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The CF,H group can act as a hydrogen bond donor, serving as a potential surrogate for OH or SH groups but with a weaker hydro-

gen bond donation ability. Here, we describe a series of CF,H group-containing moieties that facilitate hydrogen bond interactions.

We survey hydrogen bond donation ability using several established methods, including "H NMR-based hydrogen bond acidity de-

termination, UV—vis spectroscopy titration with Reichardt's dye, and 'H NMR titration using tri-n-butylphosphine oxide as a hydro-

gen bond acceptor. Our experiments reveal that the direct attachment of the CF,H group to cationic aromatic systems significantly

enhances its hydrogen bond donation ability, a result consistent with theoretical calculations. We anticipate that this chemistry will

be valuable for designing functional molecules for chemical biology and medicinal chemistry applications.

Introduction

Hydrogen bonding interactions are ubiquitous non-covalent
forces in chemistry and biology [1-4]. In canonical hydrogen
bond (HB) donor—acceptor pairs, the donor typically comprises
an electronegative heteroatom, such as oxygen, nitrogen, or
sulfur, and a positively charged hydrogen atom, which interacts
with a lone pair on the acceptor. Apart from these common
heteroatom-containing hydrogen bond donors, certain
carbon-hydrogen moieties can also act in this way, although in

a substantially weaker capacity [5-14]. Of particular interest is

the difluoromethyl group, CF,H, which exhibits hydrogen bond
donating character due to the highly polarized F,C-H bond
(Figure 1) [14-24]. This functional group is often used to mimic
hydroxy or thiol groups but exhibits slower acid dissociation
[25] and different lipophilicity [19,20,26-28]. For these reasons,
it is an attractive synthetic target [29-43] and an important
bioisostere in drug design and biochemical studies [30,44-46].
Despite the value of these applications, few experimental

studies have been conducted to quantify the thermodynamics of
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Figure 1: Examples of solid state structures exhibiting CFoH group-mediated hydrogen bond interactions [16,18,21]. Hydrogen bonding interactions

involving the CF2H group are highlighted in orange.

CF,H group-mediated hydrogen bond interactions [19,20].
Here, we present a series of CF,H-containing constructs and a
detailed assessment of the corresponding hydrogen bond dona-
tion energetics. We expect this information to be useful for the
rational application of the CF,H group in drug development and
molecular design.

Previous quantum mechanical calculations revealed that the
CF,H---O binding energy (AE) ranges from 1.0 kcal/mol to
5.5 kcal/mol [14,15,18,21]. In addition, as measured by hydro-
gen bond acidity [47,48] which is derived from the 'H NMR
chemical shift difference of a given proton in DMSO-dg and
CDCls, the CF,H group is generally a stronger donor than the
methyl group but substantially weaker than the OH or amide
NH groups [19,20]. These results collectively indicate that, al-
though the CF,H group mimics hydroxy or thiol groups, it is a
generally less effective hydrogen bond donor. Given that the
HB donation ability of a particular functional group usually in-
creases with increasing Brgnsted acidity [49] we chose to incor-
porate the CF,H group into the backbone of N-methylpyri-
dinium cations and related analogs (Figure 2). We anticipated
that such cationic constructs would enhance the Brgnsted
acidity of the CF,—H bond by stabilizing the conjugate base of
the CF,H group, in turn, increasing the hydrogen bond dona-
tion ability. Additionally, to minimize the effects of counter-
ions, such as the bromide and fluoride anions [50], on HB inter-
actions, all ionic compounds were synthesized with tetrafluoro-

borate, a classical weakly coordinating anion.

Results and Discussion

We first assessed the hydrogen bond acidity, A, of these CF,H-
containing compounds using an established method
[19,20,47,48]. This convenient approach relies on comparing
the '"H NMR chemical shift of a hydrogen bond donor in
DMSO-dg to that of it in CDCl3. The HB donor presumably
interacts strongly with hydrogen-accepting DMSO [51], but
barely with CDCl3, which has a weak hydrogen bond accep-
tance ability [51], so the magnitude of the solvent-induced
chemical shift difference, AaDMSO—CDCB = 6DMSO - 6CDC13
should positively correlate with the HB donation ability. Ac-
cordingly, the A value can be defined as A = 0.0065 +
0.133A3pMmso-cpciz- We determined the ASpyso-cpciz values
for a series of hydrogen bond donors. Our experiment with
neutral HB donors reproduced literature results (Table 1, com-
pounds 10, 11, and 12) [20,22,47] and revealed an expected
trend in HB donation ability; for example, compound 1a is a
weaker HB donor than 3a. However, due to limited solubility,
the 'H NMR spectroscopic studies of organic salts in CDClj,
including 1b and 3b, did not produce observable signals. To
solubilize the salts better, we substituted deuterated nitro-
methane (CD3NO;) for CDCl3. Because of the nearly identical
hydrogen donation and acceptance abilities of nitromethane
(a=0.22 and B = 0.06, respectively) and chloroform (a = 0.20
and B = 0.10) [51], Adpmso-cpanoz and Adpmso-cpcis should
follow a similar trend. Our 'H NMR experiments showed a
strong linear correlation between Adpmso-cp3No2 and
Adpmso-cpeis for neutral HB donors (R? = 0.985, Figure S15
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Figure 2: Hydrogen bond donors investigated in this study. For all cationic species, the counteranion is BF4
dashed line box.

~. The reference HB donors are in the

Table 1: Summary of Adpmso-cpcis: A0pmso-cp3noz, and A values of select HB donors.2

Adpmso-cocis (ppm) A Adpmso-meNo2 (PPM)

1a O)ﬂa 0.31 0.047 0.26
1b O)ﬁa - - 0.32
2a @% 0.31 0.048 -
Me
N
3a @ ) 0.47 0.069 0.39
N
Me
/
N+
3b \ - - 0.37
\
Me
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Table 1: Summary of ASpmso-cpcis: Adpmso-cpano2s and A values of select HB donors.2 (continued)

4a 0.30

4b Pz —

5a 0.53

6a 0.54
4.66
10 (4.69)
0.44
11 (0.43)
12 RE
FF
0.08

e,
NO

2

0.046 -

- 0.27
0.077 -
0.078 0.35
0.63

eap 3.90
0.065

(0.064) 0.29
0.16

(0.16)° 0.84
0.017 0.09

aFor all cationic species, the counteranion is BF4~. PLiterature values are shown in parentheses.

in Supporting Information File 1), confirming that CD3;NO, can
be used to determine HB acidity (Table 1 and Figures S1-S13
in Supporting Information File 1). Based on the
AdpmMmso-cp3No2 Values, we can rank the relative HB donation
ability of the CF,H-containing salts as 3b > 1b > 4b, a result
consistent with the expected Brgnsted acidity. Even so, the
Adpmso-cpiNo2 values of N-methylated CF,H-containing
organic salts are generally smaller than those of the correspond-
ing neutral precursors. This observation contradicts our initial
prediction that introducing a quaternary nitrogen would en-
hance the HB donation ability of the CF,H group. It is also at

odds with the experimental and theoretical results described

below. We tentatively attributed the discrepancies to the
involvement of other possible solute—solvent interactions, such
as solute dipolarity, polarizability, and dispersion [47]. Osten-
sibly, these interactions can vary significantly as the charge of
the solute changes, complicating the Ad-based direct assess-

ment of HB acidity.

To quantify the HB donation ability of both neutral and cationic
species on a single scale, we chose an alternative strategy based
on an established UV-vis spectroscopy titration method [52]
with Reichardt's dye [53-55] as an indicator. These experiments

measure the blue shift of Reichardt's dye upon complexation
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with an HB donor (Figure 3A, and Figures S13-S18 in Support-
ing Information File 1), from which the dissociation constant
(Kq) of the HB complex can be determined. A smaller K4 value
corresponds to a more stable complex, indicating a stronger HB
donor. We employed this protocol to investigate a series of HB
donors in anhydrous acetonitrile (Figure 3B). Acetonitrile is
weakly HB accepting (a = 0.19) [51] and was thus chosen to
attenuate the competition between the solvent and the dye with
the HB donor. As shown in Figure 3B, in our hands, the K4 of
the phenol-Reichardt's dye HB adduct determined is consistent
with the reported value [52]. Some of our other results, howev-
er, were puzzling. For example, according to our titration data,
1a is a better HB donor than 12. This observation is inconsis-
tent with the corresponding A values (Table 1), which typically
provide reliable measurements of the HB donation ability of
neutral compounds. We attribute the inconsistency to several
factors. First, because the binding affinity is determined solely
by the absorbance change of Reichardt's dye, the apparent Ky
value only represents the overall ability of a compound to serve
as an HB donor. For compounds bearing multiple HB donating
sites, such as 1b, the HB interactions involving individual func-
tional groups cannot be quantified separately, leading to poten-
tially ambiguous results (Figure 3C). Reports in the literature
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show that the UV—vis absorption of the Lewis basic Reichardt’s
dye disappears in the presence of some cationic HB donors
[52]. We found similar results with 3b and likewise ascribe the
unexpectedly small K4 to such limitations of this assay
(Figure 3C and Figure S19 in Supporting Information File 1).
Overall, despite the convenience, this UV—-vis titration method
may not be broadly applicable for quantifying the HB donation

ability of some CF,H group-containing substrates.

To quantify better the thermodynamics of CF,H group-medi-
ated hydrogen bond interactions, we investigated the HB dona-
tion ability of the CF,H group by 'H NMR titration with tri-n-
butylphosphine oxide (n-Bu3PO) as a reference HB acceptor
(Figure 4A and Figures S20-S40 in Supporting Information
File 1). Unlike a previous method that relied on 3'P NMR spec-
troscopy [52], our titration monitors the HB complex formation
by 'H NMR chemical shift change, thereby allowing the inter-
actions of individual HB donating moieties with n-BusPO to be
probed (Figure 4B and C). Moreover, we used anhydrous
deuterated acetonitrile (CD3CN) as the solvent, in which both
neutral and ionic compounds exhibited appreciable solubility. In
this way, we were able to determine the HB donation ability of
CF,H-containing compounds on a single scale.

A) hydrogen bond donation ability quantification with Reichardt's dye
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N ~ hypsochromic shift /3 _
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— anh. MeCN —
Ph Ph 25°C Ph Ph

Reichardt's dye HB donor

B) dissociation constant (Ky) of the HB complex with Reichardt's dye

e

10 Ky=6.4x10°mM 1a

Me F_F

Q.0
S><m Y
Z+ |
©/ F F A éF4

12 Ky=3.7x102mM 1b

Kg=1.9x 10" mM

F F Me
/N N FF

| /%g
™ N

K4=7.8x 10" mM

3a Ky=1.3x10"mM

Me

N F e

"o
Z TN+

BF, Me
3b Ky=29x10" mM

C) interactions interfering with Reichardt's dye-based titration outcomes
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Figure 3: Hydrogen bond donation ability determined by UV-vis spectroscopy titration. A) Formation of HB complexes of Reichardt's dye and HB
donors. B) Kq values of Reichardt's dye—hydrogen bond donor complexes. For all cationic species, the counteranion is BF4~. C) Possible interactions

that interfere with the titration outcomes.
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Figure 4: A) HB complex formation between a donor and tri-n-
butylphosphine oxide. B) 'H NMR spectra of 2b (5.0 mM) in the pres-
ence of different concentrations of tri-n-butylphosphine oxide in an-
hydrous CD3CN at 298 K. The 'H NMR signals of the CF5H group are
indicated in red. C) Determination of the dissociation constant (Kg) of
the n-BugPO---2b HB complex by fitting the data to a single-site binding
model.

As shown in Figure 5, we determined dissociation constants
(Kq) of n-BuzPO---HB donor complexes, revealing several
general trends. First, we found that CF,H groups attached to an
extended aromatic system are stronger HB donors (2a > 1a,
2b > 1b, and 6a > 5a > 4a), likely due to the increased Brgnsted
acidity of the CF,—H bond. Similarly, cationic donors generally
exhibited substantially higher HB donation ability than the
neutral precursors, as indicated by ten to thirty-fold decreases in
K4 values (Figure 5, 1-4). These two enhancing effects are,
however, not strictly additive. For example, comparing 1a and
2a, a two-fold decrease in the K4 value was observed. Between
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1a and 1b, there is a 31-fold change; between 2a and 2b, the
difference is 17-fold. In contrast, the HB interactions involving
2b are marginally stronger than those involving 1b. Similar
trends were also seen with 4 and 5. These observations suggest
that the delocalization of the positive charge in an extended
system reduces its ability to facilitate CFyH-mediated HB inter-
actions. Analogously, cationic CF,H-containing molecules
bearing electron-donating methoxy groups are also weak HB
donors (7b vs 1b). Furthermore, the cationic activation of HB
donors is negligible when the quaternary nitrogen is para rather
than ortho to the CF,H group (4 vs 5). These findings indicate
that the presence of either a quaternary nitrogen or an extended
aromatic system can enhance the HB donation ability of the
CF,H group, but the effects are more pronounced when they are

close to the CF,H group.

We also compared the HB donation ability of different classes
of compounds. In neutral CF,H-containing HB donors, the
phenylsulfonyl group (12) is generally a stronger activator than
heteroaryl (1a—6a) or electron-deficient aryl groups (13). In
contrast, pyridinium and benzimidazolium (1b-5b) systems
show substantially higher capacities to enhance the HB dona-
tion ability of the CF,H group, underscoring the distinct nature
of these constructs. Although many of the CF,H HB donors
studied here can promote relatively strong hydrogen bonding
interactions with n-Bu3PO, even the strongest CF,H HB donor
(3b) is still 30 times weaker than phenol (10), corresponding to
about a 2 kcal/mol reduction in binding energy at 25 °C. These
results reveal the fundamental differences between the C-H
bond and the O-H bond as HB donors and provide important
quantitative information for applying the CF,H group as an OH

group mimic.

We next attempted to establish correlations of experimentally
determined HB donation ability, in terms of Kq or AGexp, with
other easily accessible parameters. We first calculated the Gibbs
free energy of formation (AG_,) of the HB complexes of HB
donors with trimethylphosphine oxide (Me3PO), which models
n-BusPO as a hydrogen bond acceptor, and compared these
values with experimental data. We realized that such an analy-
sis oversimplified the system by neglecting to account for
potential contributions from different conformers possibly
involved in HB interactions. To rectify this problem, we
searched for two possible structures for each Me3PO-HB
donor pair, where the HB donor adopts a different conforma-
tion in each HB complex. Values for AG_,. were then calcu-
lated as the weighted average of the free energy of each HB
complex as

AGge = —RT In [(P Me3PO-~HB,a + 1} Me3PO-~-HB,b)/ (P Me3PO | HB,a + MesPO | HB,b )J 0]
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Figure 5: Hydrogen bond donation ability of various donors as quantified by the dissociation constant (Ky) of the HB complex with tri-n-butylphos-
phine oxide at 298 K in anhydrous CD3CN. The K4 for 6b was not determined due to the formation of non-HB-mediated adducts (Figure S34 in Sup-
porting Information File 1). The corresponding experimental Gibbs free energy of binding (AGexp) is calculated based on the Ky values. The predicted
Gibbs free energy of binding (AG¢zc) was calculated at the PCM(MeCN)-M06-2X/6-31+G(d,p) level of theory. The counteranion for all cationic

species is BF4~.

in which Pye3po...HB,a and Ppe3po...HBb are the percent
populations of the HB complex of Me3PO with the donor
conformer a and b, respectively; Pme3po | HB,a and

PMe3po | HB,b are the percent populations of Me3PO and the

corresponding HB donor conformer as two non-interacting mol-
ecules (see Supporting Information File 1 for details). We found
a strong linear correlation between AGexp and AGe,)c obtained
at the PCM(MeCN)-M06-2X/6-31+G(d,p) level of theory
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(Figure 5 and Figure 6A). These results demonstrate the relia-
bility of this relatively efficient computational approach for
predicting the HB donation ability of CF,H-containing mole-
cules.

We further conducted natural bond orbital (NBO) [56] second-
order perturbation analysis [57] to estimate the interaction ener-
gies (Ep po ™) of the oxygen lone pairs (LPs) of Me3PO with
the H-CF,Ar antibonding orbital (6*). Such hyperconjugative
interactions indicate the magnitudes of the charge transfer from
the LPs to the o* orbitals and are considered the major contribu-
tors to hydrogen bonding [57]. Using this analysis, strong linear
correlations were found between Ej p_, 5+ and Adpmso-_cpci3 Or
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Adpmso-cp3no2 values (Figure 6B,C and Supporting Informa-
tion File 1, Figures S44 and S45), implicating specific orbital
interactions between the HB donating and accepting motifs that
are responsible for chemical shift differences. In contrast, a rel-
atively weak inverse association was observed between AGey,,
and Adpmso_cpci3 values for neutral hydrogen bond donors
(Figure 6D). This result suggests that the CF,H:--O interactions
are likely to be a predominant contributor to the binding be-
tween HB donating and accepting molecules but other weak
intermolecular forces, collectively, may also play a role. This
proposal is further supported by the weaker linear relationship
between AGeyp and Eyp—, o+ (Figure 6E and Figure S46 in Sup-
porting Information File 1).

B 15 12
% .
£
= 10
o
5 -
b
Ak
g ELp—o* = 9.92A0pmso-cpeis + 2.31
R2 = 0.950
0 . , . ! : ,
0.0 0.5 1.0 1.5
Adpmso-cocis (PPM)
D 1a
3—1/3.//4a
—~~ T ./23
B 2 ./33
g Sa’/% o
8 1—- 64 12
<
Q -1
-2 —— T}
0 1 2 3 4 5

Adpmso-cociz (PPm)

AGeyp = -0.144E p o+ + 2.50
R2 = 0.289

A ,_
3_ 13, e1a
:O\ 2- *2a
g o
© 14
o
2
g 0]
o) J
S - AGeyp = 053G, - 0.15
10 R%=0.879
A L B L B B B LB
<3 2 1 0 1 2 3 4 5 6
AG¢yc (kcal/mol)
’—é‘ J
= 104
©
(&]
g -
? 5
LuE ] 13° Elp_.o+ = 13.0A0pmso-cpsnoz + 3.11
R? = 0.877
0 — T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Adpmso-cpsnoz (PPM)
E ;-
— ] 136 15.
©
£ 21
(1]
(&}
g -
5 1-
O
q
0 —
0 5

T
10 15

Eip_,o (kcal/mol)

Figure 6: A) Linear correlation between AGexp and AGcaic- AGexp and AGcqc Values are shown in Figure 5. B) Linear correlation between E| p-, ¢+ and
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Collectively, these results indicate that the Adpmso-_cpci3 or
AdpmMmso-cp3No2 measurement can discriminate CF,H HB
interactions from other non-covalent forces. In this way, it is
possible to parse the HB donating contribution of the CF,H
functional group within a given class of compounds, such as
neutral or cationic donors, as shown here. One limitation of this
approach is that it does not directly provide information about
binding affinity or energy, particularly between HB donors and
acceptors as molecular entities rather than as a collection of
separate functional groups. In contrast, NMR titration experi-
ments quantify the binding affinities and energies between
CF,H-containing molecules and n-Bu3PO as the concatenation
of many non-covalent forces. For example, our experiments
showed that some Cx,—H bonds, such as those of the pyri-
dinium ring, can serve as good HB donors (Figure 5). Because
Car—H bonds and the CF,H group have comparable HB dona-
tion abilities, care needs to be taken when assigning specific
contributions of each to the observed binding affinities. Even
so, 'H NMR titration experiments with phosphine oxides still
allow us to partially resolve these two forces by monitoring the
proton of the CF,H group. Such issues are particularly salient
when quantification methods that rely only on acceptor read-
outs, such as the Reichardt’s dye-based UV-vis titration,
rendering results that are difficult to interpret (Figure 3).
Overall, to survey the HB donating ability of the CF,H-contain-
ing molecules systematically, a combination of NMR titration
and ASppmso_cDel3 Of AdpMso-cD3NO2 measurements is desir-
able.

Conclusion

In conclusion, we have identified a series of CF,H-containing
compounds that can serve as HB donors. We employed several
experimental methods to quantify HB donation ability, includ-
ing (i) '"H NMR chemical shift-based hydrogen bond acidity, A
value, measurements, (ii) UV—vis spectroscopic titrations with
Reichardt’s dye, and (iii) '"H NMR titrations using n-Bu3zPO as
a reference HB acceptor. Our studies revealed that the 'H NMR
titrations, although tedious, offered reliable binding affinity data
for HB complexes involving neutral and cationic donor mole-
cules. This technique can be employed as a general approach
for quantifying the energetics of HB interaction-enabled
binding processes. Additionally, the free energies of HB com-
plexation calculated at the PCM(MeCN)-M06-2X/6-31+G(d,p)
level correlate well with our experimental data, allowing for
binding affinity predictions. Lastly, we found a linear relation-
ship between Adpmso-cpcis or Adpmso-cp3No2 and hyper-
conjugative Me3PO(LP)— 0*y_cppa interaction energies, pro-
viding a quick and feasible estimation of the intrinsic HB dona-
tion ability of the CF,H moiety. Further studies of the nature of
hydrogen bonding interactions involving the CF,H group are

underway.
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