSS copolymers under air
showed a significant improvement of the thermal stability rela-

tive to that of polyethylene.

In subsequent studies Caughlin used ring-opening metathesis
copolymerization of POSS-functionalized norbornene with 1,5-
cyclooctadiene in the presence of Ru-1 for the synthesis of a
series of random copolymers in which POSS loading varied in
the range from 0 to 53 wt % (Scheme 22) [44]. Polymers with a
weight-average molecular mass in the range from 67000 to
88000 Da were obtained.

X ydn
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. Cl3Si Ol _0—S;j
o} RO/ ,?Ho 391 NEty o/ R//S' o5 Mo-2 /Sbs.—o‘f%i R
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R™0 5i—02S! SN0 Sk g \ Qoo ©
; R R 05— Qo—si_/
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Scheme 20: Ring-opening metathesis copolymerization of norbornenylethyl-POSS with norbornene.
N
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Scheme 21: Synthesis of a polyethylene—POSS copolymer via ring-opening metathesis copolymerization of norbornenylethyl-POSS with cyclooctene

and subsequent hydrogenation.
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Scheme 22: ROMP of norbornenylethyl-POSS with 1,5-cyclooctadiene.

In the random copolymers obtained, the associative interactions
between the particles were shown to result in the formation of
ordered nanostructures. TEM micrographs indicate that the
copolymers assemble into small, randomly oriented lamellae
with lateral dimensions of approximately 50 nm and a thick-
ness of ca 3—5 nm that corresponds to twice the diameter of a
POSS nanoparticle. With increasing POSS concentration, the
nanostructures extend to longer continuous lamellae having
lateral lengths in the order of microns. Ruthenium alkylidene
catalyst Ru-5 was successfully used in copolymerization of
cubic silsesquioxane bearing four B-styryl and four (3-phenyl-
oxiran-2-yl) substituents with dicyclopentadiene (DCPD) [45].
Moreover, octanorbornenyl cubic silsesquioxane was found to
undergo ring-opening metathesis copolymerization with DCPD.
Due to limited solubility only 0.1 mol % of POSS was used in
the copolymerization. Such a small content of the POSS-con-
taining comonomer caused, however, an increase in Ty up to
15 °C in relation to that of polyDCPD. Similar examinations
were reported by Coughlin who used first generation Grubbs
catalyst (Ru-1) for copolymerization of POSS-functionalized
norbornene with DCPD (Scheme 23) [46]. During polymeriza-
tion, PPh3 had to be added to reduce the activity of Ru-1.

7
\S.,o—s\io R L
RS i__ofS| PPh3
o 0\
\ /O
§20—Si/
R/ | \ ) SI‘R
O/SI (o) R
R
R = isopropyl
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Dicyclopentadiene and norbornenylethyl-POSS or tris(norbor-
nenylethyl)-POSS (Scheme 24) have been copolymerized over
a range of POSS loadings. In the copolymers obtained using
mononorbornylethyl-POSS, the aggregates containing three to
four POSS molecules were observed for high POSS loadings.
When tris(norbornenylethyl)-POSS was used as comonomer,
the POSS remained uniformly dispersed over all loadings. No
improvements in thermal properties were observed in the

copolymers obtained.

Another POSS-containing monomer — N-(propyl-POSS)-7-
oxanorbornene-5,6-dicarboximide was tested in ring-opening
metathesis copolymerization with 3-(trifluoromethyl)phenyl-7-
oxanorbornene-5,6-dicarboximide in the presence of second
generation Grubbs catalyst (Ru-2, Scheme 25) [47].

The use of specified proportions of the two comonomers
allowed obtaining a series of copolymers with different POSS
contents characterized by average molecular weights in the
range of 42,000-200,000 Da and PDI values in the range of
1.3-1.9. The surface morphology and thermal properties of
hybrids were found to be affected by the POSS macromer. TEM

N O—Si
Rr=5i—051
QL o
S0 S/
R O/Si—oQ'Sl
R

Scheme 23: Copolymerization of POSS-functionalized norbornene with DCPD.
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Scheme 25: Copolymerization of N-(propyl-POSS)-7-oxanorbornene-5,6-dicarboximide with 3-(trifluoromethyl)phenyl-7-oxanorbornene-5,6-dicarbox-

imide DCPD.

analysis of copolymer films revealed the presence of POSS
agglomerates. An analogous macromer bearing POSS-bound
via phenylene linker was used in the synthesis of a series of
polymers and copolymers with 3-(trifluoromethyl)phenyl-7-
oxanorbornene-5,6-dicarboximide (Scheme 25) [48]. It was
found that the increase in the content of POSS units in the
copolymer results in a decrease in thermal stability and
Ty values. TEM and AFM microimages show spherical POSS
aggregates uniformly dispersed within the copolymer. POSS-
substituted polynorbornenes, in which POSS groups are linked
to the polynorbornene backbone through the flexible spacer
with different lengths, were subjected to homopolymerization
by ROMP and copolymerization with norbornene substituted
with a butyl ester group, to determine the effect of the spacer
length on POSS crystallization ability and the composition de-
pendence of physical properties of the copolymers [49]. A

series of homopolymers and random copolymers were synthe-
sized in the presence of third generation Grubbs catalyst Ru-6
in CH,Cl,, at room temperature (Figure 6) [49].

It has been demonstrated that the length of the spacer affects the
crystallizability of POSS groups so that the use of a reasonably
long spacer to link the POSS groups to the main chain can make
POSS groups crystallizable.

Kim and Kwon have shown that ring-opening metathesis copo-
lymerization of norbornenylethyl-POSS with methyltetracy-
clododecene in the presence of first generation Grubbs catalyst
(Ru-1) is a practical route to the synthesis of block copolymers
containing POSS nanoparticles (Scheme 26) [50]. ROMP
of norbornenylethyl-POSS produced the corresponding
homopolymer in relatively controlled molecular weights
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Scheme 26: Ring-opening metathesis copolymerization of POSS-NBE with methyltetracyclododecene.

(M, = 17,900-26,300 Da) and narrow molecular weight distri-
butions (in the range M,/M,, = 1.19-1.29). Copolymerization
was employed by a sequential monomer addition. At first, the
POSS-NBE was introduced into the reaction system containing
the catalyst and after its complete conversion methyltetracy-
clododecene was added. The reaction was terminated with ethyl
vinyl ether as soon as the second monomer was fully converted.
A series of copolymers with different POSS-NBE content were
obtained. The PDI values were in the range of 1.32—1.53 with
average molecular weights of ca. 48000-63000 Da.

The synthesized POSS containing nanocomposites displayed
significant improvements in their thermal stability relative to
that of the polynorbornenes formed in the absence of POSS
cages. Xu has reported an example of the synthesis of POSS-
containing block copolymers via “living” ROMP [51]. Copoly-

merization of norbornenylethyloctasilsesquioxane with 2-endo-
3-exo-5-norbornene-2,3-dicaboxylic acid trimethylsilyl ester
was performed in the presence of Ru-1. The block copolymer
was obtained via sequential monomer addition (Scheme 27).
After hydrolysis of the ester function, the polymer was isolated
by precipitation.

As a result two block copolymers were obtained. The one con-
taining 5% of POSS units was characterized by M, = 26200 Da
and PDI = 1.16 and the other one bearing 10% of POSS-substi-
tuted monomeric units, has a number average molecular weight
M, = 33200 Da and a polydispersity index PDI = 1.23.

The possibility of employing ROMP as a key step in the synthe-

sis of a polynorbornene-based mesogen-jacketed liquid crys-

talline polymer (MJLCP) containing polyhedral oligomeric
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Scheme 27: Synthesis of block copolymer via ROMP by sequential monomer addition.

silsesquioxane (POSS) in the side chain was demonstrated by
Shen and Fan (Scheme 28) [52]. The reaction was performed in
the presence of third generation Grubbs catalyst Ru-6 under
inert atmosphere. The synthesized polymer showed various
phase structures including POSS crystal and a hexagonal
columnar phase, which, depending on temperature, can coexist
with each other. The POSS crystal was shown to have a tremen-

dous effect on the liquid crystalline behavior of the polymer.

Wang has reported living ROMP of a series of monomers bear-
ing a polymerizable norbornene dicarboxyimide group attached
via an appropriate linker to 1-4 POSS units [53]. Copolymeri-
zation of POSS-bearing monomers with norbornene containing
pendant poly(ethylene oxide) group permitted the synthesis of a
number of block copolymers, containing blocks of hydrophobic
nature (POSS containing block) and those of hydrophilic nature
(polyether containing block, Scheme 29). The block copolymer
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Scheme 28: Synthesis of a liquid crystalline polymer with POSS core in the side chain.
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Scheme 29: Sequential synthesis of copolymers of polynorbornene containing POSS and PEO pendant groups.

was synthesized via sequential monomer addition starting from
the POSS-containing macromer. The synthesis of the copoly-
mers was carried out under mild reaction conditions in the pres-
ence of Ru-6. It was shown that the polymers obtained can self-
assemble in THF solution into aggregates, when water was
added.

Lee has performed a series of sequential ring-opening
metathesis copolymerization of norbornene-exo-2,3-dicarbox-
imido)dodecanoylamino)propylheptaisobutyl-POSS and exo-5-
norbornene-2-carbonyl-end poly(benzyl methacrylate,
Scheme 30) [54] and obtained rodlike POSS—bottlebrush block

copolymers containing crystalline POSS pendants in one block
and amorphous polymeric grafts in another block. Hierarchical
self-assembly of rodlike copolymer was studied from the point
of view of its utility in producing highly ordered 1D photonic
crystals.

Surface-initiated ROMP was used to grow an organic corona
phase on the surface of CdSe/ZnS quantum dots [39]. Functio-
nalization of the surface with the octenyldimethylsilyl group
allowed the attachment of a ruthenium alkylidene complex as a
catalyst. Subsequent ROMP of norbornenylethylisobutyl cubic
silsesquioxane or norbornenedicarbonyl chloride produced dif-
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Scheme 30: Synthesis of rodlike POSS-bottlebrush block copolymers [54].

ferent molecular weights and narrow polydispersity homo- or  diene metathesis copolymerization — permits introduction of a
copolymer layers directly onto the quantum dots (Scheme 31)  POSS group to the copolymer main chain. This methodology
[55]. has not been thoroughly studied so far. In turn, ring-opening
metathesis (co)polymerization is a convenient tool for intro-
ducing a number of functional groups, including POSS, in the
side chain of polymers. This method is limited by the small
number of monomers susceptible to ROMP. In view of the

dynamic development of the studies on synthesis and proper-

&

ties of inorganic—organic hybrid materials, it is reasonable to
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Olefin metathesis is one of the most powerful C—C double-bond-forming reactions. Metathesis reactions have had a tremendous

impact in organic synthesis, enabling a variety of applications in polymer chemistry, drug discovery and chemical biology. Al-

though challenging, the possibility to perform aqueous metatheses has become an attractive alternative, not only because water is a

more sustainable medium, but also to exploit biocompatible conditions. This review focuses on the progress made in aqueous olefin

metatheses and their applications in chemical biology.

Introduction

Olefin metathesis represents a versatile synthetic tool for the
construction of carbon—carbon bonds [1-9]. Since its first report
in 1956, a Ti(II)-catalyzed polymerization of norbornene [10],
metathesis rapidly attracted interest among organic chemists
and has been used in different research fields spanning polymer
chemistry [11,12] to drug discovery [13-15]. Scheme 1 displays
the most common metathesis reactions.

The metathesis reaction mechanism, proposed by Chauvin in
1971, suggests that the reaction proceeds via the reversible for-
mation of a metallacyclobutane intermediate (Scheme 2, inter-

mediates II and IV) [16]. The catalytic cycle involves an initial

[2 + 2] cycloaddition between a metal carbene I and an olefin,
followed by a retro [2 + 2] cycloaddition, leading to the release
of a “scrambled” olefin (e.g., ethylene in Scheme 2) and the
metal carbene species III as key intermediate. A [2 + 2] cyclo-
addition with a second olefin leads to the formation of interme-
diate IV, followed by a retro [2 + 2] cycloaddition that regener-
ates catalyst I and releases the metathesis product. This
visionary mechanistic proposal was later confirmed by experi-
mental studies [17-20].

Ruthenium-based catalysts are among the most tolerant and

stable metathesis catalysts and are widely employed for metath-
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esis polymerization (ROMP), acyclic diene metathesis (ADMET), ring-
closing metathesis (RCM), ring-opening metathesis (ROM), and cross-
metathesis (CM).
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Scheme 2: Catalytic cycle for metathesis proposed by Chauvin.

eses in aqueous media [21,22]. There is a growing interest in
performing metathesis reactions in water as a greener alterna-
tive to chlorinated or aromatic solvents [23,24]. Water is inex-
pensive, non-flammable, non-toxic and environmentally
friendly, all characteristics that make it an ideal solvent.
Furthermore, water is the media of biochemical reactions, and
metathesis is a bioorthogonal reaction that can be exploited in a
biological setting. Figure 1 illustrates some of the most repre-
sentative catalysts developed for aqueous metathesis. Water-
soluble catalysts are obtained by derivatization of classical cata-
lysts G-II and HG-II (Figure 1a), resulting from the introduc-
tion of ionic tags and highly polar groups such as ammonium
tags (Figure 1b) and PEGs (Figure 1c). This review focuses on
the recent improvements of olefin metathesis in aqueous media
and the resulting applications in bioinorganic chemistry and

chemical biology.

Beilstein J. Org. Chem. 2019, 15, 445-468.

Review

Challenges in aqueous metathesis

The first examples of aqueous metathesis were reported in the
late 1980s [25,26]. ROMP reactions of 7-oxanorbornene deriva-
tives 13 and 14 were carried out with the so-called “ill-defined”
catalysts, namely RuCl3-H,O and Ru(OTs),(H,0)4 [27,28]
(Scheme 3). However, these catalysts had limited usefulness
due to a slow initiation rate and detrimental effect of water on

the reaction mixture.

Water can lead to the formation of catalytically inactive Ru
hydride species. Fiirstner et al. isolated these complexes as by-
products during the synthesis of Grubbs second generation-type
catalysts with saturated NHC ligands [29]. In this specific case,
the formation of the metal hydride complex is believed to occur
during the work-up with methanol. Dinger and Mol also carried
out studies supporting this theory [30]. In their report, they
elucidated the degradation pathway of the first generation
Grubbs catalyst (G-I) in the presence of primary alcohols
and water (Scheme 4). The detrimental effect of water is more
likely to occur at high temperatures and in the presence of a
base.

TH NMR studies revealed that methanol is the source of hydride
and this was later confirmed by Grubbs and co-workers [31].
The proposed mechanism for the degradation of G-I occurs via
alcohol dehydrogenation followed by decarbonylation of the ru-
thenium hydride 16.

In 2015, Cazin and co-workers showed that the detrimental
effect of H,O also occurs with the more innovative catalysts
Caz-1, Ind-II and HG-II (Table 1) [32]. The authors per-
formed the RCM of the challenging substrate 17 in toluene at
110 °C, reporting excellent yields in reactions carried out on a
benchtop under air using non-degassed technical-grade sol-
vents. However, upon addition of 100 pL of distilled degassed
water to the reaction mixture, the conversions dropped to 36%,
15% and 8%, respectively, for HG-II, Caz-I, and Ind-II
(Table 1). Thus, the presence of HyO (ca. 6%) severely affects
the phosphine-based catalysts Caz-I and Ind-II, while it has a
less pronounced detrimental effect on the isopropyloxy-benzyl-
idene catalyst HG-II.

“On water” vs “in water” metathesis
Hydrophobic catalysts are able to perform metathesis in
aqueous mixtures. Blechert and Raines reported examples of
RCM, CM and ROMP in heterogeneous conditions with hydro-
phobic catalysts [21,33]. Blechert prepared alkoxy- and cyano-
substituted catalysts 19 and 20 from G-II (Scheme 5) [34],
while Raines and co-workers employed the conventional cata-
lysts G-II and HG-II [35].
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Figure 1: Some of the most representative catalysts for aqueous metathesis. a) Well-defined ruthenium catalysts. b) Catalysts bearing ammonium
tags. c) PEG-tethered catalysts.

Table 2 summarizes the activities of the different ruthenium
catalysts in protic media. The ratio water/co-solvent affects the
RCM of substrate 21 catalyzed by G-II (77% conversion in

Blechert and Raines both performed RCM reactions with the
benchmark substrate 21 in mixtures of water/organic solvent at

room temperature in air (Table 2).
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Scheme 4: Degradation pathway of first generation Grubbs catalyst (G-lI) in methanol.
Table 1: RCM of challenging substrate 17 in air and in the presence of water.
Ts
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Table 2: RCM of N,N-diallyltoluenesulfonamide (21) with ruthenium catalysts.
Ts
TS Ru (mol %) N
/\/N\/ A — {7/
solvent, rt, in air —
21 22
catalyst (mol %) solvent t(h) T(°C) conv. (%) reference
G-ll (5) acetone/H,0 2:1 24 rt >95 [35]
G-Il (5) THF/H20 4:1 24 rt 3 [35]
G-Il (3) MeOH/H,0 3:1 12 22 29 [34]
G-Il (3) MeOH/H,0 1:3 12 22 77 [34]
G-Il (3) DMF/H50 1:3 12 22 82 [34]
9 (3) MeOH/H,0 3:1 12 22 87 [34]
9 (3) MeOH/H,0 1:3 12 22 94 [34]
9(3) DMF/H50 1:3 12 22 94 [34]
HG-II (3) acetone/H,0 2:1 2 rt >95 [35]
HG-II (1) DME/H,0 2:1 24 rt 95 [35]

MeOH/H,0 1:3 and 29% conversion in MeOH/H,O 3:1). The
drastic loss of activity can be traced back to the better activity
of G-II under aqueous-emulsion conditions and the poor solu-
bility of G-II in MeOH. These results suggest how important
the role of the hydrophobic effect is on the catalytic activity of
the reaction. In fact, catalyst and substrate are encapsulated into
emulsion droplets formed in the reaction media above the
aqueous layer, making the reaction proceed “on water” [21,22].

OH
Y

vitamin E

(0]
HO
o on
(0]

The introduction of amphiphilic molecules for aqueous micellar
catalysis allows metathesis to proceed efficiently “in water”
[36]. Lipshutz and co-workers generalized the application of a
three-component non-ionic surfactant for numerous reactions
in water, including olefin metathesis [37-39]. The surfactant,
PTS, incorporates a-tocopherol, sebacic acid and PEG moieties
as part of its structure, resulting in a non-ionic amphiphile
(Figure 2).

Hot™>~C%n

PEG
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0
ISNes ¢ At
0]

51 O

PTS:a=4,b=ca. 12,R=H
TPGS-750:a =1, b =ca. 15, R=CH3
TPGS-1000:a =1, b =ca.24,R=H

Figure 2: Chemical structure and components of amphiphilic molecule PTS and derivatives.
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In water, PTS forms nanomicelles which contribute to the solu-
bilization of water-insoluble substrates and catalysts, thus con-
tributing significantly to improve olefin metathesis yields. The
positive effect of this strategy was demonstrated by Lipshutz
and co-workers for RCM and for CM reactions [40,41].
Scheme 6 displays the RCM of selected substrates with G-II as
catalyst in the presence of PTS as surfactant. The work of
Lipshutz and co-workers is extensively reported elsewhere
[21,33,42,43].

Catalyst encapsulation is a recent example of “in water” metath-
esis with a heterogenous catalytic system. Pauly et al. used algi-
nate beads as a matrix to encapsulate the G-II catalyst for the
RCM of substrate 31 and 33 (Scheme 7) [44]. Alginate amide
beads perform best in neat water as they facilitate the diffusion
of hydrophobic substrates through the beads. However, the
reaction rates are very low compared to the non-encapsulated
catalyst G-II. The main advantage of the catalyst encapsulation
is the catalyst recycling, as the alginate beads can be reused up

to 10 times, retaining about 80% of activity.

Catalysts bearing quaternary ammonium
tags

Classical metathesis catalysts such as G-II and HG-II are
among the most active, stable and versatile ruthenium com-
plexes. Despite their high activity and remarkable stability, they
are sparingly soluble in neat water, thus challenging their use as
homogeneous catalysts in pure water. To overcome this chal-
lenge, a small amount of organic co-solvent (or surfactant) is
frequently used.

The removal of residual ruthenium traces is a crucial step

for most industrial applications [45-50]. Indeed, the purifica-
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tion of products from metathesis reaction mixtures often
requires multiple tedious steps, primarily because metal
complexes’ impurities in the final product may cause isomeriza-
tion or decomposition of the products and may be toxic.
The latter is a very critical issue for the pharmaceutical
industry, as the amount of ruthenium in APIs (active pharma-
ceutical ingredients) may not exceed 100 pg/day for drugs
administered per os (oral administration) and 1 pg/day by
inhalation [51].

Some of the difficulties highlighted above can be overcome by
the incorporation of quaternary ammonium tags, which simplify
product purification as well as olefin metathesis in pure water
[52,53].

Grubbs and co-workers were the first to introduce water-soluble
catalysts which displayed metathesis activity in aqueous media
[54]. In 1996, Grubbs et al. reported that complexes 1 and 2 cat-
alyze the living opening polymerization of norbornene deriva-
tives 35 and 36 in neat water. Interestingly, the presence of a
Bronsted acid led to the protonation of one phosphine ligand
rather than reacting with the ruthenium alkylidene moiety.
Scavenging of the trialkylphosphine moiety resulted in a more
active complex capable of initiating the ROMP of 2,3-difunc-
tionalized norbornadienes and 7-oxo analogues (Scheme 8).

However, catalysts 1 and 2 are unstable in water and their use is
limited to ROMP. Polyethylene glycol (PEG)-tagged catalysts
(10 and 11, Figure 1c¢) showed significantly improved RCM ac-
tivities in water, but they tend to form aggregates in water due
to their high molecular weight (ca. 5,000 g-molfl) [55]. A few
years later, Grubbs and co-workers reported the use of NHC

complexes containing quaternary ammonium tags [56].

Ts
]
R Ts R 2 mol % G-Il N
/L\N )n
- A 2.5 wt % PTS/water —
22°C,3h R R

17:n =1,R=CH3, R"=CHj3 18:n =1,R=CH3, R'=CH;
21:n=1,R=H,R"=H 22:n=1,R=H,R"=H
23:n=1,R=H,R"=CH,4 27:n=1,R=H,R"=CHs
24:n=2,R=H,R"=H 28:n=2,R=H,R"=H
25:n=2,R=H,R"=CH, 29:n=2,R=H,R"=CHs
26:n=3,R=H,R"=H 30:n=3,R=H,R"=H
Ts Ik Ts Ts Ts Ts
N N N N N N
=9 9 U L )
18 22 27 28 29 30
(66%)2 (99%) (97%) (99%) (99%) (85%)

Scheme 6: RCM of selected substrates in the presence of the surfactant PTS. Conditions®: The reaction was carried out at 60 °C for 24 hours.
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2.5 mol % G-l
EtOC COzEt in alginate amide EtOZCfCOZEt
= AN water, rt, 24 h
31 32
87% yield
TOF =3.20 h™!
2.5 mol % G-lI O+, CF3
OYCFs in alginate amide T
N
NN water, rt, 24 h \—/
33
34
82% yield
TOF =3.43 h™

Scheme 7: RCM reactions of substrates 31 and 33 with the encapsulated G-Il catalyst.

X X
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/ Cl 1or2 n
n N~ NEd
N 0.1equivDCl, H0 OF N\~ ~0
o 45°C
>95% conversion _
35: X = CH, Cl IN
36:X=0 |
37: X =CH,
~ 38:X=0
Cl 4 _
—N Cl
’ SN
-
PCy, TCY2
Cla, Cls
Ru= “"Ru=
c”| Ph o’ | Ph -
Cy2P: Cy,P cl
+
\L . CI™ MN\\
PN
1 2

Scheme 8: Living ROMP of norbornene derivatives 35 and 36 with
phosphine-based catalysts bearing quaternary ammonium tags 1 and
2.

The catalysts 3 and 4 were obtained by the reactions of G-II
and the asymmetric Boc-protected derivative 39 with
2-isopropyloxystyrene derivatives 41 and 42 (Scheme 9). Cata-
lysts 3 and 4 showed modest activities in the ROMP of sub-
strate 35.

In 2006, Grela and co-workers reported the synthesis of the me-
tathesis catalyst 5 also bearing a quaternary ammonium tag
[57]. Following their previous studies highlighting the benefi-
cial effect of an electron-withdrawing group (EWG) on the
benzylidene moiety, such as NO, [58], they proposed an “elec-
tron-donating to electron-withdrawing activity switch”,
consisting of an in situ formation of quaternary ammonium salts
by treatment with Brensted acids (Scheme 10). Several metath-
esis reactions were performed in methanol/water mixtures with
EWG-substituted catalyst 5.

The “in situ” strategy was successfully applied to the prepara-
tion of catalysts 47, 48 and 49 by Skowerski et al. [59]. Treat-
ment of the free bases 44, 45 and 46 with methyl chloride
(MeCl) yielded the corresponding ammonium quaternized

groups (Table 3).
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+
BocHN HsN Cl
N/ <N o ClI 1.CuCl, CH,Cly, 45°C, 1 h N/ <N "
- - Mes~ -
Mes \( Mes  * 4< N 2. HCI, CgHg, rt, 45 min es T s
Cla. / Cleu. g
,Ru= 41 e
c”l pn cr of
PCys; 0 .
3 steps < —N—
39 P /
/L 3,67%
? 8
40
\ 5 steps
I\
= Mes/NTN‘Mes
~N_ N« - B Clo.
Mes Mes . o +CI al CuCl, CH,Cl, CI/RIU_
Clun. —< —N — = : _ )
CI/F\IU_ o L _\—K<— 45°C,1h o +CI G
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& 42 /N
G-I 4, 45% \

Scheme 9: Synthesis of water-soluble catalysts 3 and 4 bearing quaternary ammonium tags.

MeCl

<NT

43

in situ

Scheme 10: In situ formation of catalyst 5 bearing a quaternary ammonium group.

In a recent publication, catalyst 9 was used for an aqueous
living ring-opening metathesis polymerization-induced self-
assembly (ROMPISA). The authors demonstrated the possibili-
ty of performing living ROMP in water selecting a quaternary
ammonium-based phenyl norbornene carboximide as core-
forming monomer [60]. This polymer is currently being investi-

gated for possible biomedical applications.

Table 4 summarizes the activities of the different ammonium-
tagged catalysts discussed above with several water-soluble
substrates. Catalysts 3 and 4 showed modest to excellent activi-
ties in the RCM of N,N-diallylated substrate 50 (respectively
36% and >95% yield with 3 and 4) and substrate 54 (>95%
yield with both catalysts). There is no obvious explanation why

the RCM of 52 does not occur under identical conditions. Cata-
lysts 9, 47 and 48 display good activities for the ring-closing of
substrates 54 and 56, for the self-metathesis of allyl alcohol (59)
and the cis—trans isomerization of cis-butenedienol (Z-58).

Metathesis catalysts bearing quaternary ammonium groups
provide an attractive alternative to classical ruthenium catalysts.
Although they do not represent a great improvement in terms of
catalytic activity, they significantly improve the water solu-
bility and facilitate the removal of ruthenium residues from
reaction mixtures [52,59]. The majority of such ruthenium com-
plexes can easily be removed, especially for the metathesis of
water-insoluble substrates, as demonstrated by Grela and
co-workers for the RCM of diallylmalonate 31 in DCM
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Table 3: The “in situ” formation of quaternary ammonium-tagged catalysts.

R‘I
NYN\@\ MeCl
CI:..._R
o U= 84-93%
R/O
precursor R R? catalyst
N SN A
44 / 47
= v =N\
N
45 v ﬂ . H 48
) SN A
46 iPr \/\N\/'i'z 49
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R3
Clu.
‘Ru—
c’
RZ/O
R2 R3
cl a
~., F
N A SN A
MR A N
cl
AN
N H
/ ﬁ v
cl
iPr SN A

/ \/\N\/LLQ

Table 4: Aqueous metathesis of selected substrates with water-soluble catalysts bearing quaternary ammonium groups.

substrate

et/
.
Me,N
A\

50

o/
+
MezN
N\
52
Cl~

Me3l\f /

54

product cat. (mol %)
cr
305
”;Na 46
51
cr
i 19
53
Cl~ 3 (5)
e 40
L@ 47 (5)
55 48 (5)
9 (5)
47 (5)
48 (5)

T(°C)

p= =N p= =X

A3333

A3 3

t(h) yield % (E:Z)

4 36
24 >95
24 <5
24 <5
12 >95
24 >95
2.5 96
25 88
35 49

5 46

5 41

5 62
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Table 4: Aqueous metathesis of selected substrates with water-soluble catalysts bearing quaternary ammonium groups. (continued)

A~
DO

Z-58
E-58
_ oD
DO—/_ 4/:/7
59 DO
E/Z 58

(Scheme 11). Upon reaction completion, the catalyst
is extracted from the organic reaction mixture with D,O
and (re)-used for the isomerization of cis-butenediol Z-58 in

water.

Recently the removal of a water-soluble catalyst from reaction
mixtures was also achieved with catalyst 12 (Figure 1¢) through
host—guest interactions [61]. Chung and co-workers used a
PEG-tethered adamantyl ligand for various metathesis reac-
tions in water and DCM [62]. The authors showed that the cata-
lyst can be easily removed by generating a host—guest complex
between silica-grafted B-cyclodextrin and the adamantyl group
of catalyst 12. A simple filtration of the crude mixture through a
cotton plug after RCM of substrate 54 yields the purified prod-

uct with 53 ppm of residual ruthenium (Scheme 12).

Metathesis with artificial metalloenzymes

Directed evolution allows an iterative improvement by succes-
sive rounds of mutation and screening the performances of
genetically-encoded enzymes. Hypothesizing that this tool may
be applicable to the optimization of artificial metalloenzymes
(ArMs) for olefin metathesis, a new-to-nature bioorthogonal
reaction might be introduced in a biological system. ArMs
result from the incorporation of a catalytically active organome-
tallic moiety within a protein scaffold. Such biohybrid catalysts
enable a chemogenetic optimization of their catalytic perfor-
mances. As olefin metathesis is bioorthogonal, it offers attrac-
tive features for the manipulation of biological systems.
Comprehensive reviews on ArMs can be found elsewhere

X ~ 47 (1 mol %)
CH,Cly, reflux
EtO,C” "COyEt 0.5h, 97 % EtO;C
31

DO o)
=/

Z-58

Scheme 11: Catalyst recycling of an ammonium-bearing catalyst.

32

3(5) 30 2 94
4(5) 30 24 92
9(0.5) rt 0.16 94
47 (0.5) rt 0.13 94
48 (0.5) rt 1.1 71
3 (5) 45 6 69
4(5) 45 24 82
9 (5) rt 24 77 (16.7:1)
47 (5) rt 24 38 (12.5:1)
48 (5) rt 24 74 (16.7:1)

[63,64]. Several artificial metalloenzymes able to perform me-
tathesis, coined artificial metathases, have been reported since
2011. The artificial metathases rely on different strategies to
anchor the organometallic moiety to the protein scaffold and
include supramolecular, dative, as well as covalent anchoring.
Ward and co-workers reported the first artificial metathase
based on the biotin—(strept)avidin technology in 2011 [65], thus
expanding the set of reported reactions with this class of ArMs
[66]. It is well known that the biotin—(strept)avidin couple pos-
sesses one of the highest non-covalent binding affinities
(Kq=10"12-10"15 M). This exceptional affinity warrants the
ArM remaining assembled throughout catalysis. Biotinylated
HG-type catalysts anchored within (strept)avidin through supra-
molecular interactions were tested in the RCM of N,N-diallyl-
toluenesulfonamide (21) in aqueous media, achieving encour-
aging results at pH 4 and in the presence of MgCl, [65]. The
chemical optimization of the organometallic moiety revealed
catalyst 60, which was combined with streptavidin (Sav) to
afford ArM 1 (Scheme 13). Ward and co-workers reported
another artificial metathase based on the dative anchoring of a
biotinylated HG-type catalyst to human carbonic anhydrase II
(hCAII) in 2015 [67]. The active site of hCAII contains Zn2*
which is coordinated to three histidines. Catalyst 61 contains an
arylsulfonamide moiety that coordinates the metal with high
affinity (Kq = 205 nM), affording ArM 2 (Scheme 13).

From the different organometallic moieties tested, the catalyst

containing 2,6-diisopropylphenyl groups on the NHC ligand
afforded the highest activity for the aqueous RCM of N,N-dial-

CO,Et
extraction with D,O

e
oD

E-58

Cat. 1%
D,O, rt, 1 h, 94 %

454



Beilstein J. Org. Chem. 2019, 15, 445-468.

1 mol % 12
VR D,0, 45 °C, 24 h
54

host—guest interaction with silica-
gel-supported B-cyclodextrin

purified product

Scheme 12: Removal of the water-soluble catalyst 12 through host—guest interaction with silica-gel-supported B-cyclodextrin.

% N &

H streptavidin (Sav
H H N T P (Sav)
. Cla

60
HoN< ’(’)
//S O
«
iPr iPr hCA Il
N_ N

b _ :._T_.
A - 70

Scheme 13: Selection of artificial metathases reported by Ward and co-workers (ArM 1 based on biotin—(strept)avidin technology and ArM 2 based
on dative anchoring to hCAll).
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lyltosylamine (21). Metathase ArM 2 performed best in phos-
phate buffer at pH 5.0, yielding 85% of product 22 (Table 5). A
substitution of lysine with histidine at position 198 (Table 5,
entries 8 and 9) did not improve the catalytic efficiency of ArM
2 at pH 7.0.

Jeschek et al. subsequently evolved ArM 1 in vivo by directed
evolution of an artificial metathase [68]. Tethering an OmpA
leader sequence to the N-terminus of streptavidin (Sav) allowed
the secretion and assembly of functional tetrameric Sav in the
periplasm of E. coli. The passive diffusion of the biotinylated
Hoveyda—Grubbs catalyst 60 through the outer membrane of
E. coli containing Sav in its periplasm then affords the artificial
metathase ArM 1. Upon addition of the umbelliferone precur-
sor 62, RCM reaction occurs in AcONa/AcOH buffer (pH 4.0)
in the presence of 0.5 M MgCl,. The formed umbelliferone (63)
can be detected by fluorescence (Figure 3).

The fifth generation Sav-mutant resulting from directed
evolution (Sav_mut®") displayed a cell-specific activity

Beilstein J. Org. Chem. 2019, 15, 445-468.

Table 5: Selected RCM reaction with hCAll-based artificial metathase

ArM 2.
Ts
/\/N\/\
21
entry?  hCAIIP
1 _
2 WT
3 _
4 _
5 WT
6 _
7 WT
8 L198H
9 L198H

1 mol % 61
1.2 mol % hCAII

phosphate buffer,
0.1 MMCl,,, 37 °C, 4 h

MClI,, (mol/L)

MgCly (0.1)
MgCl, (0.1)

MgCl, (0.5)
MgCl; (0.5)
NaCl (0.154)
NaCl (0.154)
NaCl (0.154)

pH

22

TON

48 +0.8
45+2.0
23+21
85+1.0
78+25
32+20
2118
28+0.6
22+01

@Reaction conditions: [21]: 1 mM, [61]: 10 uM, [NCA 11]: 12 uM,
Viot: 200 uL (DMSO 10%), 37 °C. Reactions carried out in triplicate.
PWT = wild-type.

E. coli

Figure 3: In vivo metathesis with an artificial metalloenzyme based on the biotin—streptavidin technology.

cytoplasm

~——
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5.4 +£ 1.2 times higher than the wild-type enzyme. Table 6 Matsuo et al. used a-chymotrypsin as protein scaffold to
summarizes the different RCM reactions tested using purified assemble an artificial metathase by covalent anchoring [70].

ArM 1 in aqueous buffer at 37 °C [68,69]. a-Chymotrypsin is a serine protease that recognizes hydro-

Table 6: Selected RCM results obtained with artificial metathase ArM 1 using purified Sav samples.

entry? substrate catalyst (%) proteinP TON

=
60 - 1.1
HO (O XN 0]
62
=
60 Sav 1.7
HO 0" 0
62

N

2
/ *
3 60 Sav_mut® 4.4
HO 0~ o
62
HO OH
4 60 - 180 £ 4°
7\
64
HO OH
5 60 Sav 430 + 3°
7\
64

HO OH
6 60 Sav_mut®” 650 + 35¢
7\

\L
gd + | 60 Sav 52+2
Me3N/\/®/802

65
\L J/
- N
9d + | 60 Sav_mut5” 90+3
Me3N/\/®/SOQ
65

aReaction conditions: 100 mM acetate buffer, 0.5 M MgCly, pH 3.6, [catalyst] = 50 M, 16 h at 37 °C and 200 rpm. PSav_mut®" = Sav V47A/N49K/
T114Q/A119G/K121R. °TON determined by 'H NMR. 9[Substrate] = 20 mM; TON determined by UPLC-MS analysis.
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o cl
HN
Om \%\::@
~
Mes’NTN‘Mes )
Clu, -
“Ru= Cl
o R:u \N+— a-chymotrypsin
o) A 2h,25°C
66 ArM 3

Scheme 14: Artificial metathase based on covalent anchoring approach. a-Chymotrypsin interacts with catalyst 66 through supramolecular interac-
tions followed by covalent nucleophilic attack to afford ArM 3.

phobic residues in one of its clefts. A modified HG-type cata-  r 10 7. Rom activities of catalyst 66 and ArM 3 with substrates 67,

lyst (66) contains an L-phenyl chloromethyl ketone moiety that 52 and 21.

acts as inhibitor and is first recognized by supramolecular R R
anchoring and then covalently attaches upon nucleophilic attack ! 2.5 mol % 66 N
at the chloromethyl moiety by the imidazole of His57, to afford H,0, 0.1 MKCI, 37 °C, 2 h .

the artificial metathase ArM 3 (Scheme 14).
entry substrate catalyst TON

Matsuo et al. tested the RCM of three different substrates with
the protein-free catalyst 66 as well as ArM 3 (Table 7). No
RCM occurred with substrate 52 (<2 TON) with catalyst 66,

OH

(
HO S

while the RCM of 67 reached 20 and 14 TON, respectively, 1 HO N ArM 3 20
with ArM 3 and catalyst 66. However, ArM 3 decreased the 0 O/\<O
RCM activity of 21 to 4 TON compared to 20 TON with cata- 67
lyst 66. >
OH

In 2011, Hilvert and co-workers reported an ArM based on the 9 I|:||8 \ \/: 66 14
covalent anchoring of a metathesis catalyst to a small heat
shock protein from M. Jannaschii (MjHSP) [71]. The authors OH O o
reported a HG-II-type catalyst modified on its NHC backbone 67
with an o-bromoacetyl unit (68) that is reacted with the unique \/>N<\/
cysteine of the modified MjHSP variant (G41C) to afford ArM 3 or * ArM 3 N.D.
4 (Scheme 15). 52

NN
The hybrid catalyst ArM 4 was then tested for the aqueous 4 h 66 <2
RCM of substrate 21. In a HyO/t-BuOH mixture, the catalytic cl o
efficiency of ArM 4 markedly increases upon lowering the pH NN 5 o~
(Table 8, entry 6), although under the same conditions, the free 5 ’}‘ AN 3 4
catalyst 68 performs better (Table 8, entry 3). 21;05
Cavity-size engineered ArMs are the first example of biohybrid \/\f}l/\/
catalysts able to catalyze all three main olefin metathesis reac- 6 21:105 &6 20

tions (RCM, ROMP and CM) [72]. Schwaneberg and Okuda
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68

50 mM phosphate buffer,'
pH 7.0, 25% t-BuOH

MjHSP G41C
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Scheme 15: Assembling an artificial metathase (ArM 4) based on the small heat shock protein from M. Jannaschii (MjHSP). The protein structure is

based on the atomic coordinates in PDB entry 1SHS.

Table 8: RCM of N,N-diallyltoluenesulfonamide (21) with ArM 4.

Tos
Tos N
,{j 2—4 mol % catalyst
PN H,O/t-BuOH 4:1 (:7
21 22
entry catalyst (mol %) buffer pH TON
1 68 (2) 50 mM phosphate 7.0 2+0.2
2 68 (2) 50 mM MES 39 1604
3 68 (2) 10 mM HCI 2.0 33x0.5
4 ArM 4 (4) 50 mM phosphate 7.0 3x0.1
5 ArM 4 (4) 50 mM MES 39 1215
6 ArM 4 (4) 10 mM HCI 20 25+2.1

engineered the cavity size of the B-barrel protein nitrobindin
(variant 4, NB4) to accommodate HG-type catalysts. The
authors followed a similar approach developed earlier with a
variant of the fB-barrel protein FhuA [73,74]. To do so, the
authors duplicated multiple B-barrel strands to enlarge the
cavity of the protein. HG-type catalysts bearing a maleimide
moiety with different spacer lengths (69-71) were covalently
anchored to a cysteine of the expanded nitrobindin variant
(NB4exp). The coupling reaction in aqueous buffer at pH 7.5
finally affords ArM 5, ArM 6 and ArM 7, respectively
(Scheme 16).

The obtained hybrid catalysts were tested for the RCM with
substrates 21 and 64 (Table 9). Overall, ArM 6 and ArM 7 are

comparable and perform best in both reactions with 35%
conversion of substrate 21 and quantitative conversion of
substrate 64. The water-soluble catalyst 9 was compared
to the hybrid catalysts, displaying a higher TON in the RCM of
21 (Table 9, entry 4). Interestingly, the activity of catalyst 9
is inhibited in the presence of NB4exp (Table 9, entries 5 and
10).

In the ROMP of the norbornene derivative 13, ArM 6 and ArM
7 performed best, outperforming catalyst 9. A near ten-fold
increase is observed for ArM 6 (Table 10, entry 2).

In the cross metathesis of terminal olefins 73, 74, and 75, with
the commercial catalyst 9 conversions of 79%, 98% and 94%,
respectively, were achieved. As in the RCM, the combination
with NB4exp did not give any conversion (Table 11, entry 5).
All three ArMs converted the three substrates with good yields
of products 76, 77 and 78. ArM 6 performed the best, affording
quantitative conversion for all three substrates (Table 11, entries
2,7 and 12).

Gebbink and co-workers anchored the HG-type catalyst 79 to
cutinase, a serine hydrolase [75]. The phosphonate ester moiety
acts as a suicide inhibitor forming an irreversible covalent bond
to a serine residue present in the active site of the enzyme.
Assembly of ArM 8 occurs at pH 5 (Scheme 17). The activity
of the artificial metalloenzyme was tested with the benchmark
RCM substrate 21, yielding 84% of product 22 in acetate buffer
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(0]
Mes/N N-Mes HS-NB4exp (20 uM) Mes/N
H,O/DMSO 20:1

Clopu=

c” _ 10 mM Tris-HCI, pH 7.5 o

! 50 mM NaCl, 45 min, 25 °C

‘<O \ 7 o
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70:n =2

71:n=3
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(0]
N‘Mes
ArM 5:n =1
ArM6:n =2
ArM7:n=3

Scheme 16: Artificial metathases based on cavity-size engineered B-barrel protein nitrobindin (NB4exp). The HG-type catalysts 69, 70 and 71 are lo-

cated inside nitrobindin to afford ArM 5, ArM 6 and ArM 7.

Table 9: Selected RCM results of N,N-diallyltoluenesulfonamide (21) and diol 64.

Tos B
1 mol % catalyst X

1 mol % catalyst

5 mM MES buffer, pH 6
200 mM NaCl, 40 °C, 24 h

21 750 mbar 750 mbar

22: X=N; R =Tos

72: X = C; R = (CH,0H),

entry catalyst substrate

1 ArM 5 21
2 ArM 6 21
3 ArM 7 21
4 9 21
5 9 + NBgexp 21
6 ArM 5 64
7 ArM 6 64
8 ArM 7 64
9 9 64
10 9 + NBgexp 64

Table 10: ROMP of 7-oxonorbornene derivative 13 with B-barrel engineered artificial metalloenzymes.@

Q o
q o— 0.008 mol % catalyst
n
5 mM MES buffer, pH 6.0 N
? 200 mM NaCl, 23 °C, 12 h 0
13 15
entry catalyst conversion® (%)
1 ArM 5 25
2 ArM 6 81
3 ArM 7 75
4 9 16

a[13] = 0.2 M. PDetermined by TH NMR spectroscopy. °PDI = polydispersity index.

5 mM MES buffer, pH 6
200 mM NaCl, 40 °C, 24 h

conversion (%) = TON

16
35
35
41
0
45
100
100
100
0
n
/
0
TON PDI®
3000 1.29
10000 1.21
9300 1.29
1700 N.D.
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Table 11: Selected CM results with cavity-size engineered ArMs.

1 mol % catalyst
e Y R
X
R 5 mM MES buffer, pH 6.0 RN
200 mM NaCl, 40 °C, 24 h
750 mbar
73: R = CH,OH 76: R = CH,OH
74:R=Ph 77:R=Ph

75: R = CgHy-p-OMe 78: R = CgHy-p-OMe

entry?  catalyst substrate  conversion® (%) TON
1 ArM 5 73 >99° 100
2 ArM 6 73 >99° 100
3 ArM 7 73 69°¢ 69
4 9 73 79° 79
5 9+NBgexp 73,74,75 0 0
6 ArM 5 74 45¢ 45
7 ArM 6 74 >99° 100
8 ArM 7 74 >99¢ 100
9 9 74 98d 98
10 ArM 5 75 40d 40
1 ArM 6 75 >99d 100
12 ArM 7 75 >99d 100
13 9 75 94d 94

a[Substrate] = 0.05 M. PConversions determined by 'H NMR. °E/Z =
20:1. 9E/Z = 99:1.

at pH 5 (TON = 16.8). The same conditions were applied to the
self-metathesis of substrate 80, affording a quantitative conver-
sion (Scheme 17).
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Olefin metathesis: applications in chemical
biology

Synthetic compounds are increasingly being used as chemical
tools to scrutinize and modulate biological systems [76]. Olefin
metathesis is a prime example of bioorthogonal reactions and
the ruthenium catalysts display good stability and chemoselec-
tivity. The first applications of olefin metathesis in chemical
biology were reported with “ill-defined” catalysts such as
RuCl3-H,0 to synthesize insect pheromones by olefin metathe-
sis [77,78]. The development of well-defined ruthenium-based
catalysts increased the number of olefin metathesis applications
in chemical biology thanks to their tolerance against various
functional groups such as amides, alcohols and carboxylic
acids. However, one major hurdle for olefin metathesis in
chemical biology remains the necessity to perform catalysis
under mild conditions in buffered aqueous media.

The aqueous ROMP introduced by Grubbs and co-workers led
to several biological applications [79,80]. Kiessling and
co-workers were the first to use ROMP for the synthesis of bio-
logically active polymers and for the synthesis of multivalent
antigens to probe signaling pathways in vivo [81,82].

In 2008, Davis and co-workers performed site-selective protein
modification through aqueous CM [83], thus expanding the cat-
alytic repertoire of protein modification with transition-metal
catalysts [84-87]. A variant of subtilisin from Bacillus lentus
containing a single cysteine (SBL-S156C) was modified by
direct allylation to install an allyl-sulfide on the surface of the

NYN 0 cutlnase
Cln.,_ ||_ C|“
ARU= P—OEt A ONa/AcOH o Ru= p O-Serin
o 0 pH 5.0
\(O w 30 min \(o
Tos Los
5 mol % ArM 8
N
g AcONa/ AcOH, pH 5.0 ( . 7
MgCl; (10 equiv) _
2 25°C,20 h 22 (84% yield)
7 5 mol % ArM 8 P O
AcONa/ AcOH, pH 5.0 O
MgCl, (10 equiv)
80 zorc.zom 81 (>99 % yield)

Scheme 17: Artificial metathase based on cutinase (ArM 8) and resulting metathesis activities.
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HG-II (200 equiv)
HO ™% (10000 equiv)
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82 %) {

Scheme 18: Site-specific modification of proteins via aqueous cross-metathesis. The protein structure is based on the atomic coordinates in PDB
entry TNDQ.

protein. Cross metathesis of the modified protein 82 with allyl
alcohol gave the CM product with over 90% conversion
(Scheme 18).

To achieve this challenging reaction, 200 equivalents (equiv) of
HG-II catalyst were employed in a reaction mixture containing
0.01 mM 82. Remakably, no conversion was observed in the
absence of MgCl,, which prevents the non-productive binding
of the amino acid side chains to ruthenium. The authors sug-
gested that the positive effect of allyl sulfides may be due to the
coordination of the sulfur atom to the ruthenium center,
favoring the formation of the metallacyclobutane intermediate.
The modest activities of butenyl and pentenyl sulfides were
rationalized by the formation of five and six-membered ring
chelates. The aqueous CM with allyl sulfides was also exploited

30% t-BuOH, pH 8.0
100 mM MgCl,, 2-5 h, rt

HG-II
5 M GdmCl, 50 mM NaPi
MgCl, 30%, t-BuOH or PBS
(+/-~ DMSO)

by Hunter et al. for the generation of a metathesis-based
dynamic combinatorial library [88].

The work carried out by Davis and co-workers led to the meta-
bolic incorporation of unnatural amino acids (uAAs) bearing a
terminal alkene as CM substrates for protein modification [89].
The authors investigated the possibility to incorporate methio-
nine (Met) analogues in a Met-auxotrophic strain of E. coli
(B834DE3). Allyl-homocysteine (Ahc) resulted in the only
uAA successfully incorporated into 6 different proteins, namely
Histone H3 (H3-Ahc120), Np276 (Np276-Ahc61), SspG
(SspG-Ahc49), SarZ (SarZ-Ahc4-Ahc43), QB (Qp-Ahcl6),
and Ubq (Ubqg-Ahcl). The modified proteins were tested for
cross metathesis with allyl alcohol or with a fluorescein deriva-
tive (Scheme 19a).

= Np276-Ahc61;
SspG-Ahc49;
H3-Ahc120;
SarZ-Ahc4-Ahc43;
Qp-Ahc16;
Ubg-Ahc1

b)

pH 7.4-8.0,37 °C, rt, 3 h

Ly

HG-II
MgCl,, 30% t-BUOH
5M GdmCl, 50 mM NaPi
pH 8.0, 1t, 3 h

; N\—

lgG-Fc_Ahc32
HEK293T

lgG-Fc-Ahc32-biotin
I
avidin pulldown 0

digest
LC-MS/MS

Scheme 19: a) Allyl homocysteine (Ahc)-modified proteins as CM substrates. b) Incorporation of Ahc in the Fc portion of IgG in human cells

(HEK 293T) and CM reaction with 84.
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To further advance the chemical tagging through cross metathe-
sis, genetic incorporation of Ahc was performed in human cells
(HEK 293T) for the modification of the Fc region of IgG (IgG-
Fc-Ahc32, Scheme 19b). An olefin-bearing biotin 84 was
selected as olefinic partner for the CM reaction with the modi-
fied antibody, yielding IgG-Fc-Ahe32-biotin (Scheme 19b).
The conjugated protein can be selectively pulled-down with
avidin beads and analyzed by tandem MS after tryptic digestion.
This strategy suggests that CM reactions can be integrated in
the toolbox of chemical proteomics.

Recently, following a similar strategy, Lu et al. reported
on-DNA RCM and CM, an application potentially useful to
generate DNA-encoded libraries for hit identification and target
validation [90]. Substrates appended to oligonucleotides
undergo Ru-promoted RCM and CM when the G-III catalyst is
used under heterogeneous conditions (water/zert-butanol 3:2)

Table 12: Scope of RCM reactions using DNA-tethered substrates.?
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with a large excess of Mg2™. Also in this case, the role of Mg2"
is to protect the oligonucleotide from Ru-induced decomposi-
tion by binding to the phosphate backbone. Table 12 summa-
rizes the activities of 7 different DNA-tethered substrates for
RCM. Good conversions were achieved in water mixtures (40%
t-BuOH) at room temperature after 1 hour of reaction. Howev-
er, these reactions are not catalytic as they require 150 equiva-

lents of the G-III catalyst.

The same conditions were tested for the cross metathesis of the
allyl-sulfide 99 with allyl alcohol, yielding 50% of product 100
in aqueous mixture (40% ¢-BuOH) in the presence of
4000 equiv of Mg2™ (Scheme 20).

In another recent study, Touissant et al. described the synthesis
of two metathesis-based fluorescent probes suitable for the
detection of ethylene in live cells [91]. BODIPY fluorophores

?M

entry substrate
1 0 o§K——NHBoc

85
/

NH
2 g N{
\

87

I
. gt

5

G-Il (150 equiv) N;_@

H,0/t-BuOH 3:2
8000 equiv MgCly, t, 1 h

0]

product conversion (%)
NH NH on
& 50

o) ’j\ NHBoc

NH
- ;
(0]

88
0
gN;_f NE /> 65
0
90
0
SO
0
92

463



Table 12: Scope of RCM reactions using DNA-tethered substrates.?

5 M
Hj

NH NHo
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(continued)

0
N;_/—'D 50
=
o}

<

>—/ NH NHo
6 55
O %
<\ \«v\m
/ 96
5—@
>/b g
NH NHQ
7 < / 50
3 (e}
\ ° N\
98
/
97
2150 equiv G-Il catalyst, [substrate] = 0.09 mM.
y P+ o~ OH G-Il (150 equiv) HW/\S/\/%/OH
S TOI/\S H,O/t-BuOH 3:2 AU 5

4000 equiv MgCly, rt, 1 h

99

Scheme 20: On-DNA cross-metathesis reaction of allyl sulfide 99.

bearing the isopropyloxybenzylidene moiety (101 and 103)
reacted with the G-II catalyst to form the HG-II derivatives
102 and 104, respectively (Scheme 21).

The resulting compounds are Ru-based profluorescent probes
that become fluorescent in the presence of ethylene, thus
leading to the release of 101 from the Ru-catalyst (Scheme 22).

Live cell experiments with Chlamydomonas reinhardtii suggest
that 20 pM of probe 102 in PBS buffer are sufficient to turn
fluorescence on in cells flushed with exogenous ethylene or
ethylene gas derived from ripe fruit (e.g., banana or mango).
Control experiments reveal however a steady increase in fluo-
rescence in the absence of ethylene, suggesting that further opti-
mization of the probes is required. As ethylene plays an impor-
tant role as a plant hormone, metathesis-based probes might

have interesting applications in plant biology.

100 (50% conversion)

Olefin metathesis is also used to cross-link peptide fragments.
This technology is known as peptide stapling [92]. Blackwell et
al. engineered the first stapled peptide in 1998 by introducing
two non-natural amino acids bearing a terminal alkene in a
peptide sequence (e.g., 105, 106) [93]. The cross-linking of the
two amino acids by metathesis results in a more rigid and stabi-
lized alpha helix (products 107 and 108, Scheme 23).

Although the reaction cannot be classified as aqueous metathe-
sis (the reaction is carried out in CHCIj3 and the peptide remains
attached to the solid phase), this technology has been exploited
to disrupt protein—protein interactions (PPIs) in cancer cells [94-
96]. Aileron Therapeutics recently launched a stapled peptide
platform aiming at developing molecules like ALRN-6924, a
stapled peptide that interacts with p53 inhibitors MDMX and
MDM4. The drug candidate is currently being evaluated in clin-
ical trials for different types of cancer [97].
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CuCl
GHli +
DCM, 40 °C,1h
CuCl
G-ll +
DCM,40°C,1h
103 104

N_ N
H,C=CH, Mes™ T ~Mes .
PBS buffer, 37 °C R -
o\
L
101
turn on fluorescence
102
Scheme 22: Metathesis-based ethylene detection in live cells.
H H
N-Boc N-~Boc
N
NS TH 20 mol % G-l ‘ ~oth
/\/O CHCl3, 25 °C fe)
n n
COOMe COOMe
105:n =1 107:n =1
106:n =2 108:n =2

Scheme 23: First example of stapled peptides via olefin metathesis.
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Conclusion

Over the past 20 years, the number of applications of olefin me-
tathesis in water has dramatically increased. The field of me-
tathesis is continuously growing and scientists seek new oppor-
tunities to exploit this powerful C—C double-bond-forming reac-
tion in different fields of research. Several biological applica-
tions have emerged over the past 10 years as a result of the ex-
tensive efforts to establish biocompatible protocols. While
aqueous metathesis offers the advantage of performing cataly-
sis in a more sustainable medium, it still remains challenging to
achieve due to the detrimental effect of water. Despite this limi-
tation, olefin metathesis widely contributes to polymer chem-
istry, drug discovery and biocatalysis. Several technologies
relying on aqueous metathesis have been developed (e.g., pro-
tein modification, on-DNA metathesis, directed evolution of
artificial metalloenzymes, etc.) and are paving the way to future
interesting applications.
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Abstract

The polymerization process of dicyclopentadiene using a multicomponent catalytic system based on bis(cyclopentadienyl)titanium
dichloride and diethylaluminum chloride was studied. It was demonstrated that the application of an excess of the aluminum com-
ponent leads to the formation of stable charged complexes of blue discoloration, which initiate cationic polymerization of dicy-
clopentadiene. Unstabilized thin layers of obtained polydicyclopentadiene undergo oxidation and structuring under atmospheric
oxygen. Oxidation of polydicyclopentadiene films in air occurs slowly during several weeks and can be determined by the increase
of carbonyl and hydroxyl adsorption bands in infrared spectra. Along with oxidation, cross-linking processes occur in polymers,
which lead to a change in physical parameters of the layers, and more precisely to a decrease in the permeability of atmospheric
oxygen through the layers. Consequently, this leads to the transition of the oxidation from a kinetic mode into a diffusive mode.
Such structural changes do not occur in a polymer that was stabilized by adding an antioxidant.

Introduction
Currently, polymerization of dicyclopentadiene and norbornene  ethylene and propylene production and is used as a monomer to
obtain a polymer with particular properties — polydicyclopenta-

diene (PDCPD) [8,9]. Cationic polymerization of DCPD takes

derivatives applying various catalyst systems is of great interest
[1-7]. Dicyclopentadiene (DCPD) is a secondary product of the
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place with metal-halide-based catalyst systems and organome-
tallic compounds. A number of scientific reports were dedi-
cated to the investigation of DCPD polymerization based on
these systems [10,11]. One of the drawbacks of these catalyst
systems is the “excessive hardness” of the system viz. HSAB
theory leading to the formation of cross-linked structures and
gelation of the system. Substitution of chlorine atoms in the
catalyst structure with organic ligands allows reducing of the
hardness of the systems and contributes to the generation of
products having a linear structure. To realize this, the usage of a
catalyst component bearing already organic ligands in its struc-
ture — bis(cyclopentadienyl)titanium dichloride (Cp,TiCl,) is
proposed.

Polymers based on DCPD, obtained by cationic polymerization,
are characterized by certain disadvantages. They have a low
molecular weight, a fairly rigid structure of the polymer chains
due to crosslinking processes occurring during polymerization.
In addition, DCPD polymers obtained from "hard" catalytic
systems, such as TiCly, SnCly, etc., are easily susceptible to oxi-
dation. Catalytic systems which are less "hard" can overcome
these disadvantages to some extent.

The aim of this study is to investigate the interaction between
Cp,TiCl, and diethylaluminum chloride (AIEt,Cl) in toluene
which results in the formation of a complex, active for the
DCPD polymerization. Additionally, optimization of the ratio
between the two compounds of the catalyst system was per-
formed using electron spectroscopy. Furthermore, the DCPD
polymerization in toluene was investigated using the optimized
catalyst system, and also the dynamics of the structural transfor-
mations occurring in thin layers of PDCPD during oxidation in

air.

Polymers obtained during the dicyclopentadiene polymeriza-
tion under these conditions are well soluble in aromatic and
chlorinated solvents, and from these solutions, smooth trans-
parent films can be produced. However, the surface of PDCPD
loses its transparency and becomes dark as a function of time
when stored in air. This is attributed to the formation of cross-
linking in the polymer structure and oxidation of unsaturated
bonds, which are excessively present in the polymer structure
[12-14].

Oxidation of thin PDCPD films in air occurs slowly and is
observable by the intensity increase of vibrational bands
deriving from carbonyl and hydroxy groups in the infrared
spectra of the polymers. More specifically, an intensity increase
of the wide band at 3400 cm™! is observed, which is assigned to
vibrations of hydroxy groups located near various carbon atoms

in the main polymer chain. Apart from this, the intensity of the

Beilstein J. Org. Chem. 2019, 15, 733-745.

bending vibrations of carboxyl groups at 1700 cm™! and of

ether groups at 1030-1080 cm™! increases as well.

Results and Discussion
Study of the complex formation between
CpoTiCly and AlEt,CI

It is known that the catalytic activity of the Cp,TiCl,/organo-
aluminum compound is determined by the molar ratio of the
components of the catalytic system [15]. The rate of transfor-
mation in the system depends both on the Al: Ti molar ratio and
on the temperature [16]. UV spectra of toluene solutions of
Cp,TiCl, and AlEt,Cl (Figure 1) in the visible region at
ambient temperature clearly demonstrate that during the first
minute of the reaction an intermediate compound is formed,
which gradually decomposes with formation of the blue com-
plex [15,16].

Absorbance

0.5 4

200 300

400
Wavelength, nm

500 600 700 800

Figure 1: Absorption spectra in the UV and visible spectral region:
1) bis(cyclopentadienyl)titan dichloride (n-hexane, 0.4 mmol/L);

2) diethylaluminum chloride (n-hexane, 2.5 mmol/L);

3) Cp2TiCly-AlEtyClI (toluene, 10 mmol/L, Ti/Al ratios is 1:1, immedi-
ately after mixing); 4) Cp,TiCl,-AlEt,Cl (toluene, 10 mmol/L, Ti/Al
ratios is 1:1, 10 minutes after mixing).

The complexation between the organoaluminum compound and
Cp,TiCl, was further confirmed using "H NMR spectroscopy
[17,18].

The influence of the Ti/Al ratio was previously discussed
[15,19]. Nonetheless, we studied the effect of the Ti/Al ratio on
the formation of an absorption band at 700 nm (Figure 2). From
the obtained data it follows that the absorption band at 700 nm
appears only at Ti/Al ratios above 1:1, therefore, the ratio of

Ti/Al equal to 1:1.5 was further used.
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0.7 During this complex formation, generation of cyclopentadiene
(CPD) trimers, resulting from the interaction between the

cyclopentadiene ring of bis(cyclopentadienyl)titanium

0.6
1 dichloride and dicyclopentadiene, occurs. Figure 3 presents
0.5 the 'H NMR spectra of the product formed in the reaction

mass during the polymerization of DCPD in hexane (DCPD

5]
2 0.4 i concentration of 1.5 mol/L, concentration of the catalyst system
g0.
) ] of 2.5 mmol/L, Ti/Al ratio is 1:1.5). After removing the
o .. . .. .
203 polymer precipitate from solution, the remaining product is
< ] identified as a CPD trimer. The amount of trimer formed is
02 small and amounts to 1-3% of the total DCPD taken per
] reaction. The appearance of interaction products of DCPD
0.144 and the catalytic system generating the CPD trimer was unex-
pected. Typically, the CPD trimer is formed under more severe
JiS \ o ]
0 — conditions, for example, at high temperatures ~180 °C, (see
1 1 1 1 1 1 1 I

450 500 550 600 650 700 750 800 850 900  Figure 3).
Wavelength, nm

This was confirmed by NMR analyses of the interaction prod-
Figure 2: Absorption spectra in the visible spectral region: y y P

1) Cp,TiCly-AlEt,Cl (toluene, 10 mmol/L, Ti/Al ratios is 1:0.5); ucts between the complex of bis(cyclopentadienyl)titanium
2) CpoTiCloAlEtCl (toluene, 10 mmol/L, Ti/Al ratios is 1:0.7); dichloride and diethylaluminum chloride with dicyclopenta-
3) Cp2TiCly-AlEt:ClI (toluene, 10 mmol/L, Ti/Al ratios is 1:0.9); . . . .

4) Cp,TiCly-AlELCI (toluene, 10 mmoliL, Ti/Al ratios is 1:1); diene (Figure 3b). The NMR spectrum of tricyclopentadiene ob-
5) CpzTiClyAlEtyCl (toluene, 10 mmol/L, Ti/Al ratios is 1:1.5). tained via condensation of dicyclopentadiene and cyclopenta-

All spectra correspond to time 40 minutes after mixing. di . ted fi . (F‘ 3 )
1ene 1s presented for comparison (Figure 3a).

~HOw M N 0 N NNO WVNOSTOUNON o~ < -
a arHo ves QA ERY QMANHNN QR 10 o R
O Y Vumn 0N N n N NANN NNANNS A A A A - o o
| H3 |
H |
H1
3
H .
H?2 N
a mixture of endo- and exo-isomeres
T T T T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
b "
H' H?
T T T T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure 3: "H NMR spectra of tricyclopentadiene (a) and the interaction product between Cp,TiCl, and AIEt,Cl with dicyclopentadiene (b).
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Dialkyl derivatives of aluminum very easily alkylate Cp,TiCl,.
Alkylation can occur according to the following mechanism
(Scheme 1):

@\ .CoHs Cl

ClwTim Al
O Nc,H,

-

6\ .cl CoHs  (Cl
EéTi;C'+2 S,id"
cl
= CoH
@\ .CoHs5 Cl

5

< o

Ll
CleTi, Al = CuHgTi. AL
: N 2fs™ L .
% Cl CyHs % Cl' NC,Hs
<& o = cl -
C2H5""'Tii\ Al CoHgmTi* Al
% c \C2H5 % cl \C2H5

Scheme 1: Mechanism of alkylation of Cp,TiCl,.

During the interaction of the intermediate complex with cyclo-
and dicyclopentadiene, generation of metal carbene species is
possible, which can also take part in the formation of polydi-
cyclopentadiene. Already in the work of Grubbs and others [20-
23], the possibility was pointed out of the formation of simple
structures with a carbene bond via interaction of organometal-
lic transition metal complexes with organic aluminum com-
pounds. The formation of such unstable bis(cyclopenta-
dienyl)titanium dichloride complexes with a Ti=CHR fragment
is possible as well in this case. The obtained complex is polar-

Beilstein J. Org. Chem. 2019, 15, 733-745.

ized in such a way that the metal has a positive charge, and the
carbon atom has a negative charge [23]. It is assumed that after
the formation of such complexes, they initiate the metathesis
polymerization of dicyclopentadiene.

In the UV—-vis spectrum of Cp,TiCl,, two maxima are observed
at 388 and 516 nm. It is known that when a solution of AIEt,Cl
is added to a Cp,TiCl, solution, the maxima at 388 and 516 nm
will disappear and a new band will appear in the region of
580 nm [15,16].

Mixing of toluene solutions of Cp,TiCl, and AlEt,Cl demon-
strates also a change in the visible region at ambient tempera-
ture and with the increase of the AIEt,Cl content the band at
516 nm, characteristic for Cp,TiCl,, disappears. As a result, a
new band appears in the region of 570-610 nm, confirming the
formation of an intermediate complex between Cp,TiCl, and
AlEt,Cl, however, this only occurs when an excessive amount
of diethylaluminum chloride is present in solution.

Hence, the band with maximum absorption in the region
of 580 nm is assigned to the intermediate complex
Cp,TiCly-AlEtyCl, which is formed when solutions of Cp,TiCl,
and AIEt,Cl are mixed.

The stability of the formed complex was investigated using
visible spectroscopy and the obtained spectra are depicted in
Figure 4.

0.80
0.64
g g ‘
g 048 \\\\\\ A \“\\\\\‘g\\\
2 U
s [
Fo032f T o
) il
\&\\Q%\%\%&\\\\\\\
0.16 | N
| &£42 TR
S/ 28 TR
14 T
0 SN
500 540 580 620 660 700 740 780 820 860 900

Wavelength, nm

Figure 4: Visible spectra of a mixture of Cp,TiCly and AIEt,Cl as function of time.
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A clear change as a function of time can be observed by the de-
crease of the band at 580 nm. Moreover, a shift of the absorp-
tion band towards 700 nm and a broadening can be observed.
The final visible spectrum (Figure 2, curve 5) corresponds to
[Cp,TiEt]*[AIEtCl3], the blue complex. Indeed, as reported in
previously published papers [15,16], the colored blue complex
under these conditions is caused by a compound containing
Ti(IIT) or Ti(IV). This compound corresponds to the final
[Cp,TiEt]*-[AIEtCl3]” complex.

The presence of an isosbestic point at 656 nm indicates the
presence of only two absorbing complexes, which transfers one
into the other.

Polymerization of DCPD applying the com-
plex based on Cp,TiCly

Polymerization of DCPD, applying the homogeneous catalytic
system consisting of Cp,TiCl, and AlEt,Cl, was performed by
adding a fresh solution of the catalytic system to a toluene solu-
tion of the monomer. However, before adding the catalytic
complex, the monomer solution was placed in an adiabatic
mixing reactor until the temperature was stabilized. To limit the
development of the polymer chain and as a deactivator of the

36
——
34 {
32
O 30
o)
5 28
g yd
a 26 ' 7
£ Injection deactivator
2 24
22
/Injection Cp,TiCL-AIEt,Cl
20 ’
18

0 2 4 6 8 10 12 14 16
Time, min
a
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catalyst system, propylene oxide was used. The polymerization
of DCPD was carried out under the following conditions: ratio
of Ti/Al 1:1.5, concentration of the complex Cp,TiCly/AIEt,Cl
from 2 to 10 mmol/L, and concentration of DCPD 1.5 mol/L.

Figure 5 shows a typical thermometric curve for the polymeri-
zation of DCPD (Ti/Al ratio 1:1.5, concentration of Cp,TiCly/
AlEt;Cl complex 10 mmol/L, concentration of DCPD
1.5 mol/L). Based on the assumption that the stage of chain
growth proceeds as a pseudo-first order reaction, for every ex-
periment, we calculated the observed reaction constant using
the experimental curve in semi-logarithmic coordinates
(Figure 5b) [24]. The value of the observed constant of DCPD
polymerization rate in the toluene solution applying the catalyst

system amounts to 0.011 mol !s~1.

Furthermore, it is assumed that in this case, cationic polymeri-
zation of DCPD proceeds via one of the double bonds. With the
participation of the double bond from the norbornene ring of
dicyclopentadiene in the double bond reaction, as a result of the
rearrangement of the active site, structures of both exo- and
endo-polydicyclopentadiene (A and B, see Scheme 2) can be
formed [1,10].

&
&
S
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3
&

8
0

50 100 150 200 250
Time, s
b

Figure 5: Thermometric curve of DCPD polymerization using the catalyst system based on Cp,TiCl, (a) and its semi-logarithmic plot of In Cy/C vs

time (b).

0 20

Rl

Scheme 2: The structures formed as a result of the cationic polymerization of dicyclopentadiene.
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At the same time, with participation in the reaction of the
cyclopentene double bond, one of the options may be the for-
mation of the D units (Scheme 2) as a result of the transannular
rearrangement of the growing carbocation [1]. As it was found,
A-type units (up to 70%) dominate in the structure of polymers
formed as a result of cationic polymerization. The number of
formed B- and C-type units is about the same.

In addition, a small amount of polymer E units (5-7%) is also
formed as a result of the metathesis polymerization of dicy-
clopentadiene (see Scheme 3). It was reported [20,22,23,25,26]
that the Tebbe reagent, as shown, is a precursor of titanium
carbene, which reacts with R-olefin and a Lewis base to form
stable crystalline titanacyclobutanes. Both titanium carbene and
titanacycles are ROMP catalysts (Scheme 4).

E

Scheme 3: The units resulting from ROMP of dicyclopentadiene.

PDCPD polymers were obtained by precipitation in ethanol,
dried and characterized by FTIR, NMR, and GPC.

Figure 6 displays a typical infrared spectrum of PDCPD ob-
tained with the catalyst system based on Cp,TiCl, and AlEt,Cl.
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Figure 6: FTIR spectrum of PDCPD obtained in toluene with the cata-
lyst system based on Cp,TiCl, and AlEt;CI.

This spectrum displays specific regions, e.g., the regions from
690 to 800 cm™! can be assigned to out-of-plane deformation
vibrations of the C—H group. The band at 1440 cm™! points out
the presence of CH, groups. The bands in the region of
1620 cm™! confirm the presence of C=C groups, while the
absorption band at 2990 cm™! demonstrates the presence of
CH-CHj; groups in the ring.

Figure 7 shows the 'H NMR spectrum of the obtained polymer,
in which the region from 0.5 to 3.5 ppm is assigned to aliphatic
protons. This region contains a wide signal corresponding to the
superposition of resonances of -CH and —CH; groups of
cyclopentene and cyclopentane rings. The region from 5.0 to
6.3 ppm contains several wide signals corresponding to reso-

<
Ti=CH-CHs
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—

—— Ti — /T|_ —
& <&
|
nl
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Scheme 4: Mechanism of ROMP dicyclopentadiene.
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Figure 7: 1H NMR spectrum of PDCPD obtained with the catalytic system based on Cp,TiCl, and AIEt,Cl.

nances of protons of double bonds of the polymer chain and the

cyclopentene ring (see Scheme 2 and Scheme 3).

According to GPC, the molecular weight of the polymers was in
the range of (10~50)-103 with a molecular weight distribution of
about 2-3.

Figure 8 displays the GPC traces for two samples of DCPD
polymers obtained at a concentration of Cp,TiCl,/AlEt;Cl com-

plex 2 mmol/L (curve 1) and 10 mmol/L (curve 2). The
remaining conditions are the same: Ti/Al ratio 1:1.5, concentra-

2500 —

2000 — 2

1500 —

1000 —

Refractive Index

500 —

Retention Time, min

Figure 8: GPC traces for two samples of DCPD polymers obtained at
a concentration of Cp,TiCly/AlIEt,Cl complex 2 mmol/L (curve 1) and
10 mmol/L (curve 2).

tion of DCPD 1.5 mol/L. My (1) = 5.13-10%, My(1) = 2.69-10%,
PDI(1) = 1.91; My(2) = 1.32:10%, M(2) = 4.84-10%, PDI(2) =
2.73 of additional monomer.

Oxidizing of thin layers of PDCPD in air

Oxidation in air of olefinic bonds in a thin layer of polydicyclo-
pentadiene is a gradual process and can be observed by the
increase of intensity of the vibration band of carbonyl and
hydroxy groups in the infrared spectra of the polymers
(Figure 9). The wide band at 3400 cm™! belongs to stretch
vibrations of hydroxy groups located at various carbon atoms in
the main polymer chain. The intensity of the deformation vibra-
tion of the carbonyl groups also increases at 1700 cm™!, while
the intensity of the deformation vibration of the double bonds

decreases at 1620 cm™!.

r04

0,3

0,2

Intensity

-0,1

1600 1700
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1300 1400 1500

Figure 9: IR spectra of cationic polymerized dicyclopentadiene taken
after certain periods of time exposed to air.
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Figure 9 reveals that structural changes gradually happen during
the exposure time of polydicyclopentadiene thin layers in the air
as a result of the oxidation of double bonds. A new vibrational
band at 1410 cm™! in the IR spectrum appears which is origi-
nating from the primary radicals which are formed alongside
the chain initiation.

The kinetics for the oxidation in air at ambient temperature of
PDCPD layers was studied applying the changes in intensity of
the double bond deformation vibrations. Figure 10 shows the
kinetic curve of the PDCPD oxidation obtained from the corre-
lation between the changes of the relative intensity of double
bond deformation vibrations and the layer exposure time in air

at ambient temperature.

12%
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Figure 10: Correlation of intensities of vibrational bands at 1620 and
700 cm~! and layer exposure time in air at ambient temperature.

The correlation presented in Figure 10 demonstrates that the
kinetics of double bond consumption during oxidation occurs in
two stages. During the first stage, the chain (formation of pri-
mary radicals) initiates, and then the chain process of PDCPD
oxidation follows.

Various mechanisms of chain initiation are possible, e.g., the
formation of primary free radicals initiating the chain reaction
of polymer oxidation (Equation 1). More often, the chain initia-
tion step is described as a bimolecular interaction between
oxygen and a monomer unit of the polymer:

VU RH + 0 ———> LR’ + HO-O» (1)

Beilstein J. Org. Chem. 2019, 15, 733-745.

Accumulation of peroxides in the polymer layer is confirmed by
DSC analysis of films subjected to air oxidation for 700 hours
(Figure 11).
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Figure 11: DSC exotherm for PDCPD subjected to air oxidation for
700 hours.

From the DSC curve (Figure 11), at 140 °C an exothermic peak
can be observed corresponding to the decomposition of perox-
ides accumulated during the oxidation of PDCPD. The peak
value of heat flux is slightly lower than that given in [27],
which is explained by the slower diffusion of oxygen into the
polymer film from air and the lower temperatures of the oxida-
tion of thin PDCPD films in this study.

In our opinion, the peak at 80 °C can correspond to the pro-
cesses of oxidation of -C=C- bonds in the polymer chain due to
adsorbed oxygen. In the DSC of unexposed film, this peak is
absent. However, the DSC of unexposed film in air atmosphere
(Figure 12) shows that the oxidation and decomposition of
peroxides formed during the oxidation of polydicyclopenta-
diene occur simultaneously.

HO-O- radicals formed during this process can react with
monomer components near them, thus, forming Re radicals and
recombine with primary Re radicals. Therefore, the theoretical
yield of radical formation in the reaction (1) ranges between 0
and 2, and can be conveniently described as the reaction given
in Scheme 5.

Impurities remaining in the polymer after its purification can

participate in the initiation of the chain oxidation. These impuri-

ties can include initiator or catalyst residues, metal impurities
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Figure 12: DSC exotherm for PDCPD subjected to unexposed film: 1)
in air atmosphere; 2) in argon.

k
VURH +0p — 2> (VR + HO—O0s; RH) — fR°

Scheme 5: Possible radical formation in the reaction (1).

with mixed valences, in particular, those of iron and copper,
peroxy and carbonyl group-containing compounds.

Unlike the initiation, the steps of chain propagation during poly-
mers oxidation are well studied [28]. The first step of chain
propagation consists of the interaction of the free Re radical
with oxygen (Scheme 6) and occurs at an observable rate at low

temperatures.

k
SR+ Oy — > ~RO-O-

Scheme 6: The first step of the chain propagation.

In a kinetic mode, the polymer oxidation rate is limited by the
kinetic steps of the chain process, indicating that oxygen is
quickly transferred from the gaseous phase into a polymer
(macro-diffusion) and does not limit the process rate. Other-
wise, when oxygen is slowly supplied into the sample, the
process rate is limited by the diffusion, and the oxidation takes
place in a diffusion mode. The reaction kinetics is consecutive
and hence, it is characterized by a wide range of rate constants

and can be described by the following equation:

Beilstein J. Org. Chem. 2019, 15, 733-745.

—=D|— |-ke @)

where the first element on the right defines the oxygen diffu-
sion rate into that element, and the second element defines the
rate of its chemical reaction.

The univocal criterion of the diffusion mode is the correlation
of the oxidation rate and the sample size (layer thickness, ball or
cylinder diameter, etc.). If the sample is plate-shaped and 2/
thick and its linear size is much bigger than 2/, then the concen-
tration of oxygen in each element of the sample at time ¢ is de-
termined by following Equation 2.

However, under stationary conditions, when the oxygen supply
rate into the sample during diffusion equals its consumption rate
in the chemical reaction, then the oxygen concentration in each
element is independent of the time, i.e.,

&y,
dt

Hence, Equation 2 can be reorganized as:

2
D a—§ —ke=0
ox

Under boundary conditions (¢ = ¢ as x = 0 and dc/dx = 0 as
x = 1), the solution of this equation gives the oxidation rate as a

ratio to a polymer mass unit [28]:

Fop = (Dk)% p I ¢otanh [(Dk)% 1}

where D is the oxygen diffusion coefficient; p is the polymer
density and for / — oo ()0 — 0, while / = 0 r,, = kcy, i.e., oxi-
dation transfers into a kinetic mode. In this case, the value of k
is 1.6-10 3 h™L.

Equation 2 helps to understand the appearance of the curves
of the dwell time of a layer in air at ambient temperature
(Figure 13).

According to the classical theory of oxidation of polymers, the
formation of primary radicals occurs predominantly, and only
when they are formed, further oxidation of the -C=C- bonds
occurs with the aid of the peroxide radicals formed. However,
crosslinking of polymer chains occurs along with oxidation pro-

cesses, which leads to compaction of the polymer structure and

741



reduction of the mobility of the polymer chains. This adversely
affects the rate of penetration of air oxygen through the layer of
the structured polymer. As a result, physical adsorption of
oxygen and its transport through the polymer layer becomes the
slowest process, which leads to a change in shape of the kinetic
curve of the accumulation of peroxide radicals (Figure 13).
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Figure 13: Dependence of intensities of adsorption bands at 1410 and
700 cm~" and dwell time of the layer in air at ambient temperature.

The curve in Figure 13 averages the experimental points of the
oxidation process and is a result of two interpolations — a curve
in the initial part (up to about 500 hours) and a straight line for
the rest of the time interval. In fact, the transition to the diffu-
sion mode occurs much earlier, as can be clearly seen from the

semi-logarithmic curve (Figure 14).

A number of PDDCP studies [29] indicate the possibility of the
formation of a thin film of a chemically modified polymer,
which reduces its permeability to corrosive media. We assume
that in case of PDCPD oxidation, the formation of chemically
modified polymer layers also occurs, which reduce the perme-
ability of the film to oxygen.

The double bonds located on the surface of the polymer are
capable of various addition reactions (bromination, epoxidation,
oxidation) forming films of several tens or hundreds of nanome-
ters thick on the surface. However, no further penetration of
reactants into the deeper polydicyclopentadiene layers occurs
[28]. It is this effect that causes the great chemical inertness of
PDCPD in relation to aggressive media. Actually, since the

initial part of the curve is exponential, then along with the

Beilstein J. Org. Chem. 2019, 15, 733-745.

increase of the duration of the layer oxidation, and while struc-
turing is in progress, the process gradually transfers into the

diffusion mode.

The transfer into the diffusion mode of the oxidation is shown
by a semi-logarithmic curve when its slope changes (Figure 14).
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Figure 14: Semi-logarithmic kinetic curve of PDCPD oxidation in air
(thin layer on silicon) with respect to intensities of adsorption bands at
1410 and 700 cm™".

The oxygen concentration is maximal before the polymer layer;
therefore, at a small depth of the layer, the rate of oxygen
consumption is determined by the proceeding polymer oxida-
tion reactions. However, the resulting film of oxidized cross-
linked polydicyclopentadiene prevents further penetration of
oxygen into the depth of the polymer layer (Figure 15).

At this stage in general, the oxidation process is limited by the
diffusion of oxygen in the thickness of the polymer layer. The
rate of oxygen consumption at the initial time point is influ-
enced by many factors, of which the main factors are the forma-
tion and growth of the thickness of the oxidized cross-linked
polymer layer on the film surface and the change in the rate of
oxygen diffusion through the layer due to the changing proper-
ties of the polymer film. Later on, when the layer of oxidized
cross-linked polymer is formed, the speed of the PDCPD oxida-
tion process is limited only by the rate at which oxygen enters
the polymer layer.

At the same time, the accumulation of carbonyl and hydroxy

group vibrations in the polymer does not occur immediately

when the induction period is finished (Figure 16).
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Figure 16: Dependence of the ratio of adsorption bands at 1700 and
700 cm~" on the exposure time of the layer in air at ambient tempera-
ture.

It is worth to mention that its induction period coincides with
the passing of the first stage of double bond consumption in the
polymer (Figure 10).

— Finally, the abovementioned structural changes did not occur in
Figure 15: The distribution of oxygen concentration in the polymer the polymer which was stabilized by adding an antioxidant
layer: 1 — a layer of oxidized cross-linked polymer; 2 — a layer of non- (Agidole-1 in the amount of 0.2% by mass). The infrared spec-

idized pol . . . .
oxidlzed polymer trum of the thin layer of the stabilized polymer (Figure 17a)
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Figure 17: Infrared spectra (a) of products of cationic polymerization of DCPD, stabilized with an antioxidant, after 24 hours (curve 1) and 1030 hours
(curve 2) after synthesis (thin layer on silicon wafer) and (b) the correlation of intensity ratios of adsorption bands at 1620 and 700 cm™" vs layer expo-
sure time in air at ambient temperature.
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does not change and no consumption of double bonds in the
polymer can be detected (Figure 17b).

Conclusion

This study reports regularities of DCPD polymerization in a tol-
uene solution applying a catalytic system consisting of
Cp,TiCl, and AIEt,Cl. It was demonstrated that the use of an
excessive amount of organoaluminum leads to the formation of
stable charged blue complexes which initiate the cationic poly-
merization of dicyclopentadiene.

Polymer thin-film coatings of PDCPD obtained via cationic po-
lymerization in air undergo oxidation and transformation. Oxi-
dation in air of unsaturated bonds in layers occurs gradually and
takes place during several weeks and comes amid with the
growth of carbonyl and hydroxy group vibration bands in the
infrared spectra. At the same time, structuring and isomeriza-
tion occur in layers generating changes in their physical proper-
ties, in particular, the decrease of layer permeability for atmos-
pheric air. In its turn, this leads to the transition of the oxida-

tion from a kinetic mode into a diffusion one.

These structural changes do not occur in a polymer stabilized by
adding an antioxidant in the studied period of time.

Experimental

Dehydrated toluene, prepared according to a well-known proce-
dure, was used as a solvent [30]. Polymerization of DCPD in
toluene was carried out in a 100 mL adiabatic mixing reactor
[31]. A thermometric method was used to study the kinetics of
the process, which was carried out in adiabatic conditions with
minor temperature change; hence, the thermometric curve is at
the same time a kinetic plot [24]. The temperature was regis-
tered during the process with a digital thermometer, consisting
of a platinum thin film resistance thermometer placed on a
ceramic substrate and placed in a stainless steel thin-wall case.

The catalyst for cationic DCPD polymerization is a complex
that is formed during the interaction of Cp,TiCl, with AlEt,CL
The estimated amount of Cp,TiCl, (Sigma-Aldrich, 99% pure)
was dissolved in toluene. AIEt,Cl was used as a solution in tol-
uene with a concentration of 0.232 g/mL. All working solutions
were obtained by diluting the stock solutions with dry solvent

until the required concentration was obtained.

DCPD (Hangzhou Uniwise International Co., Ltd., 99% pure)
was purified from stabilizers by distillation under reduced pres-
sure (6,6 kPa).

All operations with monomer and catalyst were carried out in a

glove box MBraun Labstar provided with an argon atmosphere.

Beilstein J. Org. Chem. 2019, 15, 733-745.

UV-vis spectra of catalyst system solutions were registered by
a spectrophotometer Thermo Scientific Evolution 201 using a

wavelength range from 200 to 900 nm.

Infrared spectra of the polymer were registered applying an
FTIR spectrometer Simeks FT-801 in the range from 500 to
4000 cm™!. A silicon plate with a diameter of 8 mm was applied
to support the polymer film and degreased before use. Polymer
films were applied by irrigation from 2-5% solutions of
PDCPD in toluene, followed by drying at 25 °C under a
nitrogen atmosphere (Binder VDL 23 Vacuum Drying Oven),
with a gradual decrease in pressure at the end of the drying
process.

The thickness of the polymer film was controlled so that
the maximum light absorption in the wavelength range of
5004000 cm™! did not exceed 1.2 units of absorption (EP)
and remained in the preferred range of 0.3—1.0 EP. The
optimum thickness of the film of polydicyclopentadiene was
10 pm.

'H NMR spectra were recorded using an FT-NMR spectrome-
ter Bruker Avance 111 AV400 (400 MHz) with HMDS as an
internal standard. Samples with a mass of 10 mg were dis-
solved in CDClj3. Chemical shifts were determined by the

residual non-deuterated chloroform signal.

Analysis of the molecular weight of the polymers was
performed using gel-permeation chromatography on the
instrument Agilent Technologies 1260 Infinity with a refractive
index detector, GPC/SEC — styrogel column, length 300 mm,
internal diameter 7.5 mm, eluent (CHCl3) rate 1 mL/s, calibra-
tion according to the polystyrene standards known molecular
weight.

Thermal analysis was performed using a DSC 204 F1 Phoenix
(NETZSCH) at a heating rate 10 °C/min with aluminum pans
(the lid was manually drilled to ensure the access of argon).
The DSC instrument was first calibrated with an indium stan-
dard. Measurements were carried out under an inert argon (or
air) atmosphere at a flow rate of 50 mL/min. Approximately
1 mg of virgin or oxidized sample was heated from 25 °C up to
250 °C.
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Abstract

A novel and efficient approach to the synthesis of 2-vinylbenzylamines is reported. This involves obtaining 2-vinylbenzylamine
ligands from tetrahydroisoquinoline by alkylation and reduction followed by the Hofmann cleavage. The resultant 2-vinylbenzyl-
amines allowed us to obtain new Hoveyda—Grubbs catalysts, which were thoroughly characterised by NMR, ESIMS, and X-ray
crystallography. The utility of this chemistry is further demonstrated by the tests of the novel catalysts (up to 1072 mol %) in differ-
ent metathesis reactions such as cross metathesis (CM), ring-closing metathesis (RCM) and ring-opening cross metathesis (ROCM).

Introduction
Ruthenium-catalysed olefin metathesis reactions have been ion is confirmed by more than 20 reviews devoted to various
playing an important role in various fields of organic synthesis  aspects of metathesis reactions, which were published in last

in the past three decades. The significance of this transformat-  three years (2016-2018). In this paper, we mention only a few
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of them [1-12], including most popular recent books [13,14].
Obviously, the application of various catalysts is required to
achieve the best results in each of the many directions of me-
tathesis reactions such as cross metathesis — CM, ring-opening
metathesis — ROM, ring-closing metathesis — RCM, ring-
opening metathesis polymerization — ROMP and acyclic diene
metathesis — ADMET. This motivates the investigations into the
development of new, efficient, stable, and highly selective cata-
lytic systems based on ruthenium complexes. However, in
reality, a limited set of commercially available catalysts is used
for the whole range of metathesis reactions most probably due
to economical reasons. For example, in 2018, Merck offered
more than 20 ruthenium metathesis catalysts. The most popular

of them are shown in Figure 1.

The framework of these catalysts consists of two main parts that

surround the ruthenium centre — “the upper” one is the
N-heterocyclic carbene (NHC) ligand and “the lower” one is the
2-alkoxybenzylidene ligand. These determine the principal cata-
Iytic properties of the ruthenium complexes. Many ligands were
tested as the upper part in various publications, which con-
cluded that NHCs groups, in particular, 1,3-bis(2,4,6-trimethyl-
phenyl)imidazolidine are superior in terms of price/quality ratio.
We suppose that further advances should be rather aimed at the
lower part of the ruthenium complex [15-17]. This trend is con-
firmed partly by the Grubbs catalysts with a pyridine group

(Figure 1) recently released to the market.

o i

Ri—
Cl/RLI——\ CI/ _\

Grubbs catalyst 1st generation
Me
"
c Ru_

c” +

Me\(
Me

RU—
c” +u

0]
Me
T

Hoveyda—Grubbs catalyst

1st generation 2nd generation

Grubbs catalyst 2nd generation

Hoveyda—Grubbs catalyst
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It has been experimentally established that the catalysts with an
O-isopropyl group in their structure usually show the best com-
bination of stability and activity. However, the oxygen atom
having only one site for modification (i.e., the alkyl substituent)
reduces the potential diversity of the chemical environment of
the catalytic centre [18-21]. In our opinion, replacing the
oxygen atom by the nitrogen atom in the lower part of the cata-
lyst would enhance the variability for both steric and electronic
effects of the substituents (Figure 1). This would enable a
rational selection of the optimal catalysts for specific metathe-

sis reactions.

It should be mentioned here that the idea of replacing the
oxygen atom with nitrogen in the Grubbs catalyst is not new but
only a limited number of examples are available in the litera-
ture [22-38]. Moreover, a small number of patents, which
describe the applications of such type of catalysts in ROMP
reactions, were published [25-28]. Among all these applica-
tions, the use of the catalysts for the polymerization of dicy-
clopentadiene has the greatest industrial importance [3,9,29-31].
Noteworthy, there are only rare and sporadic publications
describing the synthesis and properties of the Grubbs catalysts
with an N—Ru coordinate bond in a six-membered ring
[32-38].

Thus, the present work opens a series of studies by our group,

which will be devoted to the synthesis and reactivity of

Weah

Ru
Q CI/ —_\
O oA
g
@ X Br
Grubbs catalyst 3rd generation
Me ,— Me
e | S D
© Me L Me
~Cl

this work

Figure 1: Commercially available ruthenium catalysts for metathesis reactions.
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Hoveyda—Grubbs-type catalysts possessing a six-membered
ruthenium-containing ring with the N—Ru, S—Ru, and

Se (Te)—Ru coordinate bonds.

Results and Discussion

2-Vinylbenzylamine synthesis

The assembly of the nitrogen-containing ruthenium catalysts re-
quired preliminary synthesis of the imidazolium ligand and
o-vinylbenzylamines (Figure 2). Whereas numerous methods
for the preparation of the carbene precursor are known, no satis-
factory suitable approach for the synthesis of ortho-substituted
styrenes was found.

Several methods have been reported for the synthesis of 2-(N,N-
dialkylaminomethyl)styrenes [39-46] relying on different ap-
proaches: i) from o-vinylbenzyl chloride [43], ii) by the
Hofmann cleavage of quaternary tetrahydroisoquinoline salts
under the action of silver oxide [39,42] and iii) by a reaction of
2-(2-bromoethyl)benzyl bromide with secondary amines under
microwave irradiation followed by the decomposition of the
products under the action of potassium zert-butoxide [46]. All of
the above routes offer some advantages but they all are rather
expensive.

Thus, the initial stage of this work included the development of

a preparative scalable method for the synthesis of vinylben-

zenes, which provided a wide range of o-aminomethylstyrenes

Figure 2: Retrosynthesis of the ruthenium catalysts.
X

_N
R2X, A @

] NR!
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from readily accessible reagents in good yields avoiding forma-
tion of byproducts. In this process, the synthesis of 2-vinyl-
benzylamines from isoquinolines (Scheme 1) involved the
following steps: alkylation of isoquinolines to afford isoquino-
linium salts 1, its reduction with formic acid giving rise to tetra-
hydroisoquinolines 2 in a nearly quantitative yield, which upon
alkylation gave quaternary salts 3, finally these salts underwent
the Hofmann elimination to form N,N-dialkylaminomethyl-
styrenes 4 in yields higher than 60% (Table 1). Our attempts to
synthesise highly sterically hindered 2-vinyl-N,N-diisopropyl-
benzylamine by an analogous method failed at the stage of the
quaternary salt 3.

Table 1: Yields of target 2-vinylbenzylamines 4 after four steps.

entry compound R! R2 R2X yield, %2
1 4a Me Me  MeySOy4 87
2 ab Me Et  Et,SO4 88
3 4c Me Bn BnCI 78
4 4d Me iPr iPrl 80
5 de Et Et Et,50, 76
6 4f Et iPr iPrl 72
7 49 Bn Bn BnCl 60

All yields are given after flash column chromatography or vacuum dis-
tillation.

HCO,H

N.po

4a—-g (60-88%)

Scheme 1: Efficient multigram synthesis of N,N-dialkyl-2-vinylbenzylamines 4 (R'X = Me,SO4, Et,SO4 or BnCl, see Experimental part, Supporting

Information File 1 and Table 1).
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The application of terminal dihalogen derivatives afforded
styrenes 5 with a cyclic tertiary amino group from 1,2,3,4-tetra-
hydroisoquinoline (Scheme 2). In this case, the initial isoquino-
line was reduced in the presence of formic acid and then con-
verted into the desired products 5 by a one-pot solvent-free
reaction under the action of the corresponding dihalide in alka-
line media in a total yield of 61-73% (Table 2).

1. HCO,H, A |
@ 2. HalCH,-R-CH,Hal B
N NaOH/ iProH, A Z

5a—e (61-73%)

R
N

Scheme 2: Synthesis of N-(2-ethenylbenzyl)heterocycles 5.

It should be noted that the above-described method was useful
for the synthesis of styrenes in quantities of up to 100 g (or even
more, if necessary). This scalability was purposefully demon-

Table 2: Structure and yields of N-(2-vinylbenzyl)heterocycles 5.

entry compound structure
1 5a | N
= N
2 5b
N
3 5¢
N
4 5d
N
5 5e

|
CLCY

aAll yields are given after column chromatography or vacuum distillation.

MeO,CCI
Me

|
N. o o
Me THF, -78 °C — rt

4a

Scheme 3: Synthesis of N-monoalkyl-2-vinylbenzylamine 7.

Beilstein J. Org. Chem. 2019, 15, 769-779.

strated by the multigram synthesis of Se (see Experimental part

in Supporting Information File 1).

Despite a considerable scope for varying substituents at the
nitrogen atom in styrenes 4 and 5, the developed procedures
(Scheme 1 and Scheme 2) do not allow one to obtain
benzylamines with a secondary nitrogen atom. The approach
outlined in Scheme 3 makes it possible to overcome this prob-
lem [44].

Thus, the pathways described in Schemes 1-3 permit one to
vary the steric volume of substituents at the nitrogen atom in a
wide range enabling synthesis of selective Grubbs catalysts with
different catalytic activity. These styrenes were used in the
preparation of the target ruthenium complexes shown in
Scheme 4. This transformation was carried out using known
standard methods including the interaction of the indenylidene
derivative 8 with 1,3-dimesityl-2-(trichloromethyl)imidazoli-
dine (9) [47-50].

initial alkyl halide (HalCH,-R-CH,Hal) yield, %
Br(CHy)4Br 61
Br(CHy)sBr 73

Cl
72
CLs
Cre .
Z Br

(CICH,CH,),0 72
MeNH,
THF, it, 5h N
cl i, Mo
6 7 (64%)
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1.
MeOH
RUC|3'3H20 + PPh3

RUC|2(Pph3)3_4

HC=C-C(OH)Ph,
THF, A, Ar, 30 min

Beilstein J. Org. Chem. 2019, 15, 769-779.

Cy,P
)’3+ o Ph

A,5h

Mes/N N‘Mes N .. N
Y Mes~ "~ ~Mes
9 ccl T“‘CI Ph
PhMe, Ar Cl/T“’
70°C, 15h PCya O

Scheme 4: Synthesis of Hoveyda—Grubbs-type catalysts 11.

Several approaches have been described earlier for the prepara-
tion of the “chloroform adduct” (9) [51-55]. Even though these
approaches provide good yields they have some drawbacks such
as the use of expensive reagents, difficulties in the purification
process, and data analysis. Here we propose an alternative reli-
able procedure for the synthesis of 2-(trichloromethyl)-1,3-
bis(2,4,6-trimethylphenyl)imidazolidine (9), which was suc-
cessfully scaled up to 15 g and 30 g (Scheme 5, see Experimen-
tal part in Supporting Information File 1). In this process, the
key differences are the use of the Hung’s base at the cyclization
stage and of granulated alkali in the last step, which provides
the target high-purity imidazolidine in 85-87% yield. We stress
that there is no need for the isolation and purification of inter-

mediate substances.

The introduction of Ru-indenylidene complex 8 in one-pot reac-
tion with adduct 9 followed by reaction with styrenes 4a, 4e, 5e
or 7 gave target Hoveyda—Grubbs-type catalysts 11 in moder-
ate yields (Scheme 4). The products were light-green powders.
The synthesised catalysts demonstrated prominent stability in

2. PCys, THF/Me,CO, Ar
rt — —20 °C, 10 h CysP

e

8 (93-95%)

| ' Mes N-Mes
N. R2" ““‘CI
4a,e,5e or 7 CI/Tu~
Ar, PhMe, A, 6 h RlusN
R2

11a: R" = R2 = Me (75%)
11b: R' = R2 = Et (72%)
11c: R' = H, R2 = Me (70%)
11d: R'-N-R2 = morpholine (64%)

air at room temperature for at least 4 years, which was proved
by 'H NMR spectra. The simple spectrum recorded in 2014 and
at the end of 2018 were identical, they did not show new
signals. The catalysts have good solubility in CH,Cl,, CHCl3
and moderate solubility in benzene and toluene. Therefore, they
can be used for almost any purpose.

Among all of the synthesised catalysts, only three catalysts
11a—c were obtained as good crystals suitable for X-ray diffrac-
tion analysis. Unfortunately, we were not able to obtain single
crystals of satisfactory quality for the morpholino-containing
catalyst 11d. Still, the accessible X-ray structural information is
sufficient to correlate structure with catalytic activity as
presented in the following section (Figure 3). According to the
X-ray data, the molecules 11a—c comprise a heterocyclic system
with a five-coordinated ruthenium atom having similar general
geometrical features. Two chlorine atoms occupy an ordinary
trans-position relative to the central ruthenium atom. The ruthe-
nium-containing six-membered ring has a slightly distorted

envelope conformation with a ca. 51° to 54° deviation of the

NH, HC(OED: CH2 »Cl
AcOH (cat.) EtN(IPr)z
Me Me A 5h Me Me Me 120°C,5h
\ CHCl3, NaOH N N-
- Mes/ng‘Mes ) Mes Mes
CI@ 0°C—rt,5h CCly
9 (87%)

Scheme 5: Synthesis of the “chloroform adduct” 9.
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Figure 3: Selected X-ray data for ruthenium complexes 11a—c. All hydrogen atoms were deleted for clarity (except for the hydrogen atom belonging

to the NH group in compound 11c).

nitrogen atom from the mean plane of other five atoms. The
most important feature of the catalyst structure is the length of
the ruthenium-nitrogen bond, which should have the strongest
effect on the catalytic activity. With the increase of the steric
the
ruthenium—nitrogen coordinate bond is extended, which makes

volume of substituents at the nitrogen atom,

it weaker. That should, obviously, increase the activity of the
catalyst towards metathesis reactions. An increase in the N—Ru
bond length along the series 11¢ (2.193 A) — 11a (2.243 A) —
11b (2.297 A) suggests that compound 11b (with the NEt, sub-

stituent) is expected to be the most active as a catalyst.

It should be mentioned that some of catalysts 11 have been
synthesized recently in a more complex way in lower yields
[32].

The third part of this study was devoted to the demonstration of
catalytic properties of metallo-complexes 11 in “standard” me-

tathesis reactions (Scheme 6, Table 3). As a model substrate we
chose easily available alkenes and dienes, such as i) styrene
(12) and allylbenzene (14) for CM reactions, ii) diethyl diallyl-
malonate (17) and diallyltosylamide (19) for RCM reactions,
iii) norbornene (21) and styrene/hex-1-ene for ROCM metathe-
sis reactions. This selection of model subtests for metathesis is
also explained by the possibility to control the course of metath-
esis and the composition of the reaction mixtures by the
GC-MS technique only (GC-MS was carried out using external
calibration for CM and RCM reactions). The validity of quanti-
tative GC-MS analysis was confirmed by additional LC-MS
and '"H NMR analysis of selected reaction mixtures.

At the beginning of this part, we tested the stability of catalysts
11 in different solvents at different temperatures and conditions
(10 mg of 11 in 10 mL of solvent). From this study, we con-
cluded that all catalysts were stable in boiling dry toluene or
benzene under argon atmosphere. The catalysts retained their
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catalyst 11
P ———— N
catalyst 11
N Lo o SNSUP L e~ Ph
14 15 16
X Z
catalyst 11
EtO,C~ ~CO,Et EtO,C" "COEt
X = —
catalyst 11 { \
N N
Ts Ts
19 20
Ph
7
7z
catalyst 11
@ +2equiv Z Ph + + 13
21 12 22 I 23 Ph
Ph

ROCM:
@ + 2 equiv /\C“H9

21 24

green color for at least a week, which confirms the absence of
decomposition. In more polar solvents like dichloromethane and
chloroform (bp 40 and 61 °C) boiling under argon also does not
cause visible decoloration. On the other hand, the catalysts
readily decompose within 0.5—1 h upon boiling in CH,Cl, or
CHCIj in the presence of air. Boiling in tetrahydrofuran or
acetonitrile even under an argon atmosphere leads to a rapid de-
composition of the catalysts within 5—10 minutes (the solutions
turn black). Therefore, THF and MeCN were excluded from

further studies.

In the test reactions, three concentrations of the catalysts (1.0,
0.1 and 0.01 mol %) were applied for the transformation of
styrene (12) to trans-stilbene (13) by cross-metathesis reaction
(Scheme 6). First experiments (entries 1—4, Table 3) revealed
that the nonpolar solvents (PhH and PhMe) are not suitable for
the CM reactions. Using of 1 mol % of catalyst 11a even under

74
catalyst 11
25

Scheme 6: Catalytic activity of compounds 11 in the metathesis reactions.

C4Ho

74
+ + J|/
I C4H9
C4Hg

CHy 26 27

an argon atmosphere produced only traces of the target stilbene
(13). In these conditions, catalyst 11b was more active than
11a, but also gave insufficient results. Thereupon, these two
solvents were also abandoned in the course of the following in-

vestigations.

In this process, temperature also exerts a strong influence on the
catalytic activity of metallo complexes 11. None of catalysts 11
were active at room temperature (19-23 °C) towards the styrene
cross metathesis, meaning that all reactions required tempera-
tures higher than 30-35 °C. After all observations, we con-
cluded that dichloromethane is the best solvent for this reaction.
At 40 °C, concentrations from 1.0 to 0.1 mol % of the morpho-
line-based complex 11d showed the best catalytic activity by
providing styrene in 91-97% yields (entries 12 and 13 of
Table 3). The somewhat less sterically loaded N,N-diethyl cata-
lyst 11b also gave acceptable yields for concentrations from 1.0
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Table 3: Reaction conditions and yields of the metathesis products.

Beilstein J. Org. Chem. 2019, 15, 769-779.

entry  starting compound catalyst  catalyst concentration (mol %) solvent? (conditions) yield (%), ratioP of the products

1 12 11a 1
2 12 11b 1
3 12 11a 1
4 12 11b 1
5 12 11a 1
6 12 11a 1
7 12 11a 1
8 12 11a 0.1
9 12 11b 1
10 12 11b 0.1
11 12 11c 1
12 12 11d 1
13 12 11d 0.1
14 12 11d 0.01
15 12 11a 1
16 12 11a 0.1
17 12 11b 1
18 12 11b 0.1
19 12 11b 0.01
20 12 11b 0.1
21 12 11d 1
22 12 11d 0.1
23 12 11d 0.01
24 14 11b 0.1
25 17 11a 0.1
26 17 11b 0.1
27 17 11b 0.01
28 17 11b 0.1
29 17 11d 0.1
30 17 11d 0.1
31 17 11d 0.01
32 19 11d 0.1
33 19 11d 0.01
34 21 + 2 equiv 12 11a 0.1
35 21 + 2 equiv 12 11d 0.1
36 21 + 2 equiv 24 11a 0.1
37 21 + 2 equiv 24 11b 0.1

PhMe (Ar) 13 (traces)®
PhMe (Ar) 12/13 (43%), 51:49
PhH (Ar) 13 (traces)°®
PhH (Ar) 12/13 (52%), 40:60
MeCN (Ar) no product®
THF (Ar) no product®
CH,Cly (Ar) 13 (17%)4
CHCl (Ar) 13 (traces)°®
CH,Cl (Ar) 13 (49%)d
CH,Cl, (Ar) 13 (79%)4
CH,Cl (Ar) 12/13 (51%), 44:56
CH,Cly (Ar) 13 (91%)d
CH,Cl (Ar) 13 (97%)4
CH,Cly (Ar) 12/13 (93%), 69:31
CHClI3 (Ar) 13 (86%)d
CHClI3 (Ar) 13 (95%)d
CHCl3 (Ar) 13 (96%)d
CHCl3 (Ar) 13 (97%)4
CHCl3 (Ar) 13 (81%)d
CHCl; (air) 13 (89%)d
CHCl3 (Ar) 13 (95%)d
CHCl3 (Ar) 13 (99%)d
CHCl3 (Ar) 12/13 (98%), 64:36
CHCl3 (Ar) 15/16 (93%), 64:36
CHCl; (air) 17/18 (46%), 44:56
CHCl; (air) 17/18 (58%), 42:58
CHCl3 (Ar) 18 (traces)®
CHCl3 (Ar) 17/18 (98%), 2:98
CHClj (air) 17/18 (63%), 42:58
CHClI3 (Ar) 17/18 (96%), 4:96
CHCl3 (air) 18 (traces)
CHCl3 (Ar) 19/20 (99%), 5:95
CHCl3 (Ar) 19/20 (75%), 23/77
CHClI3 (Ar) 13/22/23 (71%), =77/20/3f
CHClI3 (Ar) 13/22/23 (78%), ~81/18/1f
CHClI3 (Ar) 25/26/27 (40%), =3/76/21F
CHClI3 (Ar) 25/26/27 (52%), =2/72/26"

aAll experiments were performed in boiling solvents (10 mL) for 4 h at stirring. PAccording to GC—MS analysis with external calibration. cOnly the
starting styrene (12) was detected by GC-MS. Term “traces” was used if the product content in the resulting mixture was less than 1%. 9Isolated
yields are given. €The starting diallyl diethyl malonate 17 was detected by GC-MS. fThe compositions of the reaction mixtures were determined by

GC-MS without external calibration.

to 0.1 mol % (Table 3, entries 9 and 10). Under the same condi-
tions the N,N-dimethyl catalyst 11a provided lower yields
(Table 3, entries 7 and 8). Similarly, the least sterically loaded
N-methyl complex 11c¢ gave a mixture of products 12/13
(Table 3, entry 11) in low yields. The metathesis reaction did

not proceed completely, even in the presence of 2 mol % of the
catalyst. As a result, we did not explore the catalytic activity of
11c hereinafter. These experimental observations are consistent
with the X-ray data obtained for catalysts 11a—c (Figure 3). In
spite of the fact that we do not have the X-ray analysis for cata-
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lyst 11d, it is possible to assume that this complex should ex-
hibit the longest coordination N—Ru bond (at least more
than 2.30 A). Interestingly, lower yields of stilbene from
styrene in CH,Cl, were obtained in the presence of
1.0 mol % of catalyst 11a,c,d as compared with 0.1 mol % of
catalyst (cf. Table 3, entries 9/10, 12/13). Obviously, a high
concentration of the catalysts accelerates the formation of
undesirable products (oligomers and polymers of styrene). At
40 °C in dichloromethane, excellent yields of stilbene were ob-
tained only under the action of metallo complex 11d. For this
reason, we explored elevated temperatures for the metathesis
reactions.

The following series of experiments was performed in CHClj
(entries 15-23, Table 3) at 60—-61 °C with different concentra-
tions of catalysts. Ruthenium complex 11b was efficient in the
0.01 mol % concentration under argon atmosphere and in the
0.1 mol % concentration in air. In case of allylbenzene (14), the
action of catalyst 11b (0.1 mol %) gave the mixture of isomeric
1,4-diphenylbutenes 15 and 16 in the ratio of 64:36 in
93% yield. Only a small amount of the starting compound 14

underwent polymerisation.

The utility of the catalyst for the RCM reaction was demon-
strated by the cyclization of dienes 17 and 19 (Table 3, entries
25-33) in both air and argon atmosphere. The complexes 11a,
11b and 11d in the air atmosphere provided cyclic alkenes 18,
20 with a strong admixture of initial dienes (Table 3, entries 25,
26, 29). Under argon atmosphere, the same transformations pro-
vided good results in the presence of 0.1-0.01 mol % of cata-
lysts 11b,d (Table 3, entries 28, 30-32).

Similarly, in the case of the ROCM reactions (Scheme 6), cata-
lysts 11a,b did not provide high selectivity (Table 3, entries
34-37). Interactions of norbornene (21) with a two-fold excess
of styrene (12) or hex-1-ene (24) was accompanied by the CM
reaction, which provided products of the ring opening (22, 23,
25, 26) and significant amounts of byproducts due to the side
cross metathesis (13 and 27). Moreover, sparingly soluble high
molecular weight products were isolated from all reactions; ac-
cording to gel permeation chromatography data, these solids
are, presumably, norbornene oligomers (see, for example data
for entry 35, Supporting Information File 1 and Supporting
Information File 2). These four examples demonstrate the prin-
cipal possibility of application of catalysts 11 in ROCM reac-

tions.

It is known that metathesis reactions carried out in chloroform
medium under similar conditions (see Table 3) can give prod-
ucts of the Kharasch radical addition of CHCI3 across olefins
[56,57]. It is worth to note in the end of this part, that we did not

Beilstein J. Org. Chem. 2019, 15, 769-779.

detect formation of chlorine-containing products (molecular
peaks with the isotopic distribution characteristic for chlorine

were absent in GC-MS spectra).

Conclusion

The present work reports an efficient method for the synthesis
of 2-(N,N-dialkylaminomethyl)styrenes. The resultant vinyl
benzenes are excellent precursors for the synthesis of a new
type of Hoveyda—Grubbs catalysts bearing an N—Ru coordi-
nate bond in a six-membered ring. This process does not require
the use of complex equipment, extremely expensive or toxic
reagents. The structure of the catalysts were elucidated in detail
by 2D NMR and X-ray crystallography. The high catalytic ac-
tivity of the metallo complexes was demonstrated by several ex-
amples of cross metathesis (CM), ring-closing (RCM) and ring-
opening cross metathesis (ROCM) reactions.

Furthermore, almost all steps of ligands’ and catalysts’ synthe-
sis were accomplished in preparative and multigram scales.
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