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Unconventional hydrogen bonding that involves transition-
metal complexes has attracted considerable attention and
several efforts have been made to unravel and rationalize the
many conceivable interactions.!"! Core transition metals are
able to accept a hydrogen bond through their d-electron lone
pairs, thus forming M--HA hydrogen bonds/? whereas
hydride ligands that possess a partial negative charge are
unusual proton-accepting sites that form a dihydrogen bond
(DHB), M-H*>~-**HA " The simultaneous presence of both
types of bonds was also observed.’! On the other hand, the
reactivity of transition-metal hydrides as proton source is also
well appreciated,’* and hydrogen bonds of the M-H**--B type
(B =organic base) were recently pointed out for neutral
transition-metal hydrides.[sl However, DHB interactions
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where transition metal hydride complexes serve as both
proton acceptor and proton donor in a hydrogen bond have
not been described to date, although dihydrogen evolution
was observed when “hydridic” and “acidic” hydride com-
plexes such as [OsH,(PMePh,),]/[CpM(H)(CO);] system
(Cp=n°-CsHs~, M =Mo, W) were allowed to react.’!

To further investigate this unconventional acid-base
interaction, we report herein on the reaction of the stable
electron-rich nickel(I) pincer hydride [(®*'PCP)Ni(H)] (1)
(B*PCP = 2,6-C{H;(CH,PtBu,),)" with the acidic tungste-
n(IT) complex [CpW(H)(CO);] (2).5¥ The proton-accepting
properties of 1 were first assessed by studying its interaction
with excess CF;CH,OH (TFE) in [Dg]toluene by variable
temperature (VT) IR and NMR measurements. The experi-
ments clearly highlighted the dihydrogen bond formation,”!
with a reaction enthalpy AH° of —2.5 kcalmol ! and a basicity
factor E;=1.06.*"! Evolution of H, was observed with a
strong acid such as HBF,.

Mixing equimolar amounts of 1 and 2 in carefully
degassed THF at 273 K under a nitrogen atmosphere led to
a dark-orange solution, from which a reddish-orange crystal-
line material precipitated on slowly raising the temperature to
298 K, accompanied by H, evolution. Replacing 1 with
[(*"PCP)Ni(D)] or 2 with [CpW(D)(CO);] led to HD
formation (& =4.56 ppm, t, Jyp=42.5 Hz). Single crystal
X-ray diffraction analysis revealed that the final product is the
bimetallic ion pair [CpW(CO),(u-x,C:k,0-CO)-Ni(®*'PCP)]
(3, Figure 1 and Tables S1,S2 in the Supporting Informa-
tion).!"

The most relevant structural feature of 3 is the presence of
one carbonyl ligand that bridges the two metal centers in a
rather unconventional “isocarbonylic” mode."! The slightly
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Figure 1. X-ray crystal structure of 3. Hydrogen atoms on the ligands
are omitted for clarity. Thermal ellipsoids set at 40% probability.
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longer C—O bond with respect to the terminal bonds (1.198(2)
versus 1.153(2) A, respectively), evidences simultaneous
electron back-donation from both metal ions. The terminal
W—CO bonds (1.955(1) and 1.918(2) A, respectively) are
longer than the bridging bond (1.905(1) A), thus suggesting a
significant dipole from W to Ni. The Ni-O distance
(1.972(9) A) is much longer than that reported for other
[(*"PCP)Ni-OR] (R = H, Me) complexes."” The almost linear
arrangement of the W-C-O-Ni atoms is evidenced by the bond
angle of 160° at the oxygen atom. In keeping with the solid-
state structure, three distinct resonances for the CO group at
0=1224.0, 229.0, and 239.4 ppm appear in the *C CPMAS
NMR spectrum (see Figure S1 in the Supporting Informa-
tion), whereas the *C NMR spectrum of 3 in [D;]CH;NO,
shows only one carbonyl signal at § =224.10 ppm.

By monitoring the process by multinuclear VT NMR and
VT IR spectroscopy in the 190-298 K temperature range,
strong experimental evidence for the formation of a 1--2
adduct preceding the H, elimination that yields 3 is provided.
Thus, in the presence of a nearly equimolar amount of 2, IR
spectra in THF at 190 K showed a slight increase of the vy
band intensity (see Figure S2) as expected for dihydrogen
bond formation. The appearance of a new high-frequency
band at 1750 cm ' was observed in the presence of a 4-10-fold
excess of 2 in toluene (see Figure S3). The Oy signal shifts
toward lower frequencies by only 0.04 ppm in the presence of
2 (4 equivalents, [Dg]toluene). VT proton spin-lattice relax-
ation times 7, of 1 and 1---2 hydride resonances were recorded
in [Dg]THF (Figure S4). In the measured temperature range,
T, values for the 1---2 adduct are shorter than those observed
for 1 (see Table S3), which is due to the presence of the
additional dipolar contribution consistent with the formation
of a NiH--HW unconventional hydrogen bond. At higher
temperature, the resonances caused by 1 and 2 started
disappearing while 3 formed together with molecular hydro-
gen (Scheme 1).
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Scheme 1. Reaction between metal hydrides 1 and 2.

IR spectra recorded for a mixture of 1 and a 1.3-fold
excess of 2 in both THF and toluene at 190 K (Figure S5-S6)
clearly indicated the presence of yet another intermediate
with CO absorption signals at 1889 and 1770 cm ™, similar to
the v shown by the [CpW(CO);]™ anion.!"” The same bands
were observed in the experiment with [D,]-1. These bands are
tentatively ascribed to the proton-transfer product 5 (see
below) and disappear gradually upon warming. New Vo
bands appear already at 230 K (at 1666, 1824, and a shoulder
at 1906 cm™'; Figure S5-S7), thus matching those found in the
solid state (KBr) spectrum of 3. Monitoring the reaction
kinetics at room temperature (Figure S7) gave the second
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order rate constant k= (6.5+0.1)10Ms™" which leads to
AG* =204 kcalmol™' in THF. The reaction mechanism
resembles that found for the protonation of basic tungsten
hydrides," with the reaction rate expressed by Equa-
tion (1)!* and the observed rate constant k,,, = K,k,, where
-] _ . kk  Ki[2] -
—a = el = ot kit K2 (1] ~ kK, [2][1] @
k, is the rate constant for the proton-transfer step (trans-
formation 1---2 to 5).

Complex 3 dissociates in more polar acetonitrile to give a
light yellow solution of the saltlike adduct [(®*PCP)Ni-
(MeCN)]*[CpW(CO);]™ (4) that comprises a square-planar
nickel(II) cation binding one MeCN molecule and the piano
stool tungsten(IT) anion (Figure 2 and Tables S4,S5).

The reaction profile of the H, evolution has been
examined by DFT calculations at the M06 level carried out
on the real system and by evaluating the total energies in THF
(polarizable continuum model (PCM), Figure 3). An initial
intermediate (1--2) was found, in which the two complexes
interact through their hydrides and one cyclopentadienyl
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Figure 2. X-ray crystal structure of 4. Hydrogen atoms on the ligands
are omitted for clarity. Thermal ellipsoids set at 40% probability.
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Figure 3. Energy versus reaction coordinate profile for the transforma-
tion 1+2—3+H, (THF, PCM). (For the optimized geometries of the
various complexes, see Figure S8-S12 and Table S7 in the Supporting
Information.)
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C—H bond (Figure S8). An atoms-in-molecules (AIM) anal-
ysis revealed two (3, —1) critical points between the Ni—H and
both C—H and W—H bonds of 2 (Figure S9, Table S6). The
interaction energies calculated for each H--H contact are
—3.5 and —1.7 kcalmol ™', respectively, which is consistent
with the observed shorter contact to the C—H compared to
the W—H proton. Despite the stronger Ni—H interaction with
the C—H proton, which is most likely caused by the steric
hindrance of the bulky fert-butyl groups, the most productive
interaction in terms of subsequent proton transfer is that with
W-H. This result is due to the easier polarization and
heterolytic splitting of M—H bonds in comparison to C—H
bonds.”! A transition state (TS) was found, at 12.0 kcalmol ™
from the starting geometry (Figure S10). This structure can
also be viewed as containing a “bridging nonclassical dihy-
drogen ligand”, judging from the calculated Ni-H, H-H, and
H-W distances (1.71, 1.03, and 2.14 A, respectively). The
(elongated) H, molecule connects the two metal centers in a
quite unusual p,n'! end-on mode.'! Interestingly, a similar
structure has been recently calculated in the transition state
for the heterolytic H, splitting by frustrated Lewis pairs.!”
The late transition-state structure evolves along the intrinsic
reaction coordinate (IRC) path towards a “true” proton-
transfer product 5, which is very close in energy (AE(TS-5) =
3.1 kcalmol™') and has a very similar geometry to the TS
(Figure S11). The experimental difficulty in the isolation of
such an elusive dihydrogen intermediate is probably due to
the rather flat energy surface around the TS and §. From §,
facile H, loss produces 3 as the final thermodynamically stable
species (Figure S12, AE(1-+-2||3+H,) = —5.1 kcalmol ™). Cal-
culations with Grimme’s B97D functional gave the same
pathway for the 1+2—3+H, transformation, with very
similar structures along the reaction coordinate (see Fig-
ure S13-S17).

In conclusion, on the basis of combined crystallographic,
spectroscopic (solid state and solution VT NMR and VT IR),
and DFT analysis we have collected a large body of evidence
for the first example of a DHB adduct between two
transition-metal hydrides with opposite polarities; the
adduct precedes proton transfer and H, evolution. The
proton-transfer process proceeds via several intermediates
that have been detected and/or computed. Among them, the
most remarkable structure is the p,n''-H, species 5, which
features an end-on coordination mode between the two
transition metals. Further studies on the mutual reactivity of
acidic and basic transition-metal hydrides are currently
underway to highlight the possible role of these unusual
interactions in either molecular recognition or bimetallic
catalysis involving transition-metal hydrides.

Experimental Section

[CPW(CO),(p-k,C:x,0-CO)-Ni(B*PCP)] 3: In a typical experiment,
1 (0.15 g, 0.33 mmol) was dissolved in THF (20 mL). The resulting
light-yellow solution was cooled to 273 K in an ice bath. 2 (0.16 g,
0.5 mmol, 1.5 equiv) was then added; no color change was observed
immediately after the addition. The mixture was stirred for 20 min,
and the color slowly turned orange. Subsequently, the temperature
was raised to 298 K, and the resulting dark-orange solution was
concentrated by evaporation of the solvent under a nitrogen stream to
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approximately 10 mL. At this point, a crystalline orange solid started
to precipitate from the solution. The Schlenk tube was then closed
and left to stand under nitrogen over 3 days. Subsequently, the
supernatant was filtered off and the needlelike orange crystals were
washed with small portions of THF (2x5mL) and dried under
nitrogen. Yield: 90%. IR (KBr): #(CO)=1906 (s), 1824 (s),
1666 cm™" (s); '"HNMR (300 MHz, CD;NO,, 298 K): 6 =7.26 (m,
3H; ArH), 5.16 (s, SH; Cp), 3.87 (s (br), 4H; ArCH,), 1.52 ppm
(virtual triplet (vt), *Jyp=6.6 Hz, 36 H; CH;); "C NMR (100 MHz,
CD;NO,, 298 K): 6 =224.1 (CO), 163.7 (t, ’Jcp,=149Hz; C,.p),
1514 (t, Jc.,=9.7Hz; C,.,), 1272 (s; C,.,), 120.5 (t, ’Jo.,=9.7 Hz;
Curm)s 82.3 (s; Cp), 34.1 (vt, *Jcp=9.0 Hz; PCH,), 32.1 (vt, *Jcp=
142 Hz; PC(CH;);), 26.0 ppm (s; CH;); P NMR (121.49 MHz,
CD;NO,, 298K): 0=105.7 ppm; elemental analysis calcd for
C;,HgNiO;P,W (785.20): C 48.95, H 6.16; found: C 48.86, H 6.20.

[(*"PCP)Ni(MeCN)]*[CpW(CO);]~ 4: 3 (0.1 g) was dissolved in
acetonitrile (SmL), and a pale yellow solution was obtained.
Addition of acetone (ca. 15 mL) followed by concentration of the
resulting mixture by evaporation of the solvent with a nitrogen stream
led to precipitation of 4 as a pale yellow solid. The supernatant was
filtered off, the residue was washed with fresh n-pentane (2 x5 mL)
and finally dried invacuo for 30 min. Crystals suitable for X-ray
diffraction analysis were obtained from crystallization of the crude
solid from a diluted acetone/n-hexane solution. Yield: 92%. IR
(KBr): #(CO)=1920 (m), 1887 (s), 1780cm™' (s); 'HNMR
(300 MHz, [DgJacetone, 298 K): 6 =6.92 (m, 3H; ArH), 5.09 (s, 5H;
Cp), 3.35 (vt, *Jyp=4.2Hz, 4H; ArCH,), 1.75 (s, 3H; CH,CN),
1.39ppm (vt, *Jyp=6.9Hz, 36H; CH,); “CNMR (75MHz,
[Dg]acetone, 298 K): 6 =225.7 (s, CO), 153.4 (vt, 2Jcp=11.4 Hz; C,.
ipso)s 1352 (8, Cypom), 126.9 (55 C,.,), 122.4 (vt, %] cp=9.0 Hz; C,.,), 83.8
(s; Cp), 68.3 (CH,CN, 5), 53.8 (CH;CN, t, 3/ .p = 19.4 Hz), 34.9 (PCH,,
vt, *Jep=7.6Hz), 322ppm (PC(CHj);, vt, *J.p,=13.5Hz);
S'P{'H} NMR (121.49 MHz, [D¢acetone, 298 K): ¢ =80.0 ppm; ele-
mental analysis calcd for C;,;Hs;NNiO;P,W (826.26): C 49.42, H 6.22,
N 1.70; found: C 49.30, H 6.36, N 1.61.

General experimental information, details of the synthesis of
[D,]-1, and of the crystal-structure determinations of 3 and 4 are
provided in the Supporting Information, which also includes
13C CPMAS NMR and VT IR spectra, as well as the computational
methodology that describes the DFT functional/basis set used and the
optimized Cartesian coordinates of the M06-calculated molecules.
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