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HX Addition and Photochemical H2 Elimination by Ni NHC Complexes
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Ni(H)(X)(IMes)2 was prepared by the addition of HX to Ni(IMes)2
(X = Cl, Br; IMes = 1,3-dimesitylimidazol-2-ylidene). Ni(H)(Cl)-
(IMes)2 (1) was isolated from the reaction mixture of Ni(IMes)2 and
2 equiv of 2,6-lutidine 3HCl. Ni(H)(Br)(IMes)2 was prepared in a
similar way. Although treatment of Ni(IMes)2 with a HCl 3 dioxane
solution gives rise to a mixture of 1, NiCl2(IMes)2, and NiCl(IMes)2,
1 was not isolable from the mixture. All three complexes cocrys-
tallized. Photolysis of these nickel hydrides activates their Ni-H
bonds by populating Ni-H σ* orbitals, which results in the
formation of H2. Treatment of 1 with HCl 3 dioxane gives rise to
H2 and NiCl2(IMes)2.

In order to meet growing global energy demands in the
absence of greenhouse gas emissions, an alternative carbon
neutral energy source and a method to generate fuel from it
are needed.1-3 To this end, solar light is particularly desirable
as an alternative energy source and hydrogen (H2) is an
attractive fuel medium for its storage. Accordingly, a sig-
nificant research investment seeks to find efficientmethods to
photogenerate H2 from appropriate substrates.4-10 HX (X=
Cl, Br) is a potential source for H2; it furnishes H2 upon
reduction by electron-rich metals, including reductions that
are light-driven, although these photoreactions are typically
stoichiometric11 andmost often they are driven by ultraviolet

light.4,12 The photogeneration of H2 from HX can be cata-
lytic as long as the M-X bonds, which are formed as the
photoproduct of H2 production, can be activated. Although
there have been reports of photocatalyticH2 generation from
HX metal complex adducts,13-15 as well as efficient photo-
generation of X2 from the M-X bonds,16-21 these photo-
conversions are mediated by non-earth-abundant second-
and third-row transition-metal elements. To this end, it is
imperative to begin developing rational H2 and X2 photo-
chemistry that is promoted by complexes of first-row metal
complexes.7 We now report the photogeneration of H2 from
nickel(II) hydride complexes bearing N-heterocyclic carbene
(NHC) ligands. The addition of HX to a nickel(0) complex
furnishes Ni(H)(X)(IMes)2 (IMes=1,3-dimesitylimidazol-2-
ylidene), which readily yields H2 upon photolysis.
A facile oxidative addition chemistry of substrates such as

organic halides and imidazolium salts to nickel(0) of Ni-
(NHC)2

22-25 inspired us to explore the HX addition chem-
istry of Ni(IMes)2. Treatment of Ni(IMes)2 with 2 equiv of a
4.0 M HCl 3 dioxane solution gives rise to NiCl2(IMes)2 as a
major product with concomitant formation of H2 along with
Ni(H)(Cl)(IMes)2 (1) andNiCl(IMes)2 (2) asminor products.
Hydride complex 1 may be obtained as the major product
when Ni(IMes)2 is treated only with 1 equiv of HCl. Never-
theless, we were unable to isolate 1 in pure form from this
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reaction mixture because of the cocrystallization of NiCl2-
(IMes)2 and 2. 2 was independently obtained from the treat-
ment of Ni(IMes)2 with 4-chlorobenzophenone in analogy to
the synthesis of NiCl(IPr)2 using Ni(IPr)2 and aryl chlorides
[IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene].26

X-ray crystallography confirmed that 2 has a T-shaped
geometry about the metal center (Figure 1, bottom).
Treatment of Ni(IMes)2 with 2 equiv of 2,6-lutidine 3HCl

generates 1 in the absence of 2.

NiðIMesÞ2 þ 2Lut 3HX f NiðHÞðXÞðIMesÞ2
ðX ¼ Cl, BrÞ

ð1Þ

Analytically pure 1 in crystalline form in ca. 70% yield is
obtained upon subsequent recrystallization. If the stoichiom-
etry of 2,6-lutidine 3HCl is reduced to 1 equiv, in eq 1, 1 is
obtained in good yield, but it is accompanied by the forma-
tion of NiCl2(IMes)2 and 2 as minor side products, as
determined by NMR. The analogous bromide complex,
Ni(H)(Br)(IMes)2 (3), also is furnished by the reaction
chemistry of eq 1 along with paramagnetic and diamagnetic
species that are consistent with NiBr(IMes)2 (4) and NiBr2-
(IMes)2, respectively. In contrast to 1, a small amount of

NiBr2(IMes)2, which could not be removed by recrystalliza-
tion based onNMRanalysis andX-ray structure, is obtained
when Ni(IMes)2 is treated with 2 equiv of 2,6-lutidine 3HBr.
However, no 4 is formed.
Thecrystal structuresof1and3,whichare shown inFigures1

and2 (top), respectively, reveal a square-planargeometry about
the nickel(II) center. The hydride was located crystallogra-
phically. The hydride signal appears in the 1H NMR spec-
trumat-21.9 ppm for1 and at-20.4ppm for3. TheUV-vis
absorption spectrum of 1 in toluene is dominated by three
features at λmax/nm (ε/103 M-1 cm-1)=307 (5.3), 335 (sh,
3.6), and 390 nm (br sh, 0.9). The UV-vis absorption
spectrum of 3 is similar to that of 1 (Figure S1 in the
Supporting Information), suggesting that the electronic tran-
sitions do not possess significant halide character.
Photolysis of 1 and 3 with λexc > 295 nm gives rise to H2

and NiX(IMes)2

NiðHÞðXÞðIMesÞ2sf
λ>295 nm

NiðXÞðIMesÞ2 þ
1

2
H2

ðX ¼ Cl, BrÞ
ð2Þ

at yields of ca. 50%and 70% (X=Cl andBr, respectively) as
determined against an internal standard in the 1H NMR
spectrum. Intractable side products are formed in small

Figure 1. Thermal ellipsoid plots of 1 (top) and 2 (bottom) at the 50%
probability level. Hydrogen atoms are omitted for clarity.

Figure 2. Thermal ellipsoid plots of 3 (top) and 4 (bottom) at the 50%
probability level. Hydrogen atoms are omitted for clarity. A bromide
from disorder in the crystal is also omitted for clarity.
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quantities. The single crystal of 4 for X-ray crystallography
was obtained from the reaction mixture (Figure 2, bottom).
Notably, the yield of H2 determined by gas chromatography
was lower (ca. 33% for X = Cl and 22% for X = Br) than
that ofNiX(IMes)2, suggestingH2-consuming side reactions.
The presence of these side products hindered kinetic studies
to determine quantitatively the rate dependence with respect
to the nickel concentration as well as quantum yields. In the
case of the latter, the presence of side products caused suf-
ficient perturbation of the absorption spectrum that quanti-
tative assessment of the quantum yields could not be
achieved. No further reduction of NiX(IMes)2 was observed
under prolonged irradiation. We note that NiCl2(IMes)2 also
does not undergo reduction upon irradiation. The addition of

1 equiv of a HCl 3 dioxane solution to 1 generates H2 and
NiCl2(IMes)2 almost quantitatively.
A time-dependent density functional theory calculation of

the electronic structure of 1 was performed with the aim of
gaining insight into the excited-state parentage from which
the photoreactivity of Ni(H)(X)(IMes)2 complexes was de-
rived. Computations were performed on a model complex of
1, in which the mesityl groups on the nitrogen atoms of the
imidazole rings were replaced by methyl groups. The calcu-
lated transitionsmatch well the energies and intensities of the
observed transitions in the UV-vis spectra of 1 and 3.
Consistent with the observed photochemistry depicted in
eq 2, the lowest-energy transitions, which are calculated to
have a high oscillator strength, are involved with excited
states that arise from the population of orbitals possessing
appreciable Ni-H σ* character (Figure 3). LUMOþ7 and
LUMO (lowest unoccupied molecular orbital) have hydride
character of 4.2% and 4.5%, respectively. Moreover, little
halide character is observed in the lowest-energy excited
states; the highest contribution of halide character is
10.7% for the LUMO. This result is consistent with the
similarity of the absorption spectra of 1 and 3 and the lack of
M-Xbondactivation photochemistry in these complexes. In
addition, the excited states have a small but nonnegligible
contribution of σ*(Ni-C) (LUMOþ7 and LUMO) and
σ*(Ni-Cl) (LUMO) character. Contributions such as these
may explain the formation of side products via excited-state
decompositions owing to Ni-ligand bond disruption.
In summary, photolysis of the nickel(II) hydride com-

plexesNi(H)(X)(IMes)2 gives rise toH2with the concomitant
formation of the reduced nickel(I) photoproduct Ni(X)-
(IMes)2. Acid protonolysis of 1 also produces H2 with the
formation of NiCl2(IMes)2. Calculations reveal that the
lowest-energy electronic excitations of 1 and 3 involve popu-
lation of the Ni-H σ* orbitals, which is consistent with
disruption of the Ni-H bond and observation of H2 photo-
generation.
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Figure 3. Energy diagram of the orbitals of 1 involved in the most
intense electronic transitions above 290 nm. Transitions indicated by blue
and red lines correspond to the excitations calculated at 297 nm (blue) and
366 nm (red). The red bars of the molecular orbital picture correspond to
the red transitionofFigure S1 in the Supporting Information and likewise
for blue.


