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We examine an unusual case where a neutral hydrogen atom acts as a
hydrogen-bond acceptor. The association constant between trihexyl-
silane and perfluoro-tert-butanol was measured as ~0.8 M~! in cyclo-
hexane. Computations and experimental NMR data are consistent
with a weak, but favourable Si—H- - -HO interaction.

The ubiquitous hydrogen bond continues to intrigue chemists
whilst its definition continues to evolve." The classic H-bond
acceptors nitrogen and oxygen (Fig. 1a) are now considered
alongside less conventional acceptors® such as arenes,® halogens,*
and even the noble gases.” While C-H.--H-C contacts are not
classified as H-bonds' and can be attributed as arising through
solvophobic®’ and van der Waals dispersion forces,* examples of
favourable MH- - -H contacts (where M is an element that is less
electronegative than H) have been identified that have since become
known as ‘dihydrogen bonds’ (Fig. 1b).">™*> Most dihydrogen bonds
identified to date involve metals or Lewis adducts that convey strong
hydridic character to adjacent hydrogen atoms (Fig. 2a—c)."*™ Thus,
the question remains whether non-polar, neutral hydrogen atoms
are able to act as H-bond acceptors (Fig. 1c).
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Fig. 1 (a) Conventional hydrogen bond compared with (b) a dihydrogen
bond involving hydridic hydrogen atoms bonded to a strongly polarising
element M. (c) A proposed dihydrogen bond where a weakly polarised
hydrogen atom acts as a hydrogen-bond acceptor.

EaStCHEM School of Chemistry, University of Edinburgh, King’s Buildings,

West Mains Rd, Edinburgh, EH9 3]J, UK. E-mail: scott.cockroft@ed.ac.uk;

Tel: +44(0)131 650 4758

+ Celebrating 300 years of Chemistry at Edinburgh.

i Electronic supplementary information (ESI) available: Experimental and com-
putational methods and tabulated data. See DOI: 10.1039/c3cc46048g

5212 | Chem. Commun., 2014, 50, 5212-5214

Lixu Yang, Thomas A. Hubbard and Scott L. Cockroft*

Electrostatic
Potential
(standard scale)

Electrostatic
Potential
(highlighting
minima, red)

Fig. 2 Electrostatic surface potentials (ESPs) of representative dihydrogen
bond acceptors. Electrostatic potentials on the top row are scaled using a
standard scale from —50 kJ mol ™ (red) to +50 kJ mol™* (blue), while those
on the bottom row are scaled to highlight the ESP minimum (ESP ., red)
to ESPmin +50 kJ mol™t (blue). Minimised geometries and ESPs were
calculated using B3LYP/LACVP.

Here we present a combined solution-phase and theoretical
investigation of Si-H as a fully neutral H-bond acceptor (Fig. 1c,
2e, 3-5), whilst examining the utility of electrostatic potentials
for rationalising the physicochemical origins and geometric
preferences of dihydrogen bonds (Fig. 1 and 2).

Where conventional H-bonds are mostly linear (Fig. 1a), most
dihydrogen bonds possess bent or bifurcated geometries (Fig. 1b).">
As a result, some authors have ascribed M-H o-bonds as being
dihydrogen bond acceptors rather than the hydridic H atoms
themselves,'® while in other cases there is clear evidence of interac-
tions being formed with adjacent metal centres (Fig. 1b)."?

The calculated electrostatic potential surfaces of some previously
identified dihydrogen bond acceptors'®™ provide an alternative
view consistent with the structural characteristics of polar dihydro-
gen bonds and the involvement of both M:--H and H---H inter-
actions (Fig. 2). Notably, the electrostatic minima (highlighted in red
on the second row of molecular surfaces) in Fig. 2a and b, are found
over the metal centres, between the hydridic hydrogen atoms, and
not over the hydridic positions themselves. Similarly, although BH;-
NHj; is overall neutral and often declared to be ‘isoelectronic’ with
ethane,”® the electrostatic potential surface of this Lewis adduct
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(Fig. 2¢) is quite unlike ethane (Fig. 2d); BH3-NH; is highly polar and
electrostatic minima are localised over the boron atom, which bears
a formal negative charge (Fig. 2c). The magnitudes and locations
of the electrostatic minima in the highly polarised examples shown
in Fig. 2a— provide a simple rationalisation for the formation of
favourable electrostatic interactions with J+ H-bond donors with
geometries similar to that shown in Fig. 1b. However, the ability of
much more weakly polarised hydrogen atoms to accept H-bonds in
solution is yet to be examined.

Calculated electrostatic potentials reveal the trialkyl Si-H group
as a potential H-bond acceptor (Fig. 2e). Since silicon has a lower
Pauling electronegativity than hydrogen (1.90 vs. 2.20),"* the hydro-
gen atom directly bonded to the silicon centre is slightly negatively
charged. In line with this prediction, recent spectroscopic studies
and computations have shown that trialkyl-silanes are able to
accept H-bonds in the gas-phase, but no thermodynamic data,
nor the relevance of such interactions in solution have been
determined to date.'® Trimethyl silane, as shown in Fig. 2e, is a
gas at room temperature, and thus is not suited to the experi-
mental investigation of its H-bond properties in solution.
However, trihexylsilane (Fig. 3) has a very similar electrostatic
surface potential (with a minimum of —47 kJ mol™", Fig. S3,
ESIf), but also has a boiling point of 160 °C and good solubility
in organic solvents. The anticipated weakness of the H-bond
acceptor ability of the Si-H group in trihexylsilane presents a
number of challenges to the measurement of such a weak
interaction using a titration-based approach.

With regards to the selection of a suitable H-bond donor,
perfluoro-tert-butanol 2 (Fig. 3) is one of the strongest known
single H-bond donors (with an ESP maximum of +292 kJ mol "
Fig. S2, ESI}) and has been employed extensively in previous
studies of H-bonds by Hunter, Abraham and co-workers.'®™"®
Meanwhile, cyclohexane is one of the least competitive solvents
known that maintains reasonable solubility of many organic
molecules."” Furthermore, potential secondary H-bonding or
dispersion interactions involving the alkyl chains of trialkyl-
silane would cancel out due to similarity of the competitive
interactions with the alkane solvent.®® Thus, perfluoro-tert-
butanol and cyclohexane were selected as the H-bond donor
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Fig. 3 Minimised geometry of the perfluoro-tert-butanol (2) and trinex-
ylsilane (1) complex showing overlap of the van der Waals radii of hydrogen
atoms involved in the Si—H---HO interaction. Geometry data for the
complex shown (calculated using B3LYP/cc-pVTZ) and those for other
theory/basis set combinations are provided in the ESI.i
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Fig. 4 Upfield 'H-NMR chemical shift seen for the Si—H in trihexylsilane
(20 mM) in cyclohexane-di, upon increasing the concentration of per-
fluoro-tert-butanol at 298 K.

and solvent respectively for examining the H-bond acceptor
ability of the Si-H group found in trihexylsilane (Fig. 3).

When a hydrogen atom acts as a classic H-bond donor, a
downfield shift is observed in "H-NMR spectra. On the contrary,
when a hydrogen atom acts as a H-bond acceptor then a character-
istic upfield 'H-NMR shift is observed.” An upfield shift was
observed in Js; gy of trihexylsilane upon addition of perfluoro-tert-
butanol in cyclohexane-d;, (Fig. 4). Although small, this upfield shift
provides evidence that the Si-H is acting as a (very weak) H-bond
acceptor rather than a H-bond donor. It is also worth mentioning,
that in contrast to electron-rich metal hydrides (which often
have "H-NMR chemical shifts between § —5 and —25 ppm?*°),
the Js;_p Of trihexylsilane has a chemical shift of approximately
+3.8 ppm (Fig. 4), in line with its weak nucleophilicity in the
absence of an activating base.*"

Due to the small change in the observed "H-NMR chemical shift
of the Si-H signal upon complexation by perfluoro-tert-butanol, and
since &y is more sensitive to electronic changes than dy;,""F-NMR was
employed for determining thermodynamic data. Perfluoro-tert-
butanol shows no evidence of self-association even in very apolar
solvents such as perfluorohexane.'® Thus, the low, constant concen-
tration of perfluoro-tert-butanol means that self-association of the
perfluoro-tert-butanol does not complicate the titration data. The g
of perfluoro-tert-butanol (at a constant concentration of 1 mM)
moved 0.6 ppm downfield as the concentration of trihexylsilane
(1) was increased in cyclohexane implicating the formation of the
desired complex (Fig. 3 and 5). In contrast, a control titration in
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Fig. 5 1:1 binding data for the titration of trihexylsilane (1) against a
constant concentration of perfluoro-tert-butanol (2) (1 mM in cyclohexane
at 298 K). Additional data are presented in the ESI#
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which trihexylsilane (1) was substituted with tetraethylsilane (which
lacks an Si-H acceptor) gave a d of only 0.04 ppm (Fig. S2, ESI}) over
the same concentration range. Data from three titrations with
trihexylsilane (1) were found to fit a simple 1:1 binding model,
from which a binding constant of 0.8 + 0.3 M~ " (95% confidence
interval) was determined in cyclohexane at 298 K (Table S1, ESI).
The small binding constant combined with the downfield Jr shift
and the upfield Js; ¢ shift indicates that Si-H is indeed a very weak
H-bond bond acceptor in solution.

Further support for the existence of a favourable dihydrogen
bond between trihexylsilane and perfluoro-tert-butanol was
provided by a series of HF, MP2, DFT (B3LYP), and DFT-D
(M06 and ®wB97X-D) geometry optimisations (Fig. 3, left and
Table S2, ESIt). Interaction energies for the trihexylsilane and
perfluoro-tert-butanol complex were calculated as the difference
between the energies of the complex and the isolated complex
components, and were corrected for basis set superposition errors
via the standard counterpoise method.>* Given that the approx-
imate +6 kJ mol ' entropic cost associated with biomolecular
association in solution® is not taken into account in silico, the
calculated gas-phase interaction energies of —6.5 + 2.8 k] mol ™"
for the HF and DFT calculations (Table S2, ESI}) are remarkably
consistent with our experimentally determined association
constant of K, = 0.8 + 0.3 M~ "' (i.e. AG in cyclohexane x 0).
In contrast, but in line with other findings,® the MP2 and
DFT-D methods significantly overestimate the complexation
energy by several to tens of k] mol . This is because gas-phase
MP2 and DFT-D calculations approximate the quite significant
attractive dispersion interactions between the complex compo-
nents, but fail to consider the damping effects of competitive
dispersion interactions with the solvent.®

Minimised SiH---HO distances varied between 1.69 A and
1.99 A (Table S2, ESI}) depending on the level of theory, falling
within the range of classical H-bond lengths (1.6-2.0 A).**
Though such distances are well within the combined van der
Waals radii of two hydrogen atoms (2.4 A, Fig. 3),>° the use of
such a metric for the identification of H-bonding interactions has
been cautioned against.'" The Si-H---H angles observed in the
calculations covered the range 153 + 26°, though it should be
added that these angles are likely to be strongly influenced by
steric interactions between the bulky alkyl chains and the CF;
groups, rather than arising as a consequence of electronic effects.
The O-H and Si-H bonds were also elongated in the bound state
compared to the free state (+0.004 = 0.003 A and +0.009 =+ 0.003 A
respectively), the former, but not the necessarily the latter, being
concomitant with H-bond formation."

In conclusion, the binding constant between a weakly polarised
Si-H H-bond acceptor and a strong H-bond donor was determined
for the first time in solution. Experimental NMR and computational
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data are consistent with a weak Si-H-: - -HO hydrogen bond." Thus,
the answer to the question in the title of this paper is, yes,
non-polar hydrogen atoms can accept H-bonds, but only just.
In addition, we show that electrostatic potential surfaces
provide a simple tool for rationalising the geometric pre-
ferences of dihydrogen bonds involving hydrogen acceptors
with pronounced hydridic character (Fig. 2).

We thank the EPSRC (EP/H02056X/1), Afton Chemical Ltd,
MTEM and the School of Chemistry for financial support.
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