The elusive Au(l)---H-O hydrogen bond: Experimental verification
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ABSTRACT: Our longstanding interest in atypical bonding situations has recently led us to target complexes in which a metal-
lobasic gold(I) center is hydrogen-bonded to a nearby OH functionality. Here, we report on the synthesis and characterization
of two neutral gold(I) indazol-3-ylidene complexes bearing a carbinol or silanol group at the 4-position. As indicated by X-ray
diffraction, 'H NMR spectroscopy, IR spectroscopy, and extensive computational modeling, the OH group of these derivatives
is engaged in a bona fide Au---H-O interaction. In addition to shedding light on an elusive bonding situation, these results also
indicate that increasing the acidity of the OH functionality is not necessarily beneficial to the stability of the Au(I)---H-O inter-

action.

Advances in the chemistry of gold have shed light on the
unique metallobasic character that this metal displays, es-
pecially when coordinated to ambiphilic ligands with acces-
sible Lewis acidic sites! as in the case of A and B (Chart 1).2
The Lewis basic behavior that gold displays in such com-
plexes is further illustrated by the recent demonstration
that adequately substituted gold(I) centers are prone to
protonation3 or amenable to the formation of Au---H-X HBs
(HB = hydrogen bond, X = electronegative element)* The
formation of Au---H-X interactions was originally supported
by calculations as in the case of C,*¢ and later experimentally
verified for cationic derivatives such as D and E.*#" The sta-
bility of such HBs benefits from the metallobasic character
of gold as well as its electronegativity which strengthen the
charge transfer and Coulombic term of the Au---H-X interac-
tion, respectively. Dispersion forces, enhanced by relativ-
istic effects at gold, are also invoked as substantial contrib-
utors.#

Contending that the HB in D and E may benefit from the pro-
tic character of the RsNH* group, we have now questioned
whether related Au---H-X HBs could be observed between
gold(I) and a neutral OH group. While such motifs have
been predicted as in F5 and G,° their existence in the con-
densed state is limited to the case of H.” This complex fea-
tures an Au---H distance of 2.393 A, hinting at the presence
of an Au---H-O HB.*c7 However, H is fluxional, suggesting
that the HB may not stand unperturbed in solution. Herein,
we report two examples of complexes of type I which pos-
sess bona fide Au---H-0 HBs.

Chart 1. Selected examples illustrating the metalloba-
sicity of Au(I) (top) or featuring Au---H-N and Au---H-0
HBs (bottom)
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Since such interactions should benefit from the strong c
donor properties of an N-heterocyclic carbene ligand,®* we
selected the indazol-3-ylidene unit as a backbone® on
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Figure 1. Top: synthesis and crystal structures of 5 and 6. Bottom: Structures of possible conformers (5a-c, 6a-b) of 5 and 6. The
insets show truncated ESP maps of 5a and 6a (color scale: red, -0.04 a.u.; blue, 0.025 a.u.; surface isovalue of 0.002 a.u.). The tables

show selected experimental and computed structural parameters.

which a HB donor functionality such as an alcohol or a si-
lanol could be easily installed. The silanol functionality was
selected based on the knowledge that its HB donor proper-
ties are enhanced by the presence of low-lying o* orbitals
on the silicon atom.’ These functionalities were installed as
summarized in Figure 1. The resulting carbinol (1) and si-
lanol (2) were converted into [3]* and [4]*, two cations that
were then deprotonated and aurated to afford the target
complexes 5 and 6, respectively. The 13C NMR resonances of
the gold-bound carbon atom of 5 (168.8 ppm, CD2Clz) and
for 6 (167.3 ppm, DMSO-ds) are close to those of other inda-
zole-ylidene gold complexes.? The hydroxyl resonance of 5
and 6, which appears at 5.27 ppm and 3.89 ppm, respec-
tively, in CD2Clz (Figure 2), disappear upon addition of D20,
indicating H/D exchange. These resonances are also shifted
downfield when compared to that of PhsCOH (2.8 ppm,
CD2Cl2) and Ph3SiOH (2.53 ppm, CDClI3).10

Suspecting that the downfield shift of the hydroxyl func-
tionality could be induced by the gold atom,!! structural
studies were undertaken (Figure 1). Both compounds fea-
ture short Au-O separations (3.127(3) A for 5 and 3.256(5)
A for 6) that are comparable to the Au-O distance in H
(3.114 A)*7 and the Au-N distance in D (3.105 (2) A).4¢ Alt-
hough hydrogen atoms are difficult to locate by X-ray dif-
fraction, the oxygen-bound hydrogen atom of both 5 and 6

was successfully refined isotropically. The resulting struc-
tures indicate that, in both cases, the OH functionality is
pointing toward the gold atom, thus suggesting the pres-
ence of an Au---H-O HB . This view is consistent with the
short Au---H distances and the Au---H-0 angles presented in
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Figure 2. 1H NMR spectra of 5 (top) and 6 (bottom) showing
the chemical shifts computed for 5a and 6a, respectively.




Figure 1. The Au---H distance of 5 (2.27(5) A) is comparable
to that measured in D (2.24(3) A). It is also worth noting
that the OH group approaches the gold atom along a direc-
tion of maximum metallobasicity, perpendicular to the C-
Au-Cl sequence. Additional evidence for the presence of an
Au---H-O HB was obtained by IR measurements which af-
forded von = 3309 cm! and 3417 cm™ for 5 and 6, respec-
tively (Figure S23 and S28). These frequencies are lower
than the 3600-3645 cm range characteristic of free OH
groups,!? corroborating the presence of an Au---H-O bond in
both 5 and 6. The assignment of the IR band was confirmed
by deuteration of the OH groups, which led to OD stretches
atvop = 2457 cm! (v(OH)/v(0D) = 1.35) for 5 and 2543 cm-
1 (v(OH)/v(0OD) = 1.37) for 6 (Figure S23 and S28).

To support these results, we have also computed the
structures of these derivatives using DFT methods (func-
tional: B3PW91; basis sets: SDD+f for gold and 6-31G** for
all other atoms). The most stable structures identified for
these compounds match those determined experimentally,
with the O-H group pointing at the gold atom. As shown in
Figure 1, the metrical parameters calculated for conformers
5aand 6a are in good agreement with those determined ex-
perimentally. Exploration of the potential energy surface of
5 and 6 indicates the presence of other local minima, re-
ferred to as 5b and 6b, in which the O-H functionality is ori-
ented away from the gold center, thus preventing any
Au---H-O bonding. These local minima lay 6.5 kcal/mol and
3.8 kcal/mol above the calculated structures of 5a and 6a,
respectively. In the case of 5, a third minimum (5c) was
identified. It resembles 5a, except that the oxygen-bound
hydrogen atom points upward, away from the gold atom.
Conformer 5c is 3.2 kcal/mol above 5a, which may provide
a measure of the strength of the Au---H-O HB present in the
latter. The computed O-H bond length of 5a and 6a are
longer than those of 5b, 5¢, and 6b (see metrical parameters
listed in Figure 1), which we propose is caused by the trans-
fer of electron density from gold into the o*(H-0) orbital. A
congruent picture emerges from Atom in Molecules (AIM)
analyses which indicates that the electron density (p(r)) at
the O-H bond critical point (BCP) is lower in 5a (0.353
e-bohr3) and 6a (0.350 e-bohr-3) than in conformers 5b
(0.366 e-bohr-3), 5¢ (0.366 e-bohr-3) and 6b (0.362 e-bohr-
%) that lack the Au---H-O interaction. Finally, p(r) at the
Au---H BCP of 5a and 6a fall in the range of values expected
for moderately strong HBs.13

The above results suggest that the gold atom of 5 and 6
act as a HB acceptor. To solidify this view and bearing in
mind that classical hydrogen bonding is under the concom-
itant control of Coulombic and charge transfer effects, we
decided to inspect the electrostatic potential (ESP) map of
the computed structures. In the case of 5a and 64, the pro-
ton is associated to a positive potential value that is paired
with the more negative surface over the gold atom (Figure
1), confirming the H%-Au® nature of the interaction. Ac-
cordingly, the non-covalent interaction (NCI) plot, which
shows a reduced density gradient isosurface (sign (A2)Xxp)
of negative sign around the Au---H-O BCP of 5a, indicates a
stabilizing hydrogen bonding interaction (Figure 3). The
NCI plot of 6a shows similar features even if the NCI indexes

at the HB BCP are less negative, as expected from the
weaker Au---H-O interaction of 6a (Figure S38). There is
also evidence of significant charge transfer as suggested by
Natural Bond Orbital (NBO) analyses which shows multiple
Ip(Au)—c*(H-0) donor-acceptor bonding interactions (Fig-
ure 3, Figure S32 and S34). Deletion calculations indicate
that these interactions contribute Eq = 10.6 kcal/mol and
Eder= 5.0 kcal/mol to the stability of 5a and 6a, respectively.
The AIM/NCI plot of 5a also reveals an Au---H-C interaction
(A2 @ BCP < 0) which, as expected, is comparatively less sta-
bilizing than the Au---H-O interactions as indicated by the
lowest p(r) value of 0.016 e-bohr-3.14
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Figure 3. Top: NCI/AIM analysis plot and representative NBOs
involved in the Au = H-O interactions for 5a. For the NCI plot,
the gradient isosurfaces (0.43 a.u.) are colored according to a
blue-green-red scale. All values are in a.u. Bottom: structure
overlay for 5a/5anon-rel (left) and 6a/6anon-rel (right).

Relativistic effects enhance the electronegativity of gold,
the metallobasicity of its d-orbitals, and its ability to engage
in dispersion interactions,!> three effects that contribute to
the ability of this metal to engage in hydrogen bonding in-
teractions.* Accordingly, turning off these effects computa-
tionally should diminish the HB. Inspired by a recent inves-
tigation,'® 5 was re-optimized using the non-relativistic
ECP60MHF basis set for gold. The resulting structure, re-
ferred to as 5anon-rel, sShows substantially weakened Au---H-
0 bonding as indicated by the longer Au---H distance (2.468
K), the lower Eqe value and the lower p(r) at the Au---H BCP
as shown in Table 1. This effect is more acute in the case of
the silicon analog since 6anon-rel features a Cl---H rather than
an Au---H interaction (Table 1 and Figure S36). These find-
ings underscore the prevalent influence of relativistic ef-
fects over the Au---H bonding interaction present in these
compounds.
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To conclude this study, we have also simulated some of
the spectroscopic features related to the HB in 5 and 6 (Ta-
ble 1). Although the computed vou for 5a and 6a deviate
from those observed experimentally by ~150 cm, we will
note that the difference in the von of these two models
(von(6a)-vou(5a) = 94 cm) is very close to that determined
experimentally (vou(6)-vou(5) = 108 cmt). The higher von
of 6a is also consistent with a weaker Au---H HB. Even
higher von values are obtained for 5b (3663 cm-1), 5¢ (3653
cm) and 6b (3726 cm?) in line with the absence of hydro-
gen bonding in these model structures. The vou of 5anon-rel is
higher than that of 5a, because of weaker Au---H hydrogen
bonding in the former (Table 1). However, 6anon-rel displays
a greatly reduced vou because of the presence of a Cl---H-O
interaction. GIAO calculations show corroborating results.
The chemical shift of the proton involved in the HB is clearly
deshielded in the experimental spectra of 5 and 6, as noted
above. Downfield chemical shifts are also obtained compu-
tationally for 5a and 6a and these values are in excellent
agreement with the experimental ones (Figure 2). The cal-
culated resonances of 5b (1.89 ppm), 5¢ (3.05 ppm) and 6b
(2.03 ppm) are upfield, again matching the absence of a HB
.As shown in Table 1, the weakened Au--- H-O bond of 5anon-
rel also shifts the resonance upfield. However, 6anon-re is
again a special case, given that the Cl---H-O interaction leads
to further deshielding of the resonance.

Table 1. The outputs of AIM and NBO analyses and spectro-
scopic data of 5a, 5anon-rel, 6a and 6anon-rel.

5a S5anon-rel 6a 6anon-rel
p(r)Au-H 0.026 0.017 0.017 -
(e*bohr-3)
p(r)o-n 0.353 0.360 0.350 0.341
(e+bohr-3)
Edel 10.6 4.41 5.0 -
(Au~>H-O,
kcal/mol)
vo-u (cm-1) 3456 3544 3550 3466
vo-p (cm-1) 2517 2581 2614 2528
So-1 (ppm) 533 4.16 4.05 4.86

In conclusion, we have characterized two complexes fea-
turing an Au---H-O HB both in solution and in the solid state.
Such interactions had been proposed but only succinctly ex-
plored experimentally. Our results also show that this in-
teraction is sensitive to the nature of the interacting moie-
ties, as illustrated by the weaker Au---H-O HB found in 6. We
speculate that this weaker interaction has structural ori-
gins, with the larger size of the silicon atom inducing a mis-
alignment of the OH functionality with the gold atom. Itis
also possible that the greater acidity of the silanol proton
reduces dispersion interactions with the neighboring gold
atom.
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