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Abstract
Asymmetric hydrocyanation of hydrazones, catalyzed by a calcium–BINOL phosphate complex, has been studied for the first time
both experimentally and computationally with DFT methods. A full catalytic cycle for the enantioselective synthesis of α-hydrazi-
nonitriles is proposed based on insights gained from DFT calculations. Trimethylsilyl cyanide (TMSCN) has been used as a sacrifi-
cial cyanide source. We found that isocyanide (rather than cyanide) is a preferred coordination to calcium during the catalytic cycle,
while the active catalyst prefers a side-on coordination of cyanide. The configuration-determining step is a hydrocyanation via a
calcium isocyanide complex, whereas the rate-limiting step is that which recovers the calcium catalyst and replaces the TMS-bound
product from the catalyst. While our experimental data demonstrate enantioselectivity values as high as 89% under certain condi-
tions, the overall enantioselectivity achieved with the calcium catalyst remains modest, mainly due to competing pathways for the
Z- and E-hydrazone isomers leading to opposite enantiomers. The experimental results confirm these computational proposals.
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Introduction
Catalytic applications of non-toxic earth abundant metals like
calcium are currently on the rise [1-4]. Prominent recent exam-
ples that witness the versatility of calcium catalysis include
calcium-catalyzed amination of π-activated alcohols [5], the

Beckmann rearrangement under mild conditions [6], and the
Nazarov-type electrocyclization of alkenyl aryl carbinols [7].
Exploiting the ease with which calcium forms hydrides, hydro-
genation of aldimines, transfer hydrogenation of alkenes, and
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Table 1: Hydrocyanation of 1 catalyzed with calcium phosphate model complex 4.

Entry Cat. loading [mol %] Solventa Time [h] Conversion [%]

1 10 DCM 2 >99
2 5 DCM 6 >99
3 2.5 DCM 12 >99
4 10 THF 12 >99

aDCM = dichloromethane, THF = tetrahydrofuran.

even deuteration of benzene by an SNAr mechanism, have been
recently achieved through calcium catalysis [8-10]. Asym-
metric synthesis has also been achieved via, e.g., 1,4-addition
and [3 + 2] cycloaddition of 3-tetrasubstituted oxindoles with a
calcium Pybox catalyst [11,12], or through enantioselective
Friedel–Crafts and carbonyl–ene reactions [13]. Since the
pioneering studies by the groups of Akiyama and Terada in
2004 [14,15], many excellent results have been achieved by
applying BINOL-derived phosphoric acids, which can act as
proton donor and acceptor [16-19], possessing both Brønsted
acid and Lewis base character [20]. Substantial effort has been
invested in elucidating the mechanism by which these bifunc-
tional compounds act as powerful catalysts [21-29]. Since Ishi-
hara disclosed the crucial role of calcium in many purportedly
purely organocatalytic BINOL phosphate-catalyzed reactions
[30,31], several asymmetric synthesis applications of calcium
complexes with axially chiral BINOL phosphate ligands have
been reported in recent years [28,32-38], as well as complexes
with other chiral phosphoric acid ligands [39]. Since then, other
main group metal complexes with BINOL phosphate ligands
have been discovered [40-44]. However, this catalytic system
has not yet been employed explicitly in the hydrocyanation of
hydrazones. In 2010, our group reported the first organocata-
lytic enantioselective hydrocyanation of hydrazones catalyzed
by BINOL phosphate [45], giving valuable and potentially bio-
active α-hydrazino acids [46-48]. This reaction has also been
achieved by a lanthanide–PYBOX complex [49] and through
asymmetric transfer hydrocyanation of aldimines with a boron
compound [50]. Hence, we reasoned that the enantioselective
hydrocyanation of hydrazones might be possible with a
calcium–BINOL phosphate complex as catalyst.

Herein, we report the development of the first Ca–BINOL phos-
phate-catalyzed asymmetric hydrocyanation of hydrazones and
the results from DFT calculations to elucidate the mechanism of
this transformation.

Figure 1: Crystal structure of the calcium diphenyl phosphate complex
4. Hydrogen atoms are omitted for clarity. Selected bond lengths (in Å)
and angle: Ca1–O4 2.2510(13), Ca1–O6 2.4004(14), Ca1–O5
2.3438(13), P–O4 1.4793(13), P–O1 1.4914(13), O4–Ca-O4′
99.09(7)°.

Results and Discussion
We first set out to study the hydrocyanation of hydrazone 1
towards product 2 (Table 1) using an achiral model calcium-
based catalyst (4, Figure 1) with monodentate biphenyl phos-
phate ligands. This model catalyst 4, derived from the literature-
known phosphoric acid BIPO4-H 3 [51], was synthesized by
reacting 3 with Ca(OiPr)2 under inert conditions. The product
was isolated as colorless crystals in good yield of 81%
(Scheme 1). Complex 4 crystallizes as a C2-symmetric chiral
mononuclear complex in which Ca is bound to two monoden-
tate phosphate ligands (Figure 1). Four MeOH ligands com-
plete the slightly distorted octahedral coordination sphere. The
phosphate ligands are in cis-position with respect to each other.
The structure of 4 shows similarities to that of a BINOL-derived
calcium phosphate complex that also crystallizes with four
methanol ligands, creating an octahedral coordination sphere
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Scheme 1: Synthesis of the calcium diphenyl phosphate model complex 4 from phosphoric acid 3 and Ca(OiPr)2.

with phosphate ligands in cis-position [52]. As observed earlier
[53], cis/trans preferences in octahedral calcium complexes are
influenced by small changes in sterics. Further details on the
structure of 4 can be found in Supporting Information File 1.

Complex 4 appeared to be a well-defined achiral model system
for the catalyst combination BINOL phosphate/Ca(OiPr)2. In
the presence of two equivalents of TMSCN, complex 4 gave a
quantitative conversion to the product 2, whereby the phospho-
ric acid BIPO4-H ligand 3 did not catalyze this hydrocyanation.
At room temperature, a nearly full conversion can already be
achieved within 2–12 hours, depending on the catalyst loading.
This result underscores the importance of calcium in complex 4
for this particular transformation. We assume that the conver-
sion of complex 4 to the active catalytic species might rely on
the in situ formation of the cyanide species from the reaction
between Ca complex 4 and TMSCN (8).

Model complex 4 initially reacts with TMSCN to give
MeOTMS and HCN. Even under methanol-free conditions, an
excess of TMSCN is therefore needed to achieve complete
conversion (Table 1), which hints at a mechanism of catalyst
activation through reaction of the metal complex with the
cyanide source. This observation complies with the results from
the computational study (Figure 2). In addition, some TMSCN
is consumed together with an amount of BINOL phosphate
through the probably parasitic formation of catalytically inac-
tive trimethylsilyl phosphate 3a, which we were able to charac-
terize (see Supporting Information File 1). Unfortunately, the
computationally proposed catalytically active calcium cyanide
complex 7 itself could not be isolated.

Substrate conversion is retarded when the non-coordinating sol-
vent DCM is replaced by THF (Table 1, entry 4 vs 1), which
might be due to competition between Ca-hydrazone and
Ca–THF binding. Considering smoothness of catalytic hydra-
zone hydrocyanation, similar hydrofluorination or hydroiodina-
tion seemed feasible. However, replacement of TMSCN by
TMSF or TMSI did not give any product.

After establishing the activity of the model achiral catalyst 4 for
non-enantioselective hydrocyanation of hydrazone 1, we sought
to demonstrate the enantioselective hydrocyanation by employ-
ing enantiopure BINOL phosphate 5 as ligand for calcium
(Table 2).

In order to compare the activity of this complex with that of
BINOL phosphate 5 itself, as reported in our previous work
[45], we carried out the enantioselective hydrocyanation of
hydrazones using Ca–BINOL phosphate complex 6 at −10 °C in
DCM for 72 h. In addition to those reaction conditions, we
initially used t-BuOH as an additive [45]. The Ca–BINOL phos-
phate complex 6 was prepared in situ by reaction of the chiral
ligand 5 with Ca(OiPr)2, varying the ratio from 2:1 to 6.6:1, re-
spectively (Table 2, entries 1–3).

The amount of calcium salt added influences the reaction
yield, which decreases when the fraction of Ca(OiPr)2 is
lowered (Table 2, entry 3), while the good enantioselectivity
remains unaffected (87–89% ee (R-enantiomer), entries 1–3).
Because we assumed complex 6 (with two bidentate phosphate
ligands) to be a precursor to the actual catalytically active
species, we pre-formed it, following the procedure employed
to prepare achiral complex 4 (with two monodentate
phosphates, Scheme 1) and used it after isolation and
characterization. In these cases, BINOL phosphate 5
was purchased, and used either without any further
purification (Table 2, entries 5–7), or it was washed first with 2
N HCl solution, then rinsed with water, to remove possible
traces of Ca2+, which could stem from industrial production
(Table 2, entries 4, 8, and 9). All these experiments gave
only low ee values (4–19% ee, Table 2, entries 4–9), with a
preference for the S-enantiomer. Use of aromatic alcohol or (R)-
1-phenylethanol as additives did not improve either yields or
enantioselectivities (Table 2, entries 5 and 6 vs entry 4). Ac-
cordingly, experiments without additive performed better in
terms of yield and enantioselectivity than those with additives
but the ee values remain low (Table 2, entries 7–9 vs entries
4–6).
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Figure 2: (A) Proposed catalytic cycle for the hydrocyanation of hydrazones with the Ca–BINOL phosphate catalyst. (B) Catalytic cycle for asym-
metric hydrocyanation of a Z-hydrazone, giving the "S" product, catalyzed by a Ca–BINOL phosphate complex as computed at B3LYP/6-31G* level of
theory. Axial chirality configuration of the BINOL phosphate is as used in experiment (i.e., "R"). Bond lengths and distances are given in pm. For
discussion see text. Species numbers represent all respective stereoisomeric forms.

Surprisingly, in all experiments with the pre-formed catalyst 6
(Table 2, entries 4–9), a hydrocyanation product with opposite
chirality was obtained, in comparison to experiments with the in
situ formed Ca complex (Table 2, entries 1–3). It appears that
the way in which catalyst 6 is generated (pre-formed or in situ),

has a major influence on enantioselectivity, while the addition
of t-BuOH has little to no effect (Table 2, entry 4 vs entries
1–3). This made us wonder whether the same active catalytic
species is involved, when 6 is either pre-formed or presumably
generated in situ.
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Table 2: Asymmetric hydrocyanation of hydrazones catalyzed by calcium–BINOL phosphate complex.

Entry Ca complex [mol %] BINOL phosphate 5
[mol %]

Additive [equiv] Yield [%] ee [%]a

1b,c Ca(OiPr)2 [2.50] 5.0 t-BuOH [0.20] 95d 89 (R)
2b,c Ca(OiPr)2 [1.25] 5.0 t-BuOH [0.20] 89d 87 (R)
3b,c Ca(OiPr)2 [0.75] 5.0 t-BuOH [0.20] 71d 87 (R)
4 Cat 6 [5.0]e,f – t-BuOH [0.20] 88d 4 (S)
5 Cat 6 [5.0]e,g – phenol [2.0] 82h 6 (S)
6 Cat 6 [5.0]e,g – (R)-1-phenylethanol [2.0] 50h rac
7 Cat 6 [5.0]e,g – – 92d 19 (S)
8 Cat 6 [5.0]e,i – – >99d 19 (S)
9 Cat 6 [5.0]e,f – – >99d 9 (S)

aDetermined by chiral HPLC. bBINOL phosphate 5 was prepared according to the procedure reported in literature [15]. After purification by column
chromatography, the catalyst was washed with 2 N HCl then water, crystallized and subsequently used for the reaction. cCa complex 6 was gener-
ated in situ. dYield of isolated product. eCa–BINOL complex 6 was preformed according to the procedure employed to prepare the complex 4.
fSecond batch of BINOL phosphate 5 purchased by abcr GmbH and washed with 2 N HCl then water before use. gBINOL phosphate 5 was pur-
chased by abcr GmbH and directly used. hDetermined after calibration curve measured using compound 2 on chiral HPLC. iFirst batch of BINOL
phosphate 5 purchased by abcr GmbH and washed with 2 N HCl then water before use.

As the mechanism of action of the calcium-BINOL phosphate
catalyst remains still computationally unexplored, we set out to
elucidate it by using DFT computations (Figure 2). As we have
chosen as substrate in our experiments a self-prepared mixture
of E- and Z-isomers (9:1) of N-acyl hydrazone 1, which allows
for additional binding to oxophilic calcium via the carbonyl
oxygen, we did not know a priori which of the two isomers
undergoes the hydrocyanation reaction more facile and there-
fore we studied both reaction pathways for the Z- and for the
E-hydrazone. The assumed resting state of the catalyst is com-
plex 7 (Figure 2), in which BINOL phosphate serves as a biden-
tate ligand to calcium in a pseudo-tetrahedral coordination envi-
ronment with cyanide, stemming from a common reagent (vide
infra) and binding to the metal in a preferred side-on (π-com-
plex) mode [54].

When the hydrazone substrate enters the catalytic cycle, it coor-
dinates also as a bidentate ligand to calcium via oxygen and

nitrogen atoms, resulting in detachment of the cyanide carbon
from the calcium atom to yield an isocyanide complex 9 [55], in
which the preferred side of attack on the imine carbon of the
hydrazone is already predetermined (i.e., from either Re or Si
face). Notably, in both complexes formed from E- and Z-hydra-
zone, an attack from the Si side is favored. Formation of hydra-
zone complex 9 is strongly exothermic (Figure 3), rendering
this reaction step effectively irreversible. Relative stabilities of
diastereomers for Z- and E-hydrazones play therefore a minor
role, as relative amounts of the four possible stereoisomers of 9
(for Z- and E-configuration, and for Re or Si side attack) should
be more or less equal and the actual stereoselectivity must
hence be determined in later stages of the reaction.

Ligand sites in the pre-complex 9 form a pseudo-tetragonal
pyramid, with isocyanide at the apex. Atoms in the Ca–NC
moiety are non-linear with a Ca–N–C angle of 100°. Due to the
stereospecificity of the reaction, racemization would have to
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Figure 3: Reaction energy profile for the hydrocyanation of Z-hydrazone 1, (depicted is the pathway that gives the "S" product), catalyzed by in situ-
formed calcium BINOL phosphate complex 7, as computed at the B3LYP/6-31G* level of theory, including zero-point energy, thermodynamic, and
dispersion energy corrections (with Grimme's semiempirical D3 correction and Becke–Johnson damping, cutting off terms with higher than r−6 asymp-
totic dependence).

occur already in 9 through a topomerization (e.g., similar to a
Berry pseudorotation) of the metal complex, considering that
species with a quaternary carbon, as they appear in later stages
of the catalytic cycle, are less likely to racemize without bond
breaking. The barrier to pyramidal inversion has been found to
be 15.1 kcal·mol−1. Berry rotation itself proceeds via a tetrago-
nal pyramid as transition-state structure and does therefore not
occur here. A second isocyanide isomer, with a more acute
Ca–N–C angle of 92°, has greater resemblance to a (here
absent) side-on form (found to dominate computationally for
Ca(CN)2 in the gas phase) [54]. Fortunately, that isomer in
which the isonitrile carbon is closer to the imine carbon (i.e., the
hydrocyanation reaction center), is 0.5 kcal·mol−1 lower in
energy. Substrate 1 may conceivably undergo a tautomerization
towards an iminol form, 14.2 kcal·mol−1 higher in energy.
Hence, amounts of this isomer are negligible in equilibrium and
do not play a role also in the formation of the pre-complex 3.

The competing cyanide form of 9 (with a collinear arrangement
of Ca–C–N) was found to be a sizable 3.3 kcal·mol−1 higher in
energy than the preferred isonitrile, conforming to earlier antici-
pations based on computations of alkaline earth metal
dicyanides [54]. Similarly, it also has been recently observed
that boron-catalyzed transfer hydrocyanation of alkenes
proceeds via (boron) isocyanides [50].

If calcium cyanide would be preferred over isocyanide, hydro-
cyanation would hardly be possible. A principally conceivable
"hydroisocyanation" of hydrazone is therefore precluded. The

relative stability of alkaline earth metal cyanides versus
isocyanides had been subject of high-level quantum chemical
computations [54], and has gained interest lately [56-58].

Thanks to preferred isocyanide (rather than cyanide) coordina-
tion to calcium, the carbon atom in 9 has increased nucleophi-
licity, compared to that in 7 – an important provisioning for the
following reaction step. Hydrocyanation hence proceeds
facially with a barrier of only 10.2 kcal·mol−1 via the configura-
tion-determining TS 9-10 by attack of isocyanide at the imine
carbon of hydrazone. If the configuration-determining step
would be also rate limiting, experimental observation of enan-
tioselectivity must be explained by relative energies of
stereoisomeric forms of TS 9-10. Reversible formation of prod-
uct 10 from nucleophilic addition step via TS 9-10 is slightly
endothermic (Figure 3). In 10, cyanide is still attached via
nitrogen to calcium, forming a formal Ca–N–C–C–N–(Ca) five-
ring. This initial product is consumed in a tautomerization step
to give slightly more stable 11, in which the cyanide group is no
longer bound to the calcium atom. Tautomerization 10 → 11
(with Nβ hydrogen shifting to Nα, the former imine nitrogen) is
most likely intermolecular, as direct [1,2]H shift is orbital
symmetry forbidden and has, hence, a high barrier of
39.8 kcal·mol−1, and also because a – conceivable – intermit-
tently at carbonyl oxygen protonated species (i.e., on an iminol-
type pathway) is considerably higher in energy than 10 or 11.

The TMS-bound product 12, proposed in the computational in-
vestigation, could not be isolated either – probably due to its
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high sensitivity to hydrolysis. However, a 2D 1H-15N NMR
correlation spectrum showed no interactions of hydrogen nuclei
in silicon-bound methyl groups and any of the nitrogens in the
product. This led us to conclude that silicon is bound via the
carbonyl oxygen in 12, as also shown by DFT computations.
This is further corroborated by observation of a 13C NMR
signal at 146 ppm for an sp2 carbon in the backbone of the
product, which fits better for a C=N than a C=O bond.

Recovery of the catalyst resting state 7 is achieved by reacting
11 with stoichiometric reagent TMSCN (8). This "reloads"
calcium with cyanide and replaces TMS-bound isolated prod-
uct 12 from the metal complex and in which silicon, rather than
calcium, is bound to the carbonyl oxygen. The addition reac-
tion itself is rather exothermic (Figure 3) and provides (together
with the similarly exothermic complexation of calcium com-
plex 7 with hydrazone) driving force for the catalytic cycle, but,
on the other hand, may impede enantioselectivity, because of a
"backwater" effect equaling out outcomes from different reac-
tion pathways before intermediates are allowed to overcome the
rate-limiting barrier. The actual replacement step itself
(Figure 5), which recovers the catalyst and releases product 12,
is endothermic and slow (Figure 3). The overall reaction energy
of the catalytic cycle is, hence, a mere 4.6 kcal·mol−1, taking
into account zero-point energy and thermodynamic corrections.
Getting acceptable yields experimentally at all is only possible
because of swiftness and practical irreversibility of formation of
new 9 from released 7. Furthermore, it could be helpful to con-
stantly remove the product from the reaction zone.

Moreover, the replacement step will occur only from a confor-
mation in which the ethyl group at the former imine carbon
stands opposite to the TMS moiety. While the CN double bond
of imine 1 became a single bond in complexes 10 and 11
through the hydrocyanation step, internal rotation around this
bond is still massively hindered with a sizable barrier of
15.0 kcal·mol−1 via TS 8 (Figure 4), interchanging two almost
equienergetic conformations of 11 (11Z, with an N–N–C–CEt
torsion angle of 32°, and 11E, with an torsion angle of 111°),
which have a strong reminiscence of their predecessors' former
geometric isomerism, an effect that might similarly occur also
in related addition reactions of alkenes, for example.

After 11E had reacted with TMSCN, adduct 13 forms,
3.8 kcal·mol−1 more stable than the competing unreactive
adduct obtained from "Z" conformation.

Outside from the catalytic cycle, 12 could be further hydro-
lyzed in a subsequent step to yield hydrazino nitrile 2 (Table 2)
from which α-hydrazino acids could be obtained by harsher
hydrolysis conditions. It is important to note that compound 12

Figure 4: Transition-state structure TS 8 for internal rotation, mixing
conformational (Z/E)-pathways with opposite enantioselectivity. Bond
lengths and distances are given in pm.

also exhibits geometric isomerism (Figure 2 depicts the lower-
energy configuration), which arises from the newly formed CN
double bond.

One of the most important quantities which allows comparison
with experimental data is enantioselectivity. The most favor-
able TS 9-10 is that which leads to the "S"-configured product,
when the substrate is Z-hydrazone. Product of opposite handed-
ness is reached via a transition state, 1.0 kcal·mol−1 higher in
energy, resulting in a theoretical ee value of 74% (at 263 K), if
pure Z-hydrazone would be used and under the assumption of
kinetic reaction control. In contrast, the E-hydrazone gives
preferably the "R" product (with a theoretical ee value of 64%).
The transition state which gives the R-product from E-hydra-
zone is slightly lower in energy (Table 3).

Table 3: Relative energies (in kcal·mol−1) at B3LYP/6-31G* for differ-
ent pathways involving the configuration-determining hydrocyanation
step. Absolute configuration (R or S) refers to that in hydrocyanation
product 10.

Pathway Erel of 9 Erel of TS 9-10 Erel of 10

Z (S) 1.6 11.8 6.0
Z (R) 2.6 12.8 6.9
E (S) 0.0 11.7 5.1
E (R) 0.3 10.9 4.2

However, the activation barrier for the rate-limiting step is
0.4 kcal·mol−1 lower for the pathway shown in Figure 2 and
that yields the S-product from the Z-hydrazone. As the activa-
tion barrier to thermal E/Z-isomerization is more than twice as
high as the barrier to hydrocyanation [59], the initial E/Z ratio is
mostly conserved and affects strongly the experimentally
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Figure 5: Replacement step after internal rotation in 11 via TS8 and reaction with TMSCN to give adduct 13 (see Figure 3). Distances and bond
lengths are given in pm. Catalyst 7 is replaced in TS 11-12 by concerted electrophilic intramolecular substitution with formal trimethylsilyl cation as
electrophile. Please note the surprisingly short Ca···N distance to the product nitrile nitrogen atom in 13.

achievable ee value, which must necessarily be much lower
than the theoretical values because of the opposite handedness
of products preferred for E- and Z-hydrazones, respectively.

A thermodynamic control of the reaction outcome (i.e.,
especially enantioselectivity) would require the possibility to
approach an equilibrium between 9 and 10 (seeing the revers-
ibility of step 9 → 10), in which case the relative energies of
stereoisomeric forms of 10 determine the experimentally
achievable ee values. Maximal theoretical ee values are 70%
"S" for Z-hydrazone and 70% "R" for E-hydrazone. The
relatively high racemization barriers in 9 preclude a
Curtin–Hammett scenario (with fast pre-equilibrium), which
would otherwise render the enantiomeric outcome (ee value) in-
dependent of the relative stabilities of different forms of this
complex. Consequently, under kinetic reaction control, enantio-
selectivity would decrease over time as the reaction progresses.
This occurs because slower-reacting complexes would accumu-
late, leading to a gradual equilibration of reaction rates for the
S- and R-forming stereoisomers of 9. The final step in the cata-
lytic cycle (Figure 5), i.e., replacement step 13 → 7, is rate

limiting in calcium–BINOL phosphate-catalyzed asymmetric
hydrocyanation of hydrazones and proceeds via a transition-
state structure TS 11-12, 1.5 kcal·mol−1 higher in energy than
that of the entry channel (1 + 7 + 8, Figure 3). Because the rate-
determining and configuration-determining steps are different,
reaction control of the whole multistep transformation in terms
of enantioselectivity is therefore neither predominantly thermo-
dynamic nor predominantly kinetic. However, trends in (and
even extent of) enantioselectivity are very similar for both
kinetic and thermodynamic control for the configuration-deter-
mining hydrocyanation step and for both Z- and E-hydrazones,
respectively.

The replacement step is initiated by forming an adduct 13 from
reaction of 11E with TMSCN (8), giving a rather low energy
complex as an energetic "sink" in the mechanism and with an
almost linear Si–CN–Ca chain with a bridging cyanide ligand
(Figure 5).

Catalyst 7 is released in the subsequent endothermic step via TS
11-12, which also yields the TMS-bound product 12. In this
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transition-state structure, two bonds (Ca–O and Si–C) are
broken, while a Si–O bond is simultaneously formed, in a
concerted step implying a cyclic flow of six electrons in a five-
membered ring. The isocyanide Ca–N–C bond angle in TS
11-12 lies between that of 7 and 9. While the replacement step
is slow, and hence, the bottleneck of the hydrocyanation, it is
practically irreversible because the released free catalyst 7 is
rapidly engaged again by reaction with further hydrazone in a
distinctly exothermic reaction step.

Conclusion
In summary, we demonstrated that calcium-BINOL phosphates
are able to catalyze the hydrocyanation reaction of hydrazones,
towards precursors of α-hydrazino acids. Model achiral catalyst
4, pre-formed by reaction of Ca(OiPr)2 and biphenyl phosphate
3, led to racemic product 2 in nearly full conversion in different
reaction times, depending on the amount of catalyst used.
Biphenyl phosphate 3 alone did not catalyze the reaction,
showing that the catalytically active species is formed in situ by
reaction between the Ca complex 4 and TMSCN. We also per-
formed the reaction using chiral Ca complex 6, either formed in
situ or pre-formed as mentioned above for 4, using enantiopure
BINOL phosphate 5 as ligand. By generating the pre-catalyst 6
directly in the reaction vessel, we proved the involvement of
Ca2+ in the catalysis, since the yield decreases by reducing the
amount of Ca(OiPr)2 with respect to the BINOL phosphate 5.
When Ca complex 6 is prepared and isolated prior to the reac-
tion, use of alcohols as additives has a negative effect on both
yield and enantioselectivity. The enantioselectivity was general-
ly low (Table 2, entries 4–9) and with preference for the
S-configured hydrocyanide employing the pre-formed Ca com-
plex 6. In addition, product 2 was obtained with absolute con-
figuration opposite to the results with in situ-formed Ca com-
plex 6, for which BINOL phosphate was newly synthesized,
instead of purchased, and with which we achieved much higher
ee values (87–89% ee (R), Table 2, entries 1–3). These
distinctly different outcomes, when methods to generate Ca
complex 6, or source and purification of ligand 5, are varied,
showed that these parameters strongly influence the hydrocya-
nation enantioselectivity.

In order to elucidate the mechanism of action of the pre-cata-
lyst complex 6 and to explain the observed low enantioselectivi-
ty, we have carried out DFT computations with both E- and
Z-hydrazone 1, which revealed that Ca–BINOL phosphate com-
plex 7 with side-on-coordinated cyanide is likely to be the
active catalytic species and catalyst resting state. This complex
reacts with hydrazone to give an encounter complex 9 with end-
on-bound isocyanide, that attacks the imine carbon in the hydra-
zone to give species 10 in which cyanide is bound to both
calcium and the imine carbon and which readily rearranges to

cyanide 11. This process is only slightly faster for the Z-hydra-
zone than for the E-hydrazone. Moreover, according to compu-
tations, the Z-hydrazone gives preferentially the S-, whereas the
more stable E-hydrazone gives preferentially the R-configured
product. However, in order to replace TMS-bound product 12
from the calcium complex and retrieve catalyst 7, prior internal
rotation in 11 from Z-hydrazone pathway to E-hydrazone path-
way is required, i.e., both hydrazone isomers give the same
hydrocyanation product and with low ee, because pathways
with opposite preference for either product enantiomer mix via
internal rotation TS8, which explains also the low enantioselec-
tivity observed in our experiments and with preformed pre-cata-
lyst 6. Which absolute configuration prevails eventually in the
product (i.e., R or S), is difficult to predict theoretically due to
the fact that the configuration and rate-determining steps are not
the same.

The good enantioselectivities observed when the catalytic
species was presumed to be in situ-generated pre-catalyst 6,
indicate that catalysis must have followed therein a route
different from the one with preformed pre-catalyst 6, and
involves a different active species. Seeing that calcium is
prone to form complexes with mono- and bidentate phosphate
ligands, bridged multicentered particles may form in solution
during in situ generation of the calcium complex, as known
from, e.g., Posner's well-defined colloidal calcium phosphates
[60].

Supporting Information
CCDC 1824279 (4), CCDC 1824280 (3), and CCDC
1824281 (product
O=C(C1=CC=C(Br)C=C1)NNC(C#N)CC2=CC=CC=C2,
2’’) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by The
Cambridge Crystallographic Data Centre via
http://www.ccdc.ac.uk/data request/cif.

Supporting Information File 1
Synthetic procedures, 1H, 13C, and 31P NMR as well as
mass-spectrometric data of all synthesized compounds and
selected crystal structures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-59-S1.pdf]

Acknowledgements
Portions of this work are included in the doctoral thesis of
Christian Andreas Fischer, “Insights in Group 2 Metal Cataly-
sis: New Ways and New Obstacles”, Friedrich-Alexander-
Universität Erlangen-Nürnberg, 2020.

http://www.ccdc.ac.uk/data
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-59-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-59-S1.pdf


Beilstein J. Org. Chem. 2025, 21, 755–765.

764

Funding
The authors gratefully acknowledge the financial support from
the Deutsche Forschungsgemeinschaft (DFG) by grants TS 87/
28-1 and HA-3218/8-1.

ORCID® iDs
Christian A. Fischer - https://orcid.org/0000-0002-5691-5248
Sascha Kohlbauer - https://orcid.org/0009-0008-7840-9902
Alexandru Zamfir - https://orcid.org/0009-0005-7029-7617
Sjoerd Harder - https://orcid.org/0000-0002-3997-1440
Svetlana B. Tsogoeva - https://orcid.org/0000-0003-4845-0951

Data Availability Statement
Data generated and analyzed during this study is available from the corre-
sponding author upon reasonable request.

References
1. Harder, S. Chem. Rev. 2010, 110, 3852–3876. doi:10.1021/cr9003659
2. Albrecht, M.; Bedford, R.; Plietker, B. Organometallics 2014, 33,

5619–5621. doi:10.1021/om5010379
3. Schafer, L. L.; Mountford, P.; Piers, W. E. Dalton Trans. 2015, 44,

12027–12028. doi:10.1039/c5dt90105g
4. Hill, M. S.; Liptrot, D. J.; Weetman, C. Chem. Soc. Rev. 2016, 45,

972–988. doi:10.1039/c5cs00880h
5. Haubenreisser, S.; Niggemann, M. Adv. Synth. Catal. 2011, 353,

469–474. doi:10.1002/adsc.201000768
6. Kiely-Collins, H. J.; Sechi, I.; Brennan, P. E.; McLaughlin, M. G.

Chem. Commun. 2018, 54, 654–657. doi:10.1039/c7cc09491d
7. Martin, M. C.; Sandridge, M. J.; Williams, C. W.; Francis, Z. A.;

France, S. Tetrahedron 2017, 73, 4093–4108.
doi:10.1016/j.tet.2017.03.041

8. Bauer, H.; Alonso, M.; Färber, C.; Elsen, H.; Pahl, J.; Causero, A.;
Ballmann, G.; De Proft, F.; Harder, S. Nat. Catal. 2018, 1, 40–47.
doi:10.1038/s41929-017-0006-0

9. Bauer, H.; Thum, K.; Alonso, M.; Fischer, C.; Harder, S.
Angew. Chem., Int. Ed. 2019, 58, 4248–4253.
doi:10.1002/anie.201813910

10. Rösch, B.; Gentner, T. X.; Elsen, H.; Fischer, C. A.; Langer, J.;
Wiesinger, M.; Harder, S. Angew. Chem., Int. Ed. 2019, 58,
5396–5401. doi:10.1002/anie.201901548

11. Tsubogo, T.; Saito, S.; Seki, K.; Yamashita, Y.; Kobayashi, S.
J. Am. Chem. Soc. 2008, 130, 13321–13332. doi:10.1021/ja8032058

12. Shimizu, S.; Tsubogo, T.; Xu, P.; Kobayashi, S. Org. Lett. 2015, 17,
2006–2009. doi:10.1021/acs.orglett.5b00749

13. Rueping, M.; Bootwicha, T.; Kambutong, S.; Sugiono, E.
Chem. – Asian J. 2012, 7, 1195–1198. doi:10.1002/asia.201200063

14. Uraguchi, D.; Terada, M. J. Am. Chem. Soc. 2004, 126, 5356–5357.
doi:10.1021/ja0491533

15. Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem., Int. Ed.
2004, 43, 1566–1568. doi:10.1002/anie.200353240

16. Yamanaka, M.; Itoh, J.; Fuchibe, K.; Akiyama, T. J. Am. Chem. Soc.
2007, 129, 6756–6764. doi:10.1021/ja0684803

17. Simón, L.; Goodman, J. M. J. Org. Chem. 2011, 76, 1775–1788.
doi:10.1021/jo102410r

18. Kshatriya, R. ACS Omega 2023, 8, 17381–17406.
doi:10.1021/acsomega.2c05535

19. del Corte, X.; Martínez de Marigorta, E.; Palacios, F.; Vicario, J.;
Maestro, A. Org. Chem. Front. 2022, 9, 6331–6399.
doi:10.1039/d2qo01209j

20. Tsogoeva, S. B. Nat. Catal. 2024, 7, 7–9.
doi:10.1038/s41929-023-01099-9

21. Akiyama, T. Chem. Rev. 2007, 107, 5744–5758. doi:10.1021/cr068374j
22. Terada, M. Chem. Commun. 2008, 4097–4112. doi:10.1039/b807577h
23. Kampen, D.; Reisinger, C. M.; List, B. Top. Curr. Chem. 2010, 291,

395–456.
24. Zamfir, A.; Schenker, S.; Freund, M.; Tsogoeva, S. B.

Org. Biomol. Chem. 2010, 8, 5262–5276. doi:10.1039/c0ob00209g
25. Freund, M.; Schenker, S.; Zamfir, A.; Tsogoeva, S. B. Curr. Org. Chem.

2011, 15, 2282–2310. doi:10.2174/138527211796150750
26. Rueping, M.; Kuenkel, A.; Atodiresei, I. Chem. Soc. Rev. 2011, 40,

4539–4549. doi:10.1039/c1cs15087a
27. Schenker, S.; Zamfir, A.; Freund, M.; Tsogoeva, S. B.

Eur. J. Org. Chem. 2011, 2209–2222. doi:10.1002/ejoc.201001538
28. Parmar, D.; Sugiono, E.; Raja, S.; Rueping, M. Chem. Rev. 2014, 114,

9047–9153. doi:10.1021/cr5001496
29. Held, F. E.; Grau, D.; Tsogoeva, S. B. Molecules 2015, 20,

16103–16126. doi:10.3390/molecules200916103
30. Hatano, M.; Moriyama, K.; Maki, T.; Ishihara, K. Angew. Chem., Int. Ed.

2010, 49, 3823–3826. doi:10.1002/anie.201000824
31. Simón, L.; Paton, R. S. J. Am. Chem. Soc. 2018, 140, 5412–5420.

doi:10.1021/jacs.7b13678
32. Drouet, F.; Lalli, C.; Liu, H.; Masson, G.; Zhu, J. Org. Lett. 2011, 13,

94–97. doi:10.1021/ol102625s
33. Lalli, C.; Dumoulin, A.; Lebée, C.; Drouet, F.; Guérineau, V.;

Touboul, D.; Gandon, V.; Zhu, J.; Masson, G. Chem. – Eur. J. 2015,
21, 1704–1712. doi:10.1002/chem.201405286

34. Nimmagadda, S. K.; Mallojjala, S. C.; Woztas, L.; Wheeler, S. E.;
Antilla, J. C. Angew. Chem., Int. Ed. 2017, 56, 2454–2458.
doi:10.1002/anie.201611602

35. Li, X.-Y.; Yuan, W.-Q.; Tang, S.; Huang, Y.-W.; Xue, J.-H.; Fu, L.-N.;
Guo, Q.-X. Org. Lett. 2017, 19, 1120–1123.
doi:10.1021/acs.orglett.7b00143

36. Ibáñez, I.; Kaneko, M.; Kamei, Y.; Tsutsumi, R.; Yamanaka, M.;
Akiyama, T. ACS Catal. 2019, 9, 6903–6909.
doi:10.1021/acscatal.9b01811

37. Liu, R.; Krishnamurthy, S.; Wu, Z.; Tummalapalli, K. S. S.; Antilla, J. C.
Org. Lett. 2020, 22, 8101–8105. doi:10.1021/acs.orglett.0c03059

38. Wu, Z.; Krishnamurthy, S.; Satyanarayana Tummalapalli, K. S.; Xu, J.;
Yue, C.; Antilla, J. C. Chem. – Eur. J. 2022, 28, e202200907.
doi:10.1002/chem.202200907

39. Cao, R.; Antilla, J. C. Org. Lett. 2020, 22, 5958–5962.
doi:10.1021/acs.orglett.0c02048

40. Ingle, G. K.; Liang, Y.; Mormino, M. G.; Li, G.; Fronczek, F. R.;
Antilla, J. C. Org. Lett. 2011, 13, 2054–2057. doi:10.1021/ol200456y

41. Ingle, G.; Mormino, M. G.; Antilla, J. C. Org. Lett. 2014, 16, 5548–5551.
doi:10.1021/ol502527q

42. Wang, Y.; Wang, S.; Shan, W.; Shao, Z. Nat. Commun. 2020, 11, 226.
doi:10.1038/s41467-019-13886-9

43. Capel, E.; Rodríguez-Rodríguez, M.; Uria, U.; Pedron, M.; Tejero, T.;
Vicario, J. L.; Merino, P. J. Org. Chem. 2022, 87, 693–707.
doi:10.1021/acs.joc.1c02699

44. Wen, H.-C.; Chen, W.; Li, M.; Ma, C.; Wang, J.-F.; Fu, A.; Xu, S.-Q.;
Zhou, Y.-F.; Ni, S.-F.; Mao, B. Nat. Commun. 2024, 15, 5277.
doi:10.1038/s41467-024-49435-2

45. Zamfir, A.; Tsogoeva, S. B. Org. Lett. 2010, 12, 188–191.
doi:10.1021/ol9025974

https://orcid.org/0000-0002-5691-5248
https://orcid.org/0009-0008-7840-9902
https://orcid.org/0009-0005-7029-7617
https://orcid.org/0000-0002-3997-1440
https://orcid.org/0000-0003-4845-0951
https://doi.org/10.1021%2Fcr9003659
https://doi.org/10.1021%2Fom5010379
https://doi.org/10.1039%2Fc5dt90105g
https://doi.org/10.1039%2Fc5cs00880h
https://doi.org/10.1002%2Fadsc.201000768
https://doi.org/10.1039%2Fc7cc09491d
https://doi.org/10.1016%2Fj.tet.2017.03.041
https://doi.org/10.1038%2Fs41929-017-0006-0
https://doi.org/10.1002%2Fanie.201813910
https://doi.org/10.1002%2Fanie.201901548
https://doi.org/10.1021%2Fja8032058
https://doi.org/10.1021%2Facs.orglett.5b00749
https://doi.org/10.1002%2Fasia.201200063
https://doi.org/10.1021%2Fja0491533
https://doi.org/10.1002%2Fanie.200353240
https://doi.org/10.1021%2Fja0684803
https://doi.org/10.1021%2Fjo102410r
https://doi.org/10.1021%2Facsomega.2c05535
https://doi.org/10.1039%2Fd2qo01209j
https://doi.org/10.1038%2Fs41929-023-01099-9
https://doi.org/10.1021%2Fcr068374j
https://doi.org/10.1039%2Fb807577h
https://doi.org/10.1039%2Fc0ob00209g
https://doi.org/10.2174%2F138527211796150750
https://doi.org/10.1039%2Fc1cs15087a
https://doi.org/10.1002%2Fejoc.201001538
https://doi.org/10.1021%2Fcr5001496
https://doi.org/10.3390%2Fmolecules200916103
https://doi.org/10.1002%2Fanie.201000824
https://doi.org/10.1021%2Fjacs.7b13678
https://doi.org/10.1021%2Fol102625s
https://doi.org/10.1002%2Fchem.201405286
https://doi.org/10.1002%2Fanie.201611602
https://doi.org/10.1021%2Facs.orglett.7b00143
https://doi.org/10.1021%2Facscatal.9b01811
https://doi.org/10.1021%2Facs.orglett.0c03059
https://doi.org/10.1002%2Fchem.202200907
https://doi.org/10.1021%2Facs.orglett.0c02048
https://doi.org/10.1021%2Fol200456y
https://doi.org/10.1021%2Fol502527q
https://doi.org/10.1038%2Fs41467-019-13886-9
https://doi.org/10.1021%2Facs.joc.1c02699
https://doi.org/10.1038%2Fs41467-024-49435-2
https://doi.org/10.1021%2Fol9025974


Beilstein J. Org. Chem. 2025, 21, 755–765.

765

46. Morley, J. S.; Payne, J. W.; Hennessey, T. D. J. Gen. Microbiol. 1983,
129, 3701–3708. doi:10.1099/00221287-129-12-3701

47. Lam, L. K.; Arnold, L. D.; Kalantar, T. H.; Kelland, J. G.;
Lane-Bell, P. M.; Palcic, M. M.; Pickard, M. A.; Vederas, J. C.
J. Biol. Chem. 1988, 263, 11814–11819.
doi:10.1016/s0021-9258(18)37858-x

48. Chen, S.; Chrusciel, R. A.; Nakanishi, H.; Raktabutr, A.;
Johnson, M. E.; Sato, A.; Weiner, D.; Hoxie, J.; Saragovi, H. U.;
Greene, M. I. Proc. Natl. Acad. Sci. U. S. A. 1992, 89, 5872–5876.
doi:10.1073/pnas.89.13.5872

49. Keith, J. M.; Jacobsen, E. N. Org. Lett. 2004, 6, 153–155.
doi:10.1021/ol035844c

50. Orecchia, P.; Yuan, W.; Oestreich, M. Angew. Chem., Int. Ed. 2019,
58, 3579–3583. doi:10.1002/anie.201813853

51. Yao, L.-H.; Shao, S.-X.; Jiang, L.; Tang, N.; Wu, J.-C. Chem. Pap.
2014, 68, 1381–1389. doi:10.2478/s11696-014-0585-z

52. Liang, T.; Li, G.; Wojtas, L.; Antilla, J. C. Chem. Commun. 2014, 50,
14187–14190. doi:10.1039/c4cc06520d

53. Harder, S.; Müller, S.; Hübner, E. Organometallics 2004, 23, 178–183.
doi:10.1021/om0341350

54. Kapp, J.; Schleyer, P. v. R. Inorg. Chem. 1996, 35, 2247–2252.
doi:10.1021/ic9511837

55. Katz, A. K.; Glusker, J. P.; Beebe, S. A.; Bock, C. W.
J. Am. Chem. Soc. 1996, 118, 5752–5763. doi:10.1021/ja953943i

56. Lanzisera, D. V.; Andrews, L. J. Phys. Chem. A 1997, 101, 9666–9672.
doi:10.1021/jp972098i

57. Andrews, L.; Cho, H.-G.; Yu, W.; Wang, X. J. Phys. Chem. A 2019,
123, 3743–3760. doi:10.1021/acs.jpca.9b01286

58. Ballmann, G.; Elsen, H.; Harder, S. Angew. Chem., Int. Ed. 2019, 58,
15736–15741. doi:10.1002/anie.201909511

59. Landge, S. M.; Tkatchouk, E.; Benítez, D.; Lanfranchi, D. A.;
Elhabiri, M.; Goddard, W. A., III; Aprahamian, I. J. Am. Chem. Soc.
2011, 133, 9812–9823. doi:10.1021/ja200699v

60. Mancardi, G.; Hernandez Tamargo, C. E.; Di Tommaso, D.;
de Leeuw, N. H. J. Mater. Chem. B 2017, 5, 7274–7284.
doi:10.1039/c7tb01199g

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.21.59

https://doi.org/10.1099%2F00221287-129-12-3701
https://doi.org/10.1016%2Fs0021-9258%2818%2937858-x
https://doi.org/10.1073%2Fpnas.89.13.5872
https://doi.org/10.1021%2Fol035844c
https://doi.org/10.1002%2Fanie.201813853
https://doi.org/10.2478%2Fs11696-014-0585-z
https://doi.org/10.1039%2Fc4cc06520d
https://doi.org/10.1021%2Fom0341350
https://doi.org/10.1021%2Fic9511837
https://doi.org/10.1021%2Fja953943i
https://doi.org/10.1021%2Fjp972098i
https://doi.org/10.1021%2Facs.jpca.9b01286
https://doi.org/10.1002%2Fanie.201909511
https://doi.org/10.1021%2Fja200699v
https://doi.org/10.1039%2Fc7tb01199g
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.21.59

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	Data Availability Statement
	References

