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Photochemistry of Transition Metal Hydrides
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ABSTRACT: Photochemical reactivity associated with metal-hydrogen bonds is widespread
among metal hydride complexes and has played a critical part in opening up C—H bond activation. It
has been exploited to design different types of photocatalytic reactions and to obtain NMR spectra
of dilute solutions with a single pulse of an NMR spectrometer. Because photolysis can be
performed on fast time scales and at low temperature, metal-hydride photochemistry has enabled
determination of the molecular structure and rates of reaction of highly reactive intermediates. We
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identify five characteristic photoprocesses of metal monohydride complexes associated with the M— | 'y, [L,L'M]
H bond, of which the most widespread are M—H homolysis and R—H reductive elimination. For dissociation reductive
metal dihydride complexes, the dominant photoprocess is reductive elimination of H,. Dihydrogen of L elimination

complexes typically lose H, photochemically. The majority of photochemical reactions are likely to
be dissociative, but hydride complexes may be designed with equilibrated excited states that undergo different photochemical
reactions, including proton transfer or hydride transfer. The photochemical mechanisms of a few reactions have been analyzed by
computational methods, including quantum dynamics. A section on specialist methods (time-resolved spectroscopy, matrix
isolation, NMR, and computational methods) and a survey of transition metal hydride photochemistry organized by transition

metal group complete the Review.
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1. INTRODUCTION

Molecular transition metal hydride complexes play roles in
innumerable chemical reactions and catalytic processes. They
illustrate the formation of simple covalent bonds with transition
metals and vary in character from acidic to hydridic.
Furthermore, a large proportion of metal hydride complexes
exhibit photochemical reactivity associated with the M—H
bond(s). Although many examples of photochemical reactivity
have long been known and have opened up new fields of
research, we are not aware of any wide-ranging reviews of this
subject. It was first reported by two groups independently in
1972 that metal dihydride complexes may undergo photo-
chemical reductive elimination of H,. Camus, Cocevar, and
Mestroni reported that cationic cobalt dihydrides [Co-
(H),(NN)(PR,),]* (NN = 2,2"-bipyridine or 1,10-phenanthro-
line, Ry = Bug, Pr;, Et;, Et,Ph) exhibit photoinduced reductive
elimination of H, under vacuum; the reaction is reversed
thermally by restoring a hydrogen atmosphere." In the same year,
Giannotti and Green communicated that a tungsten dihydride,
Cp,W(H), (Cp = n>-CHs), loses H, photochemically and
undergoes insertion of the metal into the C—H bonds of
benzene.” Since then, a variety of photoprocesses have been
observed that involve the metal—hydrogen bond(s) directly:
dissociation of hydrogen atoms, reductive elimination of H, or
RH (R = alkyl, sily], etc.), hydrogen transfer, isomerization, and
electron transfer. In addition, there may be photoprocesses
involving other ligands. It is now clear that the majority of
transition metal cis-dihydride complexes undergo photodissoci-
ation of H,, provided that the relevant absorption bands are not
obscured by other transitions with much higher absorption
coefficients. The photoprocesses for monohydride complexes
often involve M—H homolysis, but new photoprocesses are still
being discovered.

Photochemical reactions of metal dihydrides have played a
critical role in opening up C—H bond activation of arenes and
especially of alkanes.> > The ability to initiate reactions
photochemically provides a route to the synthesis of labile
products because the photochemistry may be performed at low
temperature. It also offers the opportunity to study fast reaction
kinetics and reaction intermediates by time-resolved spectros-
copy (especially laser flash photolysis) and by low-temperature
matrix isolation. These techniques have all been applied to the
C—H activation problem. Photochemistry is also a synthetic tool,
sometimes with no alternative route, as in the synthesis of
decamethylrhenocene by M—H homolysis.®

Most recently, photochemistry has been used to generate
metal dihydride complexes in selected nuclear spin states formed
synchronously with a pulsed laser’ and to study reaction
intermediates in nitrogenase.® Another important development
is the recognition that equilibrated excited states of metal hydride
polypyridine complexes can act as both strong acids and stron
hydride donors, opening up new photocatalytic reactions.”’
The past few years have also seen important progress in the
photochemistry of complexes with bridging hydrides.'"'*
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The production of hydrogen by photocatalytic methods is of
enormous current interest, but the vast majority of approaches
involve neither photochemical reaction of metal hydride
complexes directly nor formation of excited states of metal
hydride complexes by photosensitization. The involvement of
hydrides in the photocatalytic splitting of water, typically by
protonation of an intermediate, is reviewed elsewhere,'”~"" and a
very different approach will be taken here. There are exceptions,
however, that involve metal hydrides directly that will concern us
here.'"™"” In addition, we will review examples in which
photocatalysis with metal hydrides has been used for
dehydrogenation of alkanes and alcohols, borylation of arenes,
and other C—H functionalization reactions.

This Review starts with a section that surveys key photo-
processes separating the complexes into monohydrides,
dihydrides, polyhydrides, bridging hydrides, and dihydrogen
complexes. This part incorporates the theory of photo-
dissociation and also includes a subsection for photocatalysis.
It is intended that the organization of this section should enable
readers to identify photoprocesses relevant to their hydride
complexes without difficulty. In the succeeding section, we
examine specialist methods for studying mechanisms of
photochemistry of metal hydride complexes, concentrating on
time-resolved spectroscopy, matrix isolation, NMR methods, and
computational methods. Here, we also assess the significance of
photochemistry in studying reactive intermediates. In the next
part, we present a systematic survey organized by transition metal
group that follows the pattern of section 2 in addressing
monohydrides, followed by dihydrides and polyhydrides. A
concluding section completes the Review. For an up-to-date
introduction to photochemical principles, the reader is referred
to the recent book by Balzani, Ceroni, and Juris.”’ Although we
have not found any wide-ranging reviews of the photochemistry
of metal hydrides, there are several relevant reviews of narrower

areas that include some metal hydride photochemis-
try 35161721225

2. PHOTOCHEMICAL PROCESSES

In this section, we review the major photoprocesses observed for
transition metal hydrides, providing one or two key examples of
each photoprocess. Metal hydride complexes typically show
absorption bands in the UV region, often with somewhat
indistinct maxima, leading to difficulties in measurement of
quantum yields. There is some evidence of wavelength
dependence of relative quantum yields for different pathways.
We will highlight examples with useful information on electronic
spectra, quantum yields, and wavelength-dependent photo-
chemistry in this section. The available evidence, albeit limited in
extent, points to dissociative photochemical mechanisms for the
vast majority of the reactions. Some decisive exceptions concern
the metal hydride polypyridine complexes in which equilibrated
excited states are formed before reaction. The isomerization of
square-planar platinum complexes is also likely to be completely
intramolecular. The majority of the examples here involve
mononuclear complexes, since there is little recent research on
photochemistry of metal hydride clusters. However, we single
out complexes with bridging hydride ligands, because of the
principles they illustrate.

2.1. Metal Monohydride Complexes

Several photochemical pathways are known for monohydrides
involving the M—H bond: metal—hydrogen bond homolysis,
reductive elimination of R—H (R = alkyl or silyl), isomerization,

DOI: 10.1021/acs.chemrev.6b00204
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proton transfer, and hydride transfer. These pathways may
compete with photodissociation of other ligands such as CO or
with partial decoordination of cyclopentadienyl ligands (Scheme

1).

Scheme 1. Photoprocesses of Metal Monohydride Complexes
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2.1.1. Homolytic Splitting of M—H Bond. The homolytic
splitting of the metal—hydrogen bond may occur photochemi-
cally without the requirement for any radical initiators. An
excellent example is provided by the near—UV and visible (4 > 290
nm) photolysis of Cp*,ReH (Cp* = #°-CsMe;) in pentane
solution leading to the formation of decamethylrhenocene in
60% isolated yield.” There is no evidence for any competing
photoprocess, and this remains the only known access route to
decamethylrhenocene (eq 1). Often, M—H homolysis competes

Cp,*ReH—— Cpy*Re + H (1)

with photodissociation of other ligands: MnH(CO); acts as a
prototypical example. Initial matrlx isolation studies of MnH-
(CO); revealed only CO loss,”® but later the dissociation of H
atoms was demonstrated by trapping the hydrogen atom with
CO as the formyl radical, allowing the square pyramldal structure
of [Mn(CO);] to be demonstrated by IR spectroscopy.”” Use of
EPR spectroscopy for detection following photolysis (254 nm)
of MnH(CO);, in argon matrices allowed the structure of
[Mn(CO);] to be confirmed independently, the electron
distribution of the SOMO to be determined, and the H atom
to be detected.”® The amount of [Mn(CO),] produced was
increased by use of 193 nm irradiation in Ar matrices such that
[Mn(CO)s] became the dominant product detected by IR
spectroscopy.” The electronic spectrum of MnH(CO); has
been reported experimentally’® and reinvestigated by more
modern computational methods with complete active space self-
consistent field (CASSCF) methods®" with and without spin—
orbit coupling.””

The theoretical basis of the photochemistry of MnH(CO) shas
also been investigated extensively. Early calculations” have been
superseded by calculations using CASSCF methods™* that led to
the conclusion that 193 nm irradiation causes excitation to the
C'E state (dr — #*), which undergoes intersystem crossing and
internal conversion to the a’A, (¢ = 6% Mn—H) state. This state
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lies on the potential energy surface for H—Mn homolysis.
Irradiation at 229 nm generates the B'E state (dr — ¢*), which
undergoes Mn—CO bond lengthening, ultimately yielding Mn—
CO cleavage and formation of an excited state of [MnH(CO),].
This calculation rationalizes the observation of increased yield of
[Mn(CO)j;] at short wavelength irradiation. An ab initio study
with CASSCF/multireference configuration interaction (MRCI)
and complete active space second-order perturbation theory
(CASPT2) reinvestigated the electronic structure of MnH(CO);
and identified that population of the A'E and B'E states results in
CO dissociation, but it did not identify the mechanism of Mn—H
homolysis unambiguously.”’ The most recent calculations place
the C'E state at 46 820 cm™ (214 nm) and indicate that it has
63% dr — ¢* Mn—H character.”” It is important to emphasize
that such calculations suggest that there is a high density of states
at the energies that are irradiated and that the photochemistry
must be considered in terms of electronic states, not just
population in terms of antibonding orbitals. Moreover, complex
crossing between potential energy surfaces is often involved.
Nevertheless, dissociation does occur on an M—H antibonding
surface.

2.1.2. Reductive Elimination of RH (R = Me, SiEt;, OEt,
etc.). While thermal reductive elimination of alkanes from metal
alkyl hydride complexes is commonplace, the corresponding
photochemical reactions are relatively rare. Irradiation of
Cp*,ZrH(R) (R = alkyl) results in alkane reductive elimination.
Crossover and isotopic labeling demonstrated that the reductive
elimination occurs by an intramolecular mechanism (eq 2).*

Cp*yZrH(alkyl) — [Cp*pZr] + H-alkyl (2)
The photochemical reaction of cis-mer-[MH(SiEt;)-
(CO);(PPhy)] (M = Fe, Ru) in alkane glasses at 100 K reveals
formation of both CO (40%) and SiHEt; (60%) as primary
photoproducts—only these two photoprocesses are significant.
Photochemical reductive elimination can be used to exchange
coordinated silyl groups (eq 3) at room temperature in solution

MH(SIEt;)(CO)(PPhg) + HSiPh; —= MH(SiPhs)(CO)(PPhg) + HSiEt;  (3)

with a quantum yield of 0.6 + 0 1 at 313 nm. However, loss of CO
remains a competing process.’® The alkoxide hydride Cp*IrH-
(OEt)(PPh;) undergoes reductive elimination of EtOH on
irradiation.”

2.1.3. Photoisomerization. Square-planar platinum com-
plexes are well-known to undergo photochemical cis—trans
isomerization, and platinum hydrides are no exception. Examples
are provided by cis-[PtH(SiR,R’)(PCy;),] (R, R’ = H, alkyl,
aryl), which undergo quantitative isomerization on UV
irradiation at room temperature (section 4.7). It is likely that
this is an intramolecular process proceeding via a tetrahedral
transition state as has been postulated for other platinum
complexes.”® Photoisomerization may also occur in other ways:
the octahedral complex [IrH(tpy)(ppy)]* (tpy = 2,2":6',2"-
terpyridine, ppy = 2-phenylpyridine) changes configuration,”
while IrH(triphos) (C,H,) (triphos = MeC(CH,PPh,);) under-
goes oxidative C—H cleavage to form the vinyl dihydride
IrH,(CH=CH,) (triphos).*

2.1.4. Photochemical Proton Transfer and Hydride
Transfer. There are two further photoprocesses that have been
discovered much more recently: transfer of a proton from an
excited state and transfer of a hydride from an excited state. In
each case, we are concerned with metal hydride polypyridine

DOI: 10.1021/acs.chemrev.6b00204
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Scheme 2. Photochemical Proton and Hydride Transfer from Excited Triplet State for [Cp*IrH(bpy)]* (Reproduced with
Permission from Ref 9; Copyright 2014 American Chemical Society)
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complexes that have equilibrated excited states, as opposed to the
dissociative excited states of metal hydrides that are usually
formed. As with many polypyridine complexes, [Cp*IrH(bpy)]*
(bpy = 2,2-bipyridine) forms an equilibrated excited state that is
emissive. (4., 708 nm).”*"** This cation forms a transient when
irradiated in methanol (1, 430 nm) that is readily identified as
[Cp*Ir(bpy)] and that regenerates the precursor by second-
order kinetics.'” The solvent kinetic isotope effect for the
regeneration step is remarkably large at 8.2 when methanol is
replaced by methanol-d;. Ultrafast laser experiments (excited at
355 nm) show that the rate of formation of the triplet metal-to-
ligand charge-transfer (MLCT) state (1.4 X 10" s™") is ca. 18
times faster than its rate of deprotonation (8.1 x 10°s7!)."" The
ground-state pK,, is measured as 23.3 in CH3;CN compared to the
excited state value pK,* of —12, estimated from the emission
spectra, confirming that it can protonate methanol.” Remarkably,
this complex is also predicted to be a very strong hydride donor,
stronger than [HBEt;] ™, resulting from the transfer of charge to
bpy in the excited state. Experimentally, [Cp*IrH(bpy)]*
transfers hydride to several acids in CD;CN, forming H,; the
weakest of these acids is acetic acid (pK, = 23.5), where the other
product is [Cp*Ir(OAc)(bpy)]* (Scheme 2). Photoreaction
with methylnicotinamide iodide yields the products of single-
hydride transfer or double-hydride transfer according to the
conditions.” The full mechanism of hydride transfer is not yet
known and may involve either direct hydride transfer in the
excited state or a sequence of reactions resulting in net hydride
transfer. Thus, the ability to act both as a strong excited-state acid
and hydride donor may be compared to the ability of metal
polypyridine complexes to act as both strong oxidizers and strong
reducers. Several photocatalytic reactions are associated with
[Cp*IrH(bpy)]* (section 2.6).

2.2. Metal Dihydride Complexes

The photoinduced reductive elimination of H, from dihydride
complexes is by far the most common photochemical pathway
for metal hydrides and competes effectively with the photo-
dissociation of other ligands such as phosphine or CO. All of the
evidence points to this reaction as a concerted cleavage of the two
M—H bonds with concomitant formation of the H—H bond.
Three other pathways have been identified: photoinduced
electron transfer, photoisomerization, and hydrogen migration
(Scheme 3). In contrast to the monohydrides, there is no
convincing evidence for homolytic cleavage of an M—H bond
generating hydrogen atoms. In addition, there are a few examples
of formation of charge-transfer complexes that exhibit different
photochemical pathways. In the examples given in section 2.2.1,
photoelimination is the sole process, but this is not generally
true; see the case of Ru(H),(PMe;), for an example.”’
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Scheme 3. Photoprocesses of Metal Dihydride Complexes
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2.2.1. Reductive Elimination of H,. Irradiation of Cp,W-
(H), in solution causes loss of H, and insertion of [Cp,W] into
C—H, C=S8, S—H, or O—H bonds.>**~*® The discoveries of the
insertion reactions into the C—H bonds of benzene and
tetramethylsilane were significant landmarks in the development
of C—H bond activation. The complex Cp,W(H), has a clear
absorption maximum in hexane solution at 270 nm (¢ = 5000
dm® mol™ cm™) with a shoulder at 325 nm tailing into the
visible reéion; the gas-phase absorption spectrum has also been
reported.”” The photoreaction occurs with a lower limiting
quantum yield of ca. 0.01 upon irradiation at 366 nm.** Matrix
isolation experiments revealed tungstenocene as the primary
photoproduct and showed via IR, UV—vis, laser-induced
fluorescence, and magnetic circular dichroism that it has a
parallel sandwich structure with a 3E2g ground state. These early
experiments are summarized in reviews.””' Since then, the
matrix photochemistry has been investigated in more detail.”*~>*
Additional reports have added the photochemical reactions of
Cp,W(H), in solution with HSiCl,, HSiMe,Cl, and HSiMe; to
make the corresponding Cp,WH(SiR;) complexes.”*® Co-
irradiation of Cp,W(H), and metal—metal-bonded carbonyl
complexes such as [CpNi(CO)], or [CpRu(CO),], have been
used to generate heterodinuclear complexes. In these reactions
with two metal complexes, there is no control of which complex
undergoes ghotochemical reactions, and it is likely that both
contribute.”” The solution photoreactions of Cp,W(H), are
shown in Scheme 4; these reactions cannot be achieved by
heating Cp,W(H),, but many are accessible if Cp,WH(CHj) is
used as a thermal source of [Cp,W]. The corresponding
photochemistry of Cp,Mo(H), is described in section 4.3.2.
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Scheme 4. Solution Photochemistry of Cp,W(H),
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The first report of the solution photochemistry of
Ru(H),(dmpe), and Ru(H),(dppe), (dmpe
Me,PCH,CH,PMe,, dppe = Ph,PCH,CH,PPh,) in toluene-dg
employed mass spectrometry to demonstrate that the dominant
photoprocess in these complexes is loss of H,, revealing H, with
only ca. 3% HD. A similar quantity of HD is formed in a crossover
experiment where Ru(H),(dmpe), and Ru(D),(dmpe), are
irradiated together (313 nm) in solution.”® Photolysis in an EPR
spectrometer at low temperature in the presence of a spin trap
also failed to generate a hydrogen spin adduct. Irradiation in
benzene solution in the presence of carbon monoxide or ethylene
led to loss of H, and the formation of the corresponding
complexes Ru(dmpe),L or Ru(dppe),L (L = CO, C,H,). In the
absence of substrate, the products were identified as Ru,(dm 8pe) s
and RuH(C¢H,PPhCH,CH,PPh,)(dppe), respectively.”® In
understanding these reactions, it is important to note that the
cis-dihydride isomers dominate over the trans isomers (Ru-
(H),(dmpe), ca. 13:1, Ru(H),(dppe), ca. 20:1) and that there is
probably a slow equilibrium between the isomers. Further
photochemical reactions of Ru(H),(dmpe), were reported in
later studies including C—H, Si—H, and B—H activation
reactions (Scheme 5).°”°° Notably, reinvestigation of the
reaction with ethylene showed formation of cis-[RuH(CH=
CH,)(dmpe),] in addition to Ru(dmpe),(C,H,). The UV
absorption spectrum of Ru(H),(dmpe), (colorless when pure)
shows a maximum at 210 nm (& = 4900 dm® mol™' cm™) in
pentane solution and a shoulder at 260 nm. The quantum yield at
3086r11m has been determined by transient actinometry as 0.85 =+
0.1.

The photochemical reactions of Ru(H),(dmpe), have been
investigated by both matrix isolation and laser flash photolysis
(time-resolved absorption spectroscopy).”” UV photolysis in
argon or methane matrices causes depletion of the v(RuH)
bands of Ru(H),(dmpe), in the IR spectrum and growth of
characteristic UV—vis absorption bands for [Ru(dmpe),],
including long-wavelength absorptions at 460, 543, and 743
nm (values for Ar matrix). The reactions can be partially reversed
by long-wavelength irradiation. There is no evidence for
activation of methane; introduction of 1.5% CO results in
photochemical conversion of Ru(H),(dmpe), to Ru-
(dmpe),(CO).

Laser flash photolysis is simplest for a reaction that is driven
forward photochemically and reverses thermally. Such a
degenerate reaction is indeed set up by adding subatmospheric
pressures of H, to a solution of Ru(H),(dmpe), in cyclohexane
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Scheme S. Solution Photochemistry of Ru(H),(dmpe),
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(eq 4). The resulting transient absorption spectrum measured
400 ns after the 308 nm flash at 300 K shows a striking match to

RuH,(dmpe), [Ru(dmpe)y] + H, (4)

the spectra observed in methane matrix at 12 K. The transient
decays with pseudo-first-order kinetics allowing the second-
order rate constant to be determined as (6.8 + 0.3) X 10° dm’®
mol ™' s7! by varying the partial pressure of H,. The kinetic
isotope effect for H, readdition is measured as ky/kp = 1.20 +
0.08. The rate constant is very close to the diffusion limit and still
represents the fastest recorded rate constant for reaction of H, at
a transition metal center.”

When laser flash photolysis is performed under an argon
atmosphere, the reaction is still largely reversible leading to
second order kinetics. Flash photolysis in the presence of a
variety of substrates resulting in quenching behavior, allowing
second-order rate constants for reaction with [Ru(dmpe),] to be
determined. The rate constants follow the order H, > CO >
HBpin > t-BuNC > PMe; > C,H, = HSiEt; > cyclopentene and
span a factor of ca. 2000. Activation parameters for several
reactions of group 8 [MP,] complexes, among them [Ru-
(dmpe),], are listed in Table 1. When the corresponding
experiments are carried out in the absence of substrate, second-
order kinetics are observed, consistent with recombination with
H, as the major reaction. Indirect evidence for some reaction of

[Ru(dmpe),] with itself or with Ru(H),(dmpe), comes from
anomalous behavior at higher concentrations and the nonzero
intercept in the quenching plots. 5960 The rise-time of [Ru-
(dmpe),] following irradiation (300 nm) of Ru(H),(dmpe),
under H, has been probed by picosecond transient absorption
methods and shown to be <16 ps, the instrumental response
(Figure 1). These experiments revealed partial decay of the
transient with a rate constant ca. 100 times faster than observed
in the nanosecond experlments (kops = 3 X 10° s7"), perhaps due
to geminate recombination.’” The recent increases in sensitivity
and time resolution would allow improvements to these
measurements (section 3.1.1).

When a laser flash is employed to irradiate Ru(H),(dmpe),
under argon and the heat deposition is measured by photo-
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Table 1. Activation Parameters for Reactions of Group 8
[MP,] Complexes Determined by Transient Absorption
Spectroscopy

AHY, AS?, AGHy55, K]/
kJ/mol J/mol/K mol reference
[Fe(dmpe),] + HSiEt, 22 +2 —87+6 48+3 63
[Ru(dmpe),] + 9+1 -53+4 25+2 59
HSiEt,
[Ru(depe),] + HSiEt; 11 +3 —112 + 4 44+ 1 64
[Ru(dmpm),] + 11+ —40+ S 23+2 65
HSiEt,
[Ru(PP)] + HSiEt, 35+ 1846 40 + 4 66
[Ru(etp)(CO)] + 11+1 —49+ 4 25.7 £ 0.1 67
HSiEt,
[0s(PP;)] + HSiEt, 31+5 27+ 12 39+6 66
[Ru(PP3)] + C¢Hy 39+ 4 +1+13 38+6 66
[Os(PP3)] + C¢Hg 38+3 -7+9 40 + 66
[Os(PP,)] + pentane 27 +1 =59 +4 45+2 66
1 800
35} e%0000® o o
. * ® 720 nm
00 o ". - 700
35} ot o . . e 540 nm ] nm
10%4A . \
. - 600
OO0F © o o
70 ¢ - . e 470nm
. \ * 4500
35F R
. ? L 1 1 400
-50 0 50 100 150 < AA
Time/ps

Figure 1. Transient absorption signals following laser flash photolysis of
Ru(H),(dmpe), in cyclohexane solution under 1 atm of H, at 300 K
monitored at 470, 540, and 720 nm over a 150 ps time scale (left). The
signals rise within the response time of 16 ps. The detection wavelengths
for the traces (left) are mapped onto the transient UV—vis spectrum of
[Ru(dmpe),] obtained by ns-laser flash photolysis. Reproduced from ref
62. Copyright 1994 American Chemical Society.

acoustic calorimetry, the enthalpy of reaction of [Ru(dmpe),]
and H, to form Ru(H),(dmpe), may be determined (eq 4, back
reaction), yielding a value of AH = —22.7 kcal/mol and allowing
the Ru—H bond dissociation enthalpy to be estimated as 63.5 +
2.0 kcal/mol. The same method can be used with CO and N,
atmospheres to determine the Ru—CO and Ru—N, bond
enthalpies as 43 + 2.0 and 18.8 + 2.0 kcal/mol, respectively.”"

Fast kinetic methods have also been used to investigate the
photochemistry of Ru(H),(dppe),, showing that transient
[Ru(dppe),] may be generated in a similar way to that described
for [Ru(dmpe),]. Replacement of the phosphine methyl
substituents by phenyl groups leads to a reduction in the rate
constants by a factor of 260 for H,, rising to a factor of 3700 for
ethylene, indicating a great increase in selectivity.’”** The
transient absorption spectrum of [Ru(dppe),] resembles that of
[Ru(dmpe),].

In a new method development (see section 3.2), the
photochemistry of Ru(H),(dppe), has been investigated in
laser pump—NMR probe experiments in which a single pulse of a
laser (35S nm) initiates dissociation of H, and a single radio
frequency (rf) pulse serves to detect the resulting magnet-
ization.” In these experiments, para-H, replaces the usual H,
atmosphere, resulting in the formation of Ru(H),(dppe), in
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selected nuclear spin states, greatly increasing the sensitivity of
NMR detection. When the delay time between the laser pulse
and the rf pulse is varied, oscillations in the magnetization are
revealed with an oscillation frequency corresponding to the
difference between the two spin—spin coupling constants
ptitrans — Jpresl- This laser pump—NMR probe method paves
the way for studying millisecond or microsecond reaction
kinetics with the benefits of highly resolved NMR spectra to
identify species unambiguously.

The origin of the rich absorption spectrum of d* [Ru(dmpe), ]
has been traced to a square-planar (D,;,) structure with a singlet
ground state. This characteristic pattern is found in other
unconstrained [RuP,] and [OsP,] speciesM’68 but is very
different from that of constrained species that cannot adopt a
square-planar structure®®® such as [Ru(PP;)] (PP, = P-
(CH,CH,PPh,),). It also contrasts with that of [Fe(dmpe),],
which adopts a triplet ground state.”> The low-energy band of
[Ru(dmpe),] is assigned to a 4d,> — Sp, transition.

The initial photodissociation of H, from cis-[Ru(H),(dmpe), |
has been modeled with cis-[Ru(H),(PH,),] and time-dependent
density functional theory (DFT) calculations.”” The absorption
band is identified with the HOMO-1 to LUMO transition to the
S, state (d,, — combination of d,>_2, d,?, and o, of H, fragment;
C, axis defined as y). Elimination of H, is found to be exothermic
and dissociative in both the S, and S, excited states. Wave-packet
analysis shows that elimination of H, occurs via an avoided
crossing on a time scale of 100 fs if the wave packet is allowed to
propagate on the potential energy surface after relaxation to the
geometry corresponding to the H, elimination barrier. This
relaxation may itself take a few hundred femtoseconds.

Density functional calculations have also been reported on
[Ru(PH,),] as a model for [Ru(dmpe),], making extensive
comparisons to [Fe(PH,),] and [Rh(PH;),]*.”" The singlet
state of [Ru(PH,),] was calculated to be more stable than the
triplet state by ca. 12 kcal/mol and the triplet state was calculated
to adopt a D,,; geometry with P—Ru—P angles of 159°. (There is
an interesting comparison to the Ru’ complex Ru(CO),(Pt
Bu,Me), that has been isolated and studied computationally and
which adopts a C,, structure.)’” Oxidative addition of H, was
predicted to be exothermic by 34 kcal/mol (evidently an
overestimate; see above). The pathway for oxidative addition was
calculated to proceed without any barrier via an initial end-on
approach of H,. The H—H distance does not elongate and the H,
does not swing to a sideways orientation until the Ru—H distance
is close to its final value. The ASCF (SCF = self-consistent field)
method was used to calculate the lowest energy transitions of
[Ru(PH,),] and [Rh(PH,),]* and gave energies as 13 900 and
26200 cm™', very accurately reproducing the experimental
values for the dmpe compounds of 13 800 and 25600 cm™,
respectively. These calculations support the 4d,> — Sp,
assignment of the low-energy band of [Ru(dmpe),].”" Details
of the photochemistry of related M(H),P, and M(H),P;(CO)
complexes (M = Fe, Ru, Os; P = phosphine) are given in section
4.5.2.

The most thorough theoretical treatments address the
photochemical reductive elimination of H, from Fe(H),(CO),
and the competing dissociation of CO. The theoretical work is
linked to the matrix-isolation photochemistry of Fe(H),(CO),,
which showed exclusive loss of H, and also showed that the
reaction could be partially reversed by long-wavelength
irradiation.” A simplified orbital approach examines the bonding
and antibonding orbitals involved in the Fe(H), interaction
(Scheme 6) and suggests that reaction occurs by population of
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Scheme 6. Simplified Bonding and Antibonding Orbital
Overlap Diagrams for a Metal Dihydride (Adapted with
Permission from Ref 75; Copyright 2000 Elsevier)

<o
oo

the orbital that is Fe—H antibonding and H—H bonding, labeled
o, * in Scheme 6. According to CASSCF/CCI (CCI = contracted
configuration interaction) calculations, the main contributions to
the absorption spectrum relevant to H, dissociation are 'A; —

'B, and 'A; — 'A, transitions, which both correspond to d-o,*

excitation. The upper states of these transitions are dissociative
with respect to H, elimination. According to wave-packet
analysis, H, elimination occurs within 40 fs.”*”> There is no
evidence for intersystem crossing. The dissociation of H, is
predicted to dominate over CO dissociation throughout the UV
absorption region. Although this sounds simple, there are
numerous close-lying states, such that a multiconfigurational
approach is necessary to describe the photodissociation
dynamics. In more recent work, calculation of the absorption
energies has been refined.”®”’

2.2.2. Photoisomerization. Photoisomerization of an
octahedral metal dihydride complex may occur via photoinduced
reductive elimination of H, or via photoinduced loss of another
ligand. The example of Ru(H),(NHC)(CO)(PPh,), (NHC =
N-heterocyclic carbene) illustrates these processes (Figure 2).”*
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Figure 2. Time profile for conversion of 1 (M) into isomers 2 (o), 3
(mw), and 4 (#) over 130 min upon photolysis at 223 K (observed
points and fitted lines with the dominant pathways indicated).
Reproduced with permission from ref 78. Copyright 2006 American
Chemical Society.

The photochemical reaction was studied by in situ laser
photolysis (325 nm, continuous wave) within the probehead of
an NMR spectrometer at 223 K and demonstrates initial
conversion of the stable isomer 1 to new isomers 2, 3, and
cyclometalation product 4. The role of H, loss was demonstrated
by irradiating under a para-H, atmosphere, resulting in
formation of enhanced spectra of 2 and 3. The competing loss
of PPh; was evident from a photochemical reaction in the
presence of pyridine that yielded a substitution product. A
combination of kinetic analysis and DFT calculations revealed
the complete pathway for isomerization involving both H, and
PPh; loss.

A vparticularly interesting example of photoisomerization
concerns CpMn(H),(dfepe) (dfepe = (C,Fs),PCH,CH,P-
(C,Fs),) that exists as an equilibrium mixture of the dihydride
isomer with transoid diphosphine and the dihydrogen isomer
with cisoid diphosphine. Photolysis at 10 °C results in complete
conversion to the dihydrogen complex. When left in the dark, the
original equilibrium mixture is slowly restored.”” A related
phenomenon has been observed on irradiation of CpRe-
(H),(CO), in a methylcyclohexane glass at 10 K followed by
warming to 200 K, but neither the distinction between dihydride
and dihydrogen isomers nor the photoisomerization is so
complete.”” This behavior may be compared to that of
CpRe(H),(PPh,), (next section).

2.2.3. Photoinduced Hydrogen Migration. Photodisso-
ciation is not the only photoprocess involving the hydride ligands
that has been observed for metal dihydrides. Loss of one or both
PPh; ligands was observed when CpRe(H),(PPh;), was
photolyzed and a variety of substitution products were
synthesized in the presence of phosphines, tetrahydrofuran
(THF), and C,H,. The complex also showed photocatalytic
activity (4 > 345 nm irradiating into edge of absorption band at
328 nm) for the conversion of C,H, and benzene into
ethylbenzene, ethane, 1-butane, and butane.®’ Additionally, it
catalyzes photoinduced H/D exchange between deuterated
solvents and arene or alkane substrates including methane
itself.*> An extensive series of isotope-labeling studies led to the
conclusion that the photochemical mechanism does not involve
[CpRe(H),(PPh;)] or [CpRe(PPh,),] as intermediates but
involves metal-to-ring hydrogen migration to form (*-CsHj)-
ReH(PPh,),. This compound undergoes a further migration to
form [ (7*-CsH,)Re(PPh,), ], which is the active species for H/D
exchange.™

2.2.4. Photoinduced Electron Transfer, Charge Trans-
fer (CT) Adducts, and Photosensitization. The first report of
the photochemistry of Ru(H),(dmpe), included the demon-
stration of the photoreaction with tetracyanoethylene (TCNE)
in benzene yielding Ru(dmpe),{C,(CN);}(CN). The authors
detected the TCNE™ radical by EPR and UV—vis spectroscopy
and proposed two successive photochemical steps, the first to
form [M(dmpe)," TCNE™] and the second to convert this
charge-transfer adduct to Ru(dmpe),{C,(CN);}(CN).*® There
was no mention of ground-state adducts. Related experiments on
Cp,W(H), yielded somewhat different results;** ground-state
donor—acceptor adducts were observed with absorption bands in
the region 480 nm (dimethylfumarate, K, = 0.08 M™) to 538
nm (maleic anhydride, K, = 0.2 M™"), where K, is the formation
constant of the adduct. The charge-transfer transition energies
correlate with the electron affinity of the activated alkenes.
Irradiation of the maleic anhydride adduct into the tail of the CT
band (>550 nm) resulted in formation of the Cp,W(i*-CC-
{C,H,(CO),0} together with succinic anhydride. A similar
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Scheme 7. Solution Photochemistry of Mo(H),(dppe),; Ph Groups on the dppe Ligand Are Not Shown in the Products
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reaction occurred with fumaronitrile. These reactions evidently
proceed by a very different photochemical pathway from those
described in section 2.2.1 and must involve the excited state of
the CT adduct.

The examples described so far absorb predominantly or
exclusively in the UV region. It is therefore highly desirable to
sensitize metal hydrides by using visible light absorbers. Such
photosensitization has been achieved only rarely but is illustrated
by the case of [Co(H),(bpy)(PEt,Ph),]*, which has an
absorption tailing into the visible and undergoes photoinduced
H, loss in methanol solution with 405 nm radiation (quantum
yield = 0.14). Addition of Fe(bpy),(CN), allows the photolysis
to be performed with a similar quantum yield but at much longer
wavelength (577 nm).** The mechanism does not seem to have
been investigated further but may well involve photoinduced
electron transfer and hence be related to the charge-transfer
photochemistry described above.

An alternative approach is to use photoelectrolysis to deliver
the electron to the metal hydride complex. This method is
discussed in more detail in the Photocatalysis section in the
context of the [Mo(H),(0O,CMe)(dppe),]* as the electron
acceptor. ©

2.3. Metal Polyhydride Complexes

Metal polyhydride complexes offer the possibility of either
photoinduced H loss or H, loss, in addition to photodissociation
of other ligands. The tetrahydride, Mo(H),(dppe),, provides a
well-studied example of an emissive hydride complex: it absorbs
at 380 nm (26 000 cm™") and emits at 580 nm (17 300 cm ™) ina
2-MeTHF glass at 77 K with an emission lifetime of 87 us,
leading to the assignment of the emissive state as a spin triplet."’
The emission yield is enhanced in the deuterated analogue,
Mo(D),(dppe),. The photolysis (366 nm) of Mo(H),(dppe),
under N, results in conversion to trans-[Mo(N,),(dppe),] in
high yield. Similarly, the corresponding reactions with CO or
C,H, give Mo(L),(dppe), (L = CO, C,H,).*”** In the presence
of H,, Mo(H),(dppe), acts as a photocatalyst for reduction of
alkenes. Photolysis under CO, takes a different course, yielding
the insertion product MoH(OZCH)(dppe)Z,89 while reaction
with alkyl methacrylates yielded seven-coordinate MoH(xk*-
CHCMeCO,R)(dppe), by C—H activation.” A related reaction
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with allyl carboxylates yielded hydrido carboxylate complexes,
releasing propene and H,. These reactions are thought to involve
initial coordination of the allyl group.”’ p-Dicarbonyl com-
pounds such as 2,4-pentanedione react to form molybdenum
hydrido dionato complexes; the authors interpret this as an O—H
oxidative addition from the enol form. Photoinduced oxidative
addition reactions of N—H bonds with succinimide and N-alkyl
acetamide and related compounds were observed, yielding
metalacycles.”””” In spite of this extensive preparative chemistry
(Scheme 7), the photogenerated intermediate [Mo-
(H),(dppe),] has not been characterized, and there remains a
question of whether this intermediate undergoes a second
reductive elimination to form [Mo(dppe),] or whether the
products result from reaction of Mo(H),(L)(dppe) (photo-
chemical or thermal). In contrast to the behavior of Cp,W(H),,
most of these reactions can also be effected by thermal reaction of
Mo(H),(dppe),. They are reviewed in a perspective article.”'
This photoreactivity is also related to some photocatalytic
reactions (section 2.6).

In a reminder of the possibility of photochemical loss of
ligands other than hydrogen, even if chelating, it has recently
been demonstrated that irradiation of W(H),(dppe), under
hydrogen results in the formation of a photostatlonary state
between W(H),(dppe), and W(H)4(dppe) (x'-dppe).”*

2.4. Metal Dihydrogen Complexes

The majority of dihydrogen complexes are thermally labile with
respect to H, loss, meaning that photochemical loss usually
becomes significant only at low temperatures. A clear
demonstration of photochemical loss of H, from a dihydrogen
complex came from the reaction of chromium hexacarbonyl in
H,-doped argon matrices at 4—12 K. UV photolysis caused
generation of [Cr(CO);], which reacted on long-wavelength
photolysis to form Cr(H,)(CO)j. Irradiation at 365 nm into the
absorption band of Cr(H,)(CO);s caused conversion back to
[Cr(CO),].” Similarly, irradiation of CpMH(CO); (M = Mo,
W) in H,-doped argon matrices generates CpMH(H,)(CO),,
which is itself photosensitive, losing H, on 350 nm irradiation.”
In these reactions the dihydrogen ligand behaves similarly to
other two-electron donor ligands in its photolability under long-
wavelength irradiation. Metal dihydrogen complexes may also be
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generated by metal vapor methods in conjunction with matrix
isolation. For example, Fe(H),(H,); has been formed by co-
condensation of iron atoms with pure hydrogen at 4.5 K and
proved to be photolabile.”” The photochemical loss of H, from
two Rh(H,)(PCP) (PCP = (2,6-C4H;)(CH,PtBu,),) complexes
at room temperature has been used to monitor transient spectra
and kinetics of [Rh(PCP)] intermediates (Scheme 8). Thus, the

Scheme 8. Photochemical Loss of H, from the Dihydrogen
Complex Rh(H,)(PCP) (Reproduced with Permission from
Ref 98; Copyright 2013 American Chemical Society)

P'Bu, P'Bu,
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photodissociation of the 7*H, ligand can prove useful, even
though Rh(H,)(PCP) equilibrates with other ligands very
readily.”® An example of photocatalysis,” probably involving

photolysis of dihydrogen complexes, is summarized in section
2.6.

2.5. Bridging Metal Hydrides

The photochemistry of dinuclear and polynuclear complexes
offers approaches to photochemical generation of hydrogen with
visible light rather than UV radiation. Recent work has also
highlighted the importance of bridging hydrides in bioinorganic
chemistry. This section illustrates key principles for bridging
hydrides. The first example to be studied was [Pt,(H),(u-
H)(dppm),]* (dppm = Ph,PCH,PPh,), which contains two
terminal and one brid%ing hydride supported by two bridging
diphosphine ligands.'*® Trradiation in CH;CN leads to
conversion to Pt,H(dppm),(CH;CN) with a single terminal
hydride with a quantum yield of 0.62 at 366 nm. This reaction has
a far higher quantum yield than that for irradiation of
[Pt,(H),Cl(dppm),]*, which has one hydride on each platinum.
There are some dinuclear complexes that also undergo loss of H,,
among them dirhodium complexes containing parallel terminal
rhodium—hydride bonds studied for hydrogen production. The
diplatinum complex can be considered as a model for the
photochemical H, release from these dinuclear rhodium
complexes that are postulated to convert to HRh(u-H)Rh
isomers before losing H,.'”' 6—0* excitation of these d®--d®
thodium dimers generates predominantly H, even in the
presence of THF as a trap. Crossover experiments with mixtures
of [Rh,(H),] and [Rh,(D),] generate mainly H, and D,
(Scheme 9).

+ Hy

Scheme 9. General Scheme for H, Elimination from a
Dinuclear Metal Species (Reproduced with Permission from
Ref 101; Copyright 2005 American Chemical Society)
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Much more recently, the photochemistry of (Cp*Ru),(u-H),
has been examined. This complex absorbs at 371 nm (& = 2200
dm?® mol™ em™) and was photochemically inert in THF, but
reacted on irradiation at 365 nm with methyl ketones to form
(Cp*Ru),(u-H),(u—n*-CH,C(O)CHR) + 2H, where the
bridging ligand is described as oxatrimethylenemethane.'” The
authors propose that the reaction proceeds via an exciplex,
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although no further evidence is provided. Photoreaction of CO,-
saturated THF solutions yielded the trihydrido formato complex
(Cp*Ru),(u-H);(u—*-OCHO) (Scheme 10). However, the
corresponding reaction of (Cp*Ru),(u-H), where Cp* = 5
1,2,4-CH,t-Bu, yielded (Cp*Ru),(u-O)(u-CO) with bridging
oxo and carbonyl ligands."' An interesting feature of these
reactions with CO, is that there is no H, loss but there is reaction
at the hydride ligands.

UV irradiation of trans-[Fe,Cp,(u-H)(u-PPh,)(CO),]
showed three photochemical pathways according to the
following conditions: photoisomerization to the cis-form,
introduction of a new phosphine ligand by reaction with PRyH
with concomitant P—H cleavage, loss of H,, and CO substitution.
Because isomerization is not suppressed by added CO or PR,H,
the authors postulate isomerization by reversible opening of the
hydride bridge. The other pathways of the trans-complex are
initiated by CO loss; the photochemistry of the cis-complex is
also dominated by CO loss.'"”>'® Related trans—cis photo-
isomerization has been reported for trans-[Fe,Cp,(u-H)(u-
PR*,)(CO),] where PR*, is an optically active phosphine.'**'*>
More recently, the high-spin Fe(II) complex [(f-diketiminate)-
Fe(u-H)], was found to reductively eliminate H, photochemi-
cally in the presence of N, to yield [ (-diketiminate) FeNNFe(/3-
diketiminate)].'%

Nitrogenase generates dihydrogen at the same time as
ammonia. Recently, an intermediate has been generated from a
mutant in which a reduced form of the cofactor is stabilized,
which is thought to store two molecules of hydrogen as two
bridging hydrides and two protonated bridging sulfur atoms in a
4Fe arrangement (Scheme 11). Low-temperature (<20 K)
irradiation of this form within an EPR cavity results in reversible
elimination of H,.* The photochemical reductive elimination
exhibits a large kinetic isotope effect (KIE =~ 10) that is
temperature-independent, indicating that there is a barrier in this
step that is overcome by a tunneling mechanism. The reverse
oxidative addition step is induced by heating and shows a KIE of
~5.4 at 193 K. There are no examples of photochemical
reductive elimination of H, from small molecules that are closely
comparable.

2.6. Photocatalysis

~
~

Photocatalysis can encompass many types of catalysis, and it is
important to distinguish the different types where possible, even
though the term is often used loosely. It may not be possible to
identify to which class a reaction belongs without additional
mechanistic information, especially the quantum yield. We
follow Wrighton'”” in our definitions with modifications and
additions by Hennig'*® and ourselves.

(a) Photoinduced catalysis refers to the situation where the
photochemical reaction generates an active species that
participates in thermal catalytic reactions. The quantum
yield may exceed unity and the overall free energy of the
catalyzed reaction must be negative.

(b) In photoassisted catalysis, at least one photochemical
reaction lies within the catalytic cycle and the quantum
yield cannot exceed unity. Catalytic reactions with overall
positive free energy must belong to this class, although
those that are exergonic could also belong to it.

(c) Photosensitized catalytic reactions involve excitation of
the photosensitizer that transfers (i) its excitation energy
(photoinduced energy transfer) or (ii) an electron
(photoinduced electron transfer to another species
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Scheme 10. Photoreactivity of (Cp*Ru),(u-H), (Reproduced with Permission from Refs 11 and 12; Copyright 2014 American
Chemical Society and 2013 John Wiley and Sons, Respectively)
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Scheme 11. Photochemical Reductive Elimination of H, from
Cofactor of Nitrogenase (Reproduced with Permission from
Ref 8; Copyright 2016 American Chemical Society)
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allowing entry to the catalytic cycle). The resulting
mechanism could belong to either class a or class b.

(d)

Photoelectrocatalysis combines the use of electrolysis and
photochemistry. The light absorber may be a photo-
electrode such as a semiconductor or a species in the
electrolyte solution. In photoelectrocatalysis, additional
energy may be provided to overcome a thermodynamic or

kinetic barrier via an electrical bias.

2.6.1. Photoinduced Catalysis. A clear-cut example of
photoinduced catalysis is provided by the tungsten monohydride
CpWH(CO)3, which undergoes CO substitution by PBu; on UV
irradiation (311 nm) without dimerization, with quantum yields
up to at least 30. A radical chain initiated by W—H bond
homolysis was given as the primary mechanism; the 17e-radical
substitutes much faster than the 18e-complex, yielding CpW-
(CO),(PBu;), which abstracts H from CpWH(CO),. The
quantum yield becomes much higher on addition of a few
percent of [CpW(CO),],, reaching values of at least 1000."%

2.6.2. Photoassisted Catalysis. The range of examples of
photoassisted catalysis 1nvolv1ng metal hydrides is well illustrated
in Esswein and Nocera’s review.'® One of the major goals is, of
course, to produce H, from water, a process that is very
successfully catalyzed by hydrogenases. The mimic of [FeFe]-
hydrogenase [Fe,(CO),(dppv)(u-pdt)(u-H)]BE, (dppv = cis-
Ph,PCH=CHPPh,, pdt = propane dithiolate) generates H, on
irradiation of CH,Cl, solutions containing [H(OEt,)]BF, or
HOT{. Addition of octamethylferrocene inhibits catalyst
decomposition, but the turnover numbers are <10."*

In an effort to develop a light-driven energy conversion
catalyst, Heyduk and Nocera reported a two-electron mixed-
valence Rh compound as photocatalyst for H, evolution from the
reduction of hydrohalic acid.''* A few years later the same group
showed that an analogous two-electron mixed-valent complex
Rh,*"(tfepma),(CNAd),Cl, (tfepma = CH;N[P(OCH,CF,),],
and CNAd = 1-adamantylisonitrile) could photolytically split
HCl with H, production continuing for 177 h in THF solution. A
rhodium monohydride—chloride dimer formed during the
catalytic cycle was the photoactive species that generated H,
and a dichloride Rh dimer (Scheme 12).'"
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Scheme 12. Photocatalytic Cycle for HCI Splitting; P =
P(OCH,CF;), (Reproduced with Permission from Ref 111;
Copyright 2012 Royal Society of Chemistry)

3:L=CNBu
6:L = CNAd

H2 H( 2:L=CNBu

5: L = CNAd

The photocatalytic reaction of aqueous formate to CO, + H, is
catalyzed by [Cp*Ir(bpy)CI]Cl or its 4,4’ -bpy(OMe), analogue
with irradiation by blue light. The catalyst is active over the range
pH 5—10 and there is a kinetic isotope effect of 2.6; there is no
pressure inhibition up to H, pressures of 4 atm. The light
absorber is proposed to be the hydride [Cp*IrH(bpy)]*, and the
cycle involves conversion of the hydride to the hydroxide
complex by hydride transfer (see section 2.1.4), thereby releasing
H,. The hydroxide complex is converted to the formate complex
that loses CO,, regenerating the hydride (Scheme 13). The
optimum results were obtained in a pressure vessel (3 M aqueous
sodium formate solution at pH 8, 0.37 mM methoxy catalyst, 296
K, A, 443 nm, initial TOF > 50 h™!, TON > 500 over 30 h, TOF
= turnover frequency, TON = turnover number) giving S atm
pressure.' '

The rhodium porphyrin complex Rh'(tetrakis(4-
methoxyphenyl)porphyrin) reacts photocatalytically in the
presence of silanes SiHR; in THF/H,O solutions to generate
silanols. Because the rhodium iodide complex reacts immediately
with silanes to form rhodium hydrides, it is postulated that the
photoactive species is [RhH(porphyrin)], which undergoes Rh—
H homolysis. The full photocatalytic mechanism is shown in
Scheme 14.'"

There are also a number of catalytic reactions that depend on
metal hydrides as absorbers to generate coordinatively
unsaturated species for hydrogenation/dehydrogenation, hydro-
silylation, etc. Two recent examples are illustrated here, one for
arene borylation and the other for conversion of silanes to
silanols. In keeping with the photosensitivity of cis-[Fe-
(H),(dmpe),], it may also be used as a photocatalyst. The
borylation of arenes by HBpin (pin = pinacolate 1,2-O,C,Me,)
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Scheme 13. Proposed Catalytic Cycle for Photochemical
Dehydrogenation of Formic Acid by [Cp*IrH(bpy)]*
(Reproduced with Permission from Ref 112; Copyright 2015
American Chemical Society)

-—

+OH"~

HCO;~ co,

HCO,H === HCO, +H*

R =H or OMe

Scheme 14. Proposed Mechanism of Catalytic Hydrolysis of
Silanes by Rhodium Porphyrin (Reproduced with Permission
from Ref 113; Copyright 2015 American Chemical Society)

N

H,0 1 R3Si-H + H,0
THF R3Si-OH

+H*

OH, H
visible light H,0
- H*‘
+H* OH
@ Hz

proceeds with 5 mol % catalyst and 350 nm radiation, although
the performance of cis-[Fe(Me),(dmpe),] is better. Stoichio-
metrically, both generate cis and trans isomers of FeH-
(dmpe),(Bpin). The boryl hydride complex is also photo-
catalytically active. It seems likely that more than one species acts
as a light absorber in the catalytic reaction.''* The dppe complex
cis-[Fe(H),(dppe),] was inactive for borylation but showed
activity as a precatalyst for the photolytic hydrosilylation of
aldehydes and ketones." "> The mechanistic details are unclear, so
we cannot be certain whether these reactions represent
photoinduced catalysis or photoassisted catalysis.

2.6.3. Photosensitized Catalysis. There are many
examples of photosensitized catalysis in which metal hydrides
are postulated in the catalytic cycle, although usually they are not
the immediate electron acceptors. The principles are set out in
other reviews'”'® but are illustrated schematically in Figure 3.
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Figure 3. General scheme for photosensitized catalysis of hydrogen
evolution by cobalt complexes; PS = photosensitizer, D = donor.
Adapted with permission from ref 13. Copyright 2011 John Wiley and
Sons.

2.6.4. Photoelectrocatalysis. An alternative strategy is to
use photoelectrocatalysis, such that light is absorbed by the
electrode. Following studies of its electrochemistry, [Mo-
(H),(xk*-0,CMe)(dppe)]* was investigated in CH,CN with
added acetic acid with a p-type silicon photoelectrode.
Photocatalysis is sustained for >6S h, giving turnover numbers
greater than 120. The maximum efficiency of conversion of
photon energy to chemical energy is 2.8%. The proposed
mechanism is shown in Scheme 15.%

Photoelectrocatalytic conversion of water to H, was also
investigated with [ Cp*Ir(bpy)Cl]Cl as catalyst. The reaction was
investigated by examining the electrochemistry and the photo-
chemistry in turn. Controlled potential electrolysis generates the
hydride [Cp*Ir(bpy)H]" (Figure 4); the resulting hydride was

Scheme 15. Proposed Mechanism of Photoelectrocatalysis of
H, Production by [Mo(H)(0,CMe)(dppe)]*; The dppe
Ligands Are Omitted (Reproduced with Permission from Ref
86; Copyright 2012 John Wiley and Sons)
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Figure 4. (A) Controlled potential electrolysis at —1 V vs NHE of
[Cp*Ir(bpy)CI]Cl in 0.1 M phosphate buffer at pH 7 in the dark
(dashed black) and under 460 nm irradiation (solid blue). (B) Same but
at —0.9 V with light off (gray) and light on (white). Reproduced with
permission from ref 19. Copyright 2014 American Chemical Society.

photolyzed, generating H, and the initial iridium chloride cation.
Full photoelectrocatalysis involves the iridium hydride acting as
light absorber and catalyst, not the electrode. The performance
was improved with 4,4'-bpy(CO,H), giving the following results
with 460 nm radiation: rate constant 0.1 s~ at 100 mV
overpotential buffered at pH 7. The external quantum efficiency
was ca. 10%. Again, the catalysis depends on excited-state
hydricity with a similar photocycle to that for the formate
reaction.'”

3. SPECIALIST PHOTOCHEMICAL METHODS FOR
REACTIVE INTERMEDIATES AND MECHANISM

Photochemistry is exceptionally well-suited to the study of highly
reactive molecules and can reveal their electronic and molecular
structure as well as their reactivity in far more detail than
conventional thermal methods. When a metal dihydride complex
is irradiated in the presence of dissolved hydrogen, a reversible
degenerate reaction is set up in which the hydrides are removed
photochemically and reformed thermally. Time-resolved spec-
troscopy allows detection of reaction intermediates and
measurement of the rates of their reaction with H,. Alternatively,
the rate of oxidative addition of other element—hydrogen (E—H)
bonds may be determined (Scheme 16). The application of such
methods to metal hydride photochemistry is of particular
relevance to catalytic reactions that involve hydrogenation or
hydroformylation and also to reactions involving the oxidative
addition of E—H bonds. The principal detection methods for

Scheme 16. General Scheme for the Photoinduced Reductive
Elimination of H, and Kinetics of H, or EH Oxidative
Addition

M\H P [M] + H,
_H hv,-H KFH +E-H
MZ 2o M) 2 m<E
H ") hH H
2
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time-resolved spectroscopy of relevance to metal hydrides are
UV—vis and IR spectroscopy, but time-resolved NMR spectros-
copy is beginning to make a mark in conjunction with para-
hydrogen enhancement. Examples of the use of time-resolved
spectroscopy on the photochemistry of Ru(H),(dmpe), have
already been described (section 2.2.1).

Matrix-isolation methods™**>''°~"" have seen particular
success in two different approaches, the photochemistry of
stable metal hydride complexes embedded in low-temperature
matrices and the formation and photochemical reactivity of very
small molecules by co-condensation of metal atoms with
hydrogen sources together with noble gases. For some reaction
intermediates such as [Ru(dmpe),], matrix isolation and time-
resolved spectroscopy have proved to be complementary
methods (section 2.2.1). For others, matrix photochemistry of
metal hydrides is unique; it remains the only method of direct
study. Examples include rhenocene®”**'** generated by
photolysis of Cp,ReH and (H),Mo=(CH,) generated by
phot?zl?rsis of the metal vapor product HMo(CHj;) (see section
43).

Photochemistry of stable hydride complexes in matrices has
yielded extensive spectroscopic information about reaction
intermediates such as [Cp,W] and [Ru(dmpe),] as well as
information about the photochemical processes (section
2.2.1).>** The condition for isolation of stable molecules such
as Cp,W(H), in matrices is that they may be sublimed or
vaporized with minimal decomposition so that they may be co-
condensed with noble gases or more reactive matrices such as N,,
CH,, or CO. They may then be examined by UV—vis, IR, laser-
induced fluorescence (LIF), resonance Raman, EPR, and
magnetic circular dichroism (MCD) spectroscopy with only
slight perturbation or spectroscopic interference from the matrix
material. The matrix is irradiated after deposition with
conventional sources or with low power lasers. Often, the
coordinatively unsaturated species generated on initial photolysis
exhibit a long-wavelength absorption band and will recombine
on selective irradiation into this band. Although pure H, cannot
be condensed under high vacuum at the typical operating
temperatures of 8—20 K, substantial proportions of H, can be
incorporated into an argon matrix. If the temperature is lowered
to 4 K, however, pure H, can be condensed successfully.'**
Several studies of metal hydride complexes have also been
reported using hydrocarbon matrices at 77 K in conjunction with
IR spectroscopy for compounds that cannot be sublimed but are
soluble in hydrocarbons.'**

Co-condensation of metal vapor with mixtures of hydrogen
sources and noble gases has proved to be an effective method for
studying binary metal hydride complexes and small molecules
with M—H bonds, including their photochemistry. The metal
vapor may be generated by eftusion from an oven, or nowadays
more often by laser ablation. The hydrogen source may be H,
itself or alternatives such as methane or hydrogen chloride, which
give access to species such as HM(CH;) or HM(CI),
respectively.'”"'** Often, photolysis of the matrix-isolated
metal atoms is required to induce reaction in the matrix. Early
work has been reviewed previously.”''® The methods are
illustrated by the reactions of molybdenum atoms with methane
at 8 K (2% in Ar); the products are identified by IR spectroscopy
with extensive isotope labeling, assisted by DFT calculations.' "
Long-wavelength photolysis converts the initially generated
HMo(CHj;) to (H),Mo=(CH,), which is converted in turn to
(H);Mo=(CH); short-wavelength photolysis reverses the
process. In many of the papers reviewed here, photochemistry
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is used simply as a means of grouping bands and assisting in
assignment. It is important to note that there is some radiation
generated in the laser ablation process, so the initial spectra may
have resulted in part from photochemical reactions.

3.1. Spectroscopic Methods for Time-Resolved
Spectroscopy and Matrix Isolation

In this section, we illustrate the application of different
spectroscopic methods in conjunction with time-resolved
spectroscopy and matrix isolation, placing emphasis on
opportunities with new and improved techniques, such as
time-resolved IR spectroscopy and NMR with para-hydrogen
enhancement.'*’

3.1.1. IR Spectroscopy. Metal hydride stretching vibrations
range from ca. 2200 cm™' for some terminal platinum hydride
complexes'*® to ca. 1400 cm™' for some terminal titanium
hydrides,"”” with much lower frequencies for bridging metal
hydrides. Metal hydride stretching frequencies exhibit a very
strong dependence on the metal as well as on the ligand
environment. The frequencies typically increase from first to
second to third row of the transition metals, as illustrated by the
M—H stretching frequencies of HM(CH,): M =V, 1534 cm™;
M=Nb, 1611 cm™!; M = Ta, 1726 cm™"."*® The increases in M—
H stretching frequencies of related Cp,M(H), complexes from
left to right as well as down a transition metal group have been
noted.'”” Information about ligand effects on the IR spectra of
rhodium hydrides has also been collected.*” There is usually
very little difference between symmetric and antisymmetric
stretching modes of cis-M(H), groups. There would be
opportunities to parametrize M—H stretching frequencies,
especially with improved DFT methods, as little has been done
since 1986."* Infrared spectra showing M—H stretching bands
of metal hydrides have proved important in following the
evolution of reactions in low-temperature matrices, but they are
often complicated by the presence of multiple conformers or
matrix sites.” ¢35

Matrix IR spectra can also reveal many other aspects of the
photoreactions because they can be recorded across the full
frequency range, for example, showing the vibrations of
(H),Mo=(CH,) or the characteristics of a parallel ring
metallocene.'*""*" Of particular importance is the sensitivity of
CO stretching vibrations of metal carbonyls to a change in
oxidation state. For example, the v(CO) band of CpIr(H),(CO)
appears at 2021.6 cm™' in argon matrices. On photolysis,
CplIr(H),(CO) undergoes reductive elimination generating
[CpIr(CO)] with a £(CO) band at 1954.4 cm™", a shift of 67
cm ™! resulting from the change from Ir'™ to Ir'.">* This complex
does not undergo photochemical CO loss at all. In contrast to the
behavior in argon matrices, photolysis in methane matrices
revealed a product band at 2006.6, shifted only 11 cm™" from the
position of CplIr(H),(CO) in the same matrix that is readily
assigned as an Ir'™" product, CpIrH(CH,)(CO).

Time-resolved IR spectroscopy has played a part in under-
standing the photochemistry of metal hydrides in solution, but
M—H stretching modes have not been detected because of their
low absorption coeflicients. Instead, time-resolved IR studies
have focused on CO-stretching modes of metal carbonyl
hydrides. Ultrafast IR spectroscopy of Ru(H),(PPh;);(CO)
established that reductive elimination of H, occurs within 6 ps of
the initial laser pulse, by observing the 98 cm™ shift in the (CO)
band from 1941 cm™ for the precursor to 1843 cm™ in the
[Ru(PPh;),(CO)] transient."** The recombination of [Ru-
(PPh;);(CO)] with H, could be followed by time-resolved IR
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spectroscopy and time-resolved absorption. There have been
major improvements in ultrafast IR spectroscopy in recent years,
as is illustrated by the study of the hydrogenase analogue
containing a bridging hydride, [Fe,(u-H)(CO),(dppv)(u-
pdt)]*. Excitation at 572 nm resulted in formation of a product
with three £(CO) bands that was formed within <1 ps and
exhibited a lifetime of ca. 140 ps (Figure S). This species was
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Figure S. Time-resolved IR study of [Fe,(u-H)(CO),(dppv) (u-pdt)]*.
(a) Fourier transform infrared (FTIR) spectrum solution in CH,Cl, (10
mM). Red squares and droplines represent the DFT-calculated
absorption frequencies. (b) Time-resolved infrared (TRIR) (4, 572
nm) difference spectra at a range of pump—probe delay times (ps). (c)
Time dependence of the amplitudes of peaks in TRIR spectra. Solid
lines display fits of an exponential function. Reproduced from ref 135.
Copyright 2014 American Chemical Society.

distinguished from hot bands of the precursor with the aid of IR
pump—IR probe experiments. The product was assigned as a
CO-loss species with the aid of DFT calculations.'** This result
was at odds with the observation of photoinduced H, loss
observed previously."® With the improvements in sensitivity of
time-resolved IR spectroscopy, it may soon be possible to follow
v(M—H) bands in solution in favorable cases.

3.1.2. UV-Vis Absorption and Emission Spectroscopy
and Allied Methodes. In this section, we are concerned with the
use of UV—vis absorption spectroscopy and related techniques
for the characterization of reaction intermediates derived from
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metal hydride complexes. Matrix isolation has the benefit of
providing UV—vis and full-range IR spectra, measured with
conventional high-resolution spectrometers. UV—vis and IR
spectra may be measured under the same conditions to aid
assignment. The method also benefits from access to variable-
wavelength photochemistry applied to the reaction intermedi-
ates. On the other hand, it is not possible to determine the
kinetics of reaction of the intermediates, and moreover, matrix
isolation does not stabilize excited states. In time-resolved
absorption studies, both the spectra and kinetics of the reaction
intermediates and excited states are accessible. The kinetics may
be determined continuously, as illustrated by the transient decay
of [Ru(BPE),] derived from Ru(H),(BPE), (Figure 6, BPE =

0.06 4 (C)
% 0.044
0.024
0.004
0.01 T T T T 1
-0.014 T T T T 1
0 10 20 30 40 50
time/ us

Figure 6. (Above) Transient decay after photolysis of Ru(H),(BPE),
(BPE = 1,2-bis(2,5-dimethylphospholano)ethane) under hydrogen
recorded at S00 nm (black line). The fitted exponential decay is
shown in red. (Below) Difference between the experimental data and
the fitted line. Reproduced with permission from ref 136. Copyright
2012 American Chemical Society.

1,2-bis(2,5-dimethylphospholano)ethane), and the spectra are
derived point-by-point."*° Alternatively, spectra are derived
continuously and kinetic decays by point-to-point methods. In
practice, it has only proved possible to detect electronic excited
states of metal hydrides in exceptional cases, such as Mo-
(H),(dppe), (section 2.3) and Cp*IrH(bpy)* (section 2.1.4),
because most excited states undergo dissociation within the
instrumental response time.

The major absorption features of most metal mononuclear
metal hydride complexes lie in the UV—vis part of the spectrum.
In contrast, many coordinatively unsaturated intermediates
exhibit rich visible absorption bands. This point is illustrated
by the spectra of Os(H),(dmpe),, which is colorless and exhibits
broad, featureless UV spectra. On the other hand, the matrix
photoproduct [Os(dmpe),] shows several absorption bands in
the visible and one band in the near-IR at 798 nm.”® The
transient absorption spectrum of [Os(dmpe),] measured in
solution at 294 K 100 ns after the laser flash is remarkably similar
to the methane matrix spectra measured at 12 K (Figure 7),
demonstrating the complementarity of the methods. The visible
absorption peaks can be used to measure reaction kinetics
(Figure 8). In the absence of matrix spectra, evidence for the
nature of the reaction intermediate may be obtained by using
multiple precursors as illustrated by the transient photochemistry
of Rh(H,)(PCP) and related complexes (Scheme 8).”® Ultrafast
transient absorption spectroscopy has been used very effectively
to monitor the formation of the triplet excited state of
[Cp*IrH(bpy)]* and its subsequent deprotonation.'’
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Figure 7. Visible spectra of [Os(dmpe),] (a) in CH, matrix at 12 K and
(b) in cyclohexane solution at 294 K by transient absorption
spectroscopy measured 100 ns after laser flash (A, 266 nm).
Reproduced with permission from ref 68. Copyright 1998 American
Chemical Society.
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Figure 8. UV—vis transient absorption spectra obtained at specified time
delays after 355 nm laser flash photolysis of Rh(H,)(PCP) in n-heptane
under H, at 298 K (see also Scheme 8). Reproduced with permission
from ref 98. Copyright 2013 American Chemical Society.

Matrix isolation also allows the measurement of emission and
magnetic circular dichroism. The low temperature combined
with the low dielectric host can lead to exceptionally sharp
absorption and emission spectra for matrix-isolated molecules, as
exemplified by rhenocene. The photolysis of Cp,ReH in argon or
nitrogen matrices leads to Re—H homolysis and formation of
[Cp,Re], which exhibits very prominent emission spectrum due
to ligand-to-metal charge transfer with an emission lifetime of ca.
72 + 1 ns in solid nitrogen (Figure 9). Both the fluorescence
spectrum and the corresponding excitation spectrum are fully
vibrationally resolved with progressions in the symmetric Cp—
Re—Cp stretching mode.'** The magnetic properties of the same
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Figure 9. Laser-induced fluorescence spectrum of [Cp,Re] obtained
following UV photolysis of Cp,ReH in an argon matrix at 12 K excited
with A, = 470.0 nm. A0, Al, and A2 refer to members of the vibrational
progression in #(Cp—Re—Cp). Reproduced with permission from ref

120. Copyright 1995 American Chemical Society.

molecules were determined by MCD in nitrogen matrices,
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3.2. NMR Spectroscopy and para-Hydrogen Enhancement

The photochemical hydrogen cycle (Scheme 16) lends itself to
the use of '"H NMR spectroscopy for the study of metal hydrides.
Dissolved dihydrogen itself may be detected by NMR spectros-
copy (6 4.45 in C¢Dg) and readily distinguished from HD by the
prominent coupling (Ji;p = 42 Hz). Photochemical reactions may
be followed effectively by use of in situ methods where the
sample is irradiated within the probehead either by white light
from an arc lamp or by monochromatic laser irradiation.
Examples include the photoisomerization of Ru(H,)(CO)-
(NHC)(PPh,), (section 2.2.2)"% or the generation of a
photostationary state between W(H),(dppe), and W-
(H)¢(dppe)(x'-dppe) by low-temperature irradiation under
H,.”* The photochemical kinetics of reaction of Tp'Rh-
(H),(PMe,) (Tp’ = tris(3,5-dimethyl-1-pyrazolyl)borate) with
HBpin and with PhSiH; were determined by laser photolysis
within the probe, demonstrating that the reaction is zero order
with respect to substrate concentration.”” Competition
reactions with two substrates revealed the relative rates of
reaction of the [Tp’Rh(PMe;)] intermediate with different
substrates.

The 'H NMR spectra obtained through the photochemical
hydrogen cycle can be enhanced by the use of para-hydrogen if
certain conditions are met. Hydrogen has two nuclear spin
isomers, ortho and para; para-hydrogen is the antisymmetric
nuclear spin isomer of H, (nuclear spin function af — fa), which
is a nuclear spin singlet and therefore NMR-silent.'** Never-
theless, if it undergoes oxidative addition to a metal complex in a
concerted manner to generate a metal dihydride such that the
two hydride nuclei are chemically or magnetically inequivalent,
the spectrum may be strongly enhanced. The “hyperpolarized”
NMR spectrum formed in this way typically shows an
absorption-emission (or emission-absorption) profile as a
consequence of the overpopulation of the nuclear spin states
formed in the addition process. The principle is illustrated by the
example of Ru(H),(PPh;);(CO) in Figure 10. This para-
hydrogen induced polarization (PHIP) effect may be optimized
by use of a 45° rf pulse leading to signal enhancements of several
thousand. The enhancement may also be transmitted through to
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Figure 10. (a) Ru(H),(PPh;);(CO) as example of incorporation of p-
H, into a metal dihydride complex by photochemical reductive
elimination and susbequent thermal oxidative addition of p-H,. (b)
Energy level diagram for nuclear spin states for two coupled 'H nuclei,
showing overpopulation (thick bars) of @f and fa states as a
consequence of incorporation of p-H,. (c) "H{*'P} NMR spectrum in
the hydride region for Ru(H),(PPh;);(CO) after addition of p-H,,
showing p-H, enhancement and emission-absorption pattern. Repro-
duced from ref 7. Copyright 2014 American Chemical Society.

organic hydrogenation products. It may last long enough to
obtain COSY spectra, and the polarization may be transmitted
through to heteronuclei.

This approach has been demonstrated in several examples
including the photoisomerization of Ru(H),(CO)(NHC)-
(PPh;), (Figure 2). Here photolysis in situ under para-H,
results in the immediate formation of two new isomers with
enhanced hydride resonances, one with chemically inequivalent
hydrides and the other with magnetically inequivalent hydride
resonances.”® In another striking example, in situ laser irradiation
of Ru(H),(Duphos), (Duphos 1,2-bis(2,5-
dimethylphospholano)benzene) in the presence of para-H,
results in strong enhancement of the hydride resonances of the
magnetically inequivalent hydrides and also simplification of the
hydride signals resulting from the overpopulation of selected
energy levels. Transfer of polarization to phosphorus enhances
the signal from the *'P nuclei trans to hydride."** This PHIP
enhancement is characteristic of concerted oxidative addition of
H,. However, the absence of PHIP enhancement should not be
taken as evidence of a nonconcerted pathway because the
enhancement may be prevented by rapid nuclear spin relaxation
associated with an electronic triplet-state intermediate found for
iron complexes or with a dihydrogen complex as intermediate.'**
There are several examples of photodissociation of CO or N,
under para-H, from metal carbonyls and metal dinitrogen
complexes §enerating hydride complexes with enhanced NMR
signals.”*"**"* Tt is not yet clear whether these reactions also
involve photochemical hydrogen cycling through light absorp-
tion by the dihydride complexes.

Most recently, the photochemistries of Ru(H),(PPh,),(CO)
and Ru(H),(dppe), in solution under a para-H, atmosphere
have been investigated in laser pump—NMR probe experiments
(Figure 11, above) in which a single pulse of a laser (355 nm)
initiates dissociation of H,.” Photodissociation of H, and reaction
with para-H, result in the formation of both dihydride complexes
in selected nuclear spin states, greatly increasing the sensitivity of
NMR detection (Figure 10). Indeed, Ru(H),(dppe), is now
detected with a single 90° rf pulse, showing a very simplified
spectrum in the hydride region with a greatly enhanced signal.
Use of variable delays between the laser pulse and the #f pulse on
the millisecond time scale reveals oscillations in the magnet-
ization. For Ru(H),(PPh;);(CO), the oscillation frequency
corresponds to the chemical shift difference between the
inequivalent hydride resonances. For Ru(H),(dppe),, the

DOI: 10.1021/acs.chemrev.6b00204
Chem. Rev. 2016, 116, 8506—8544


http://dx.doi.org/10.1021/acs.chemrev.6b00204

Chemical Reviews

hv 90°

—
8-
64
Y
44
3 2
«
8
® 04 -
c
D ]
w
44 ]
-6 T T T T T T
000 002 004 006 008 0.10
T, S

Figure 11. (Above) NMR pump—probe sequence used in the PHIP
study. (Below) Integral of the hyperpolarized hydride signal of
Ru(H),(dppe), in a series of 'H pump—probe NMR experiments
acquired with increasing values of the pump—probe delay. Red line is a
fit to a decaying sine-wave of 83.7 + 0.1 Hz. Reproduced from ref 7.
Copyright 2014 American Chemical Society.

hydrides are chemically equivalent but magnetically inequivalent
and the oscillation frequency of 83 + S Hz corresponds to the
difference between the P—H spin—spin coupling constants |
Jotitrans — Jonesl (Figure 11, below). Such oscillations have not
been observed previously because the phase coherence of the
spin states is lost. This method demonstrates that it is possible to
use a laser pulse to generate NMR coherence, rather than one of
the usual rf pulse sequences. Moreover, it reveals the connection
between the oscillations in the x—y coherence and the coupling
constants in a molecule exhibiting magnetically equivalent
hydrides.

3.3. Computational Methods

Computational methods play a very important role in under-
standing photochemical reactions of metal hydrides.”* The rapid
advance of DFT theory means that it is straightforward to
calculate the ground-state structures of reactants, intermediates,
and products. We see such methods in use, for instance, in the
identification of products in metal atom chemistry described in
section 3.1."*" In these applications, calculated IR spectra are of
particular importance. One of the limitations of these methods is
that they provide harmonic frequencies, although anharmonicity
is likely to be significant in any vibrational modes involving M—H
bonds. Methods are available for calculating anharmonic
corrections with DFT theory, although they have not been
applied to metal hydrides as far as we are aware.'*>'*' When we
move to calculating UV/vis spectra of metal hydrides, time-
dependent DFT methods are appropriate and it is also possible
to include the effects of spin—orbit coupling on the spectra, as
illustrated for HM(CO)s (M = Mn, Re).*” Such calculations
clearly identify the order of excited states for vertical transitions.
For example, the time-dependent density functional theory (TD-
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DFT) calculations on HRe(CO); show two close-lying spin-
allowed transitions to 'E states at lowest energy, one of which is
predominantly Re(5d) — #*(CO) in character, while the other
is principally Re(5d) — o*(Re—H).*” Some authors go further
and use complete active space or coupled cluster methods to
calculate the spectra in order to account more effectively for
configuration interaction and electron correlation.'* A very
recent comparative study of these methods applied to transition
metal carbonyls, albeit not metal hydrides, found exceptional
performance for TD-CAM-B3LYP (time-dependent Coulomb-
attenuating method), which is a relatively low-cost method."**
The requirements for modeling photodissociation are consid-
erably more stringent because bond cleavage necessarily involves
dynamic change of geometry and the relative energies of states
are liable to change markedly during the process. Nevertheless,
TD-DFT has proved to be very successful, notably in modeling
the photodissociation of CO from metal hexacarbonyls via
excitation into a '"MLCT state and passage into a singlet ligand
field state as it moves through an avoided crossing during
dissociation.'**'** A recent review surveys applications of time-
dependent DFT to the photochemistry of transition metal
complexes.'** These and more demanding multiconfiguration
methods have been compared in the context of transition-metal
excited states."*” A very striking advance is the coupling of
molecular dynamics methods with TD-DFT to simulate
photodissociation of H,; this approach has been demonstrated
for ruthenium dihydrides with a two-dimensional potential
energy surface.”’ The importance of more sophisticated methods
is apparent when looking at the details of the dissociation
process, both in metal hydrides and metal carbonyls where there
may be conical intersections.”””> !4

4. METAL HYDRIDE PHOTOCHEMISTRY BY
TRANSITION METAL GROUP

In this section, we summarize a full range of metal hydride
photochemistry, ordered primarily by transition metal group.
The majority of the examples are to be found in groups 6—9, and
for these groups, we subdivide into mono-, di-, and polyhydrides.
In most sections, we arrange the examples by element within the
group.

4.1. Group 4 Metals

Very few examples of photoactive complexes are reported for Tij,
Zr, and Hf hydride species. Titanium atoms co-condensed with
H, in Ar matrices formed the hydride species Ti(H), and Ti(H),
under visible light, which decomposed under UV irradiation.'*”
When the laser ablation method was employed with methane,
TiH(CH,) was formed, which isomerized to (CH,)=Ti(H), on
near-UV irradiation and was identified by isotopic labeling in
conjunction with DFT calculations; the reaction was reversed
with visible radiation."*® Related experiments were reported on
(CH,)=Zr(H), and (CH,)=Hf(H),."*""*> Matrix-isolation
IR spectroscopy identified Ti(O)(CH,) as the product of co-
condensing TiO with methane. This rearranged to TiH(CH;)-
(O) photochemically; the latter was capable of isomerization
under UV light to yield the TiH(CH,)(OH) carbene complex.
When a CH, molecule added spontaneously to the TiH(CH,)-
(OH) complex, a dimethyl TiH(CH,),(OH) was formed that
could also be obtained via UV photorearrangement of the
TiH(O)(CH;)(CH,) species. >

The first complexes of group 4 to be investigated photo-
chemically were Cp*,Zr(H), and Cp*,ZrH(R) (R = alkyl or
aryl); the dihydride underwent slow H, photoejection with near-

DOI: 10.1021/acs.chemrev.6b00204
Chem. Rev. 2016, 116, 8506—8544


http://dx.doi.org/10.1021/acs.chemrev.6b00204

Chemical Reviews

UV radiation and the fragment formed inserted into the C—H
bond of benzene. Similar reactivity is shown by the alkyl hydride
analogue but in this case alkane reductive elimination was
observed upon irradiation. The quantum yield of Cp*,ZrH-
(alkyl) was higher than that of Cp*,Zr(H),. Crossover and
isotopic labeling demonstrated that the reductive elimination
occurs by an intramolecular mechanism.”> Photolysis of (17°-
CsMe,H),ZrH(aryl) was exploited in a preparative way to form
the zirconocene dinitrogen complex [{(7°-
CsMe,H),Zr}, (1*n**-N,)] through arene reductive elimina-
tion.

4.2. Group 5 Metals

The photochemistry of group 5 is also very limited.
Investigations of the metal atom chemistry have been carried
out on the three metals in the presence of CH, in excess argon.
All of the metals formed hydride complexes by CH, activation;
the Nb and Ta products were found to convert to higher-order
prodllzlgts of the formula (CH,),M(H), upon further photol-
ysis.

Both Cp,Nb(H); and Cp,Ta(H); complexes were irradiated
in aromatic solvents and found to yield the photogenerated
intermediates [Cp,MH] (M = Nb, Ta) as a consequence of H,
photoejection. The monohydrides Cp,MH(CO) (M = Nb, Ta)
were also investigated 1photochemically and were found to follow
the same reactivity. "> The unsaturated species displayed
reactivity toward CO, H,, or PEt; to yield the substitution
products and also proved able to insert into aromatic C—H
bonds and catalyze H/D exchange. The PEt; substitution
product was obtained just with the second-row metal (Nb) but
not with third-row metal (Ta)."** Similar behavior was observed
for group 6 (section 4.3). Low-temperature matrix (Ar, N,)
studies followed; the identity of the transient [Cp,MH] (M =
Nb, Ta) formed from H, loss as a primary photoprocess was
confirmed by IR and UV—vis spectroscopy for photoreactions
starting both from the trihydride and the carbonyl—hydride
species. In the latter case, a small amount of the 17e™ complex
[Cp,M(CO)] was also observed, suggesting that a minor amount
of M—H homolysis took place."*

More recently the complex {(Me,Si),(>-CsH,),}Nb(H);
was prepared and found to be very unstable both in solution
and in solid state. However, irradiation in benzene-dy converted
it to the dimeric analogue [(Me,Si),{u-(n'#>-CsHy)} (-
CsH,)NbH],; H, photoelimination was proposed as the primary
photoprocess.'”

4.3. Group 6 Metals

The hydrides of the group 6 metals provide several of the
paradigms, especially for autocatalytic M—H homolysis, for H,
elimination from Cp,M(H), (M = Mo, W), and for the effect of
constraining cyclopentadienyl rings with a link between them
(the ansa effect).

4.3.1. Group 6 Monohydrides. The main photochemical
process in the solution photochemistry of the anionic [M,(u-
H)(CO),,]” (M = Cr, W) was shown to be CO loss, and the M—
H—M bonding network was not involved in the photo-
chemistry."** The CrH(CO),~ anion was reported to produce
the radical Cr(CO)s~ as a damag_e product of y-radiation,
suggesting M—H bond homolysis. ”” The photochemistry of
CpCrH(CO); was studied in gas matrices at 12 K, and CO
photoejection postulated as the initial step of the photoreaction
at wavelengths between 290 and 370 nm; reversibility was
observed on irradiation at 4 > 370 nm. Photolysis in CO matrices
led to the formation of the HCO radical, indicating Cr—H
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cleavage under these conditions. Solution photochemistry at
room temperature formed the dimer [Cp,Cr(CO),], along with
CO and H, production.'® The irradiation of (17°-CsH,PPh,)-
CrH(CO); with broadband photolysis was employed as a
preparative method to obtain the dimer [(u,7°—CsH,PPh,)Cr-
(CO),),, but competition between decarbonylation and
dehydrogenation afforded a mixture of products.'®’

The molybdenum hydride CpMoH(CO), showed the same
behavior in matrix photochemistry as the Cr analogue, but it
proved less photoactive in solution photochemistry. The major
product after prolonged photolysis was characterized as
[CpMo(CO),], derived from dehydrogenation; a minor product
arisen from decarbonylation was also detected.'®”'* Further
investigations on the same complex in C,H,-doped CH, matrices
were performed to elucidate the hydroformylation mechanism.
The 16e -intermediate, CpMo(CO),H, was observed together
with the cis and trans isomers of the ethylene adduct; secondary
photolysis of this species led to olefin insertion to form
CpMo(CO),(C,Hy). *'*® Photolysis of CpMoH(CO); and
(nS-CSRS)MoH(CO)3 (R = H, Me) in H,-containing matrices
yielded cis and trans isomers of (#°>-CsR;)MoH(H,)(CO),
identified by IR analysis. All the steps in the formation of these
products showed reversibility on changing the photolysis
wavelength.” When D, was employed, H/D exchange was
observed for the Cp complex through an isotopic shift of the
CpMoD(CO), bands.'®* The photochemical synthesis of the
Mo dimer [(u,17°-CsH,PPh,)Mo(CO),], from (3°-C;H,PPh,)-
MoH(CO); proceeded cleanly.'°’ The photoreaction of
Cp*MoH(1°-CsMe,CH,) is described together with that of
Cp*,Mo(H), below.

Experiments on the reactions of Mo atoms in matrices with
CH, in excess Ar formed the hydride species (CH;)MoH,
(CH,)=Mo(H),, and (CH)=Mo(H);. These compounds
were found to reversibly interconvert by a-H transfer when
irradiated with visible or UV light.'*" Photoreversibility was also
determined for methylidene and methylidyne complexes of the
type (CH,)=MoHX and (CH)=Mo(H),X (X = F, Cl, Br, I)
formed in similar experiments in the presence of methyl
halides.'®® The reactivity of molybdenum atoms toward
hydrogen is discussed under group 6 polyhydrides.

The tungsten monohydride, CpWH(CO);, undergoes CO
substitution by PBuy on UV irradiation (311 nm) in a
photoinduced catalysis reaction (section 3).'” Following this
first publication, numerous investigations on the photochemical
behavior of this complex were undertaken in Ar, N,, and CH,
matrices containing CpWH(CO), and Cp*WH(CO)3, and the
intermediate formed from CO loss was trapped. Addition of two-
electron donor ligands (L = N,, C,H,) to the matrices led to
CpWH(CO),L. As observed for Cr and Mo, CO matrix
photochemistry led to the identification of the HCO radical
indicating W—H bond cleavage.'®>'®* Solution photochemistry
of tungsten complexes proved to be the least efficient of the
group; in addition to the products obtained for the Cr and Mo
analogues, a dinuclear complex [CpW(CO),(u-H)], was
formed."*”'®* Solution photochemistry in the presence of
ethylene also proved to be very similar; the olefin adduct trans-
[CpWH(CO),(C,H,)] was found to be photoactive and
converted to the cis form before affording the insertion product
CpW(CO),(C,Hj). Similar behavior was observed in ethylene-
doped matrices. *~ Different results from the molybdenum
analogues were obtained when H, matrices were investigated:
both Cp and Cp* complexes afforded the dihydrogen adduct
postulated to form via the CO loss intermediate [CpWH(CO), ],
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but unlike CpMoH(H,)(CO),, they did not photoeject H, upon
further photolysis but instead oxidatively added H, to yield
CpW(H);(CO).”® Cp,WH(CH,) also proved to be photoactive,
ejecting CH,, upon broadband photolysis in low-temperature Ar
matrices to form [Cp,W]."*" The photoreaction of Cp*WH (1°-
C;Me,CH,) is described together with that of Cp*,W(H),
below. The bimetallic species Cp*(CO),W(u-SiMe,)(u-H)Re-
(CO),Cp* was used to prepare silgrlene—bridged W-Re
complexes through photoinitiation.'°® More recently, the
dimeric compound Cp,W,(H)(u-PCy,)(CO), exhibited photo-
activity in the presence of various metal carbonyl complexes
(metal = Ru, Cr, Mo, W) to yield heterometallic compounds with
either W,M or W,M, metal cores.'®” Reactions of methyl halides
with W atoms generated (CH,)=WHX and (CH)=W(H),X
that showed photoreversibility by the use of either visible or UV
light as mentioned earlier for the Mo analogues.'*®

4.3.2. Group 6 Dihydrides and Dihydrogen Complexes.
There are no examples of chromium dihydride complexes
investigated photochemically, but there are examples of
photochemistry of dihydrogen adducts. The dihydrogen
complex Cr(H,)(CO); was formed from UV photolysis of
Cr(CO)g in H,-doped Xe matrices. The reaction proved to be
reversible under visible light irradiation (section 2.4). Short-
wavelength photolysis led to CO loss and formation of
Cr(H,),(CO),.”> Co-condensation of Cr metal and H, in Kr
and Ar matrices produced the dihydrogen adduct Cr(H,). When
H, was in excess, the latter was converted to the trihydride
Cr(H); by photolysis (520—580 nm)."**

The scenario for molybdenum and tungsten is much richer
than that for chromium, and there are close parallels in the
behavior of the two elements. It is dominated by the
photochemistry of Cp,M(H), (M = Mo, W) and their
derivatives. The absorption spectrum of Cp,Mo(H), in solution
shows bands at 270 and 310 nm. The gas-phase electronic
absorption spectrum of Cp,Mo(H), gave a clearly defined
Rydberg band, confirming that the HOMO is nonbonding.*’
The photoactivity of Cp,Mo(H), led to H, elimination in the
primary photochemical step (quantum yield at 366 nm = 0.1 +
0.02) to yield the transient unsaturated species [Cp,Mo] that
was trapped in the presence of CO, C,H,, and PR; to form the
respective adducts.””'® The photochemical reaction in CsHg
resulted in dimerization,'”® while irradiation in the presence of
thiophene formed the C—H activated product Cp,MoH(2-
thienyl), selectively."® Reactions in the presence of hydridosi-
lanes produced the silyl hydride complexes Cp,MoH(SiR;) in
very good yields through a reductive elimination/oxidative
addition process; similar behavior was observed for the Cp*
analogue.ss’56 Thus, molybdenocene inserts into Si—H bonds,
but the only C—H bonds that prove reactive are those of
thiophene and its own precursor Cp,Mo(H),. The reactions in
the presence of activated alkenes formed a series of electron
donor—acceptor complexes with charge-transfer bands in the
visible region. Irradiation into the charge-transfer band led to
products; for example, Cp,MoH(CHCNCH,CN) was formed
on photolysis at >550 nm with fumaronitrile.”* A more detailed
explanation of this mechanism is given in section 2.2.4. The
formation of clusters was achieved by photolysis of the
Cp,Mo(H), in the presence of metal carbonyl dimers generating
a series of homo and heterometallic complexes.®”

UV photolysis of Cp,Mo(H), in an argon matrix at 10 Kled to
the formation of the metallocene [Cp,Mo], characterized by IR
and UV/vis spectroscopy. The photoelimination of H, was
described as concerted due to lack of detection of the HCO
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radical in CO matrices.>"'”! Photogeneration of the metal-

locene in matrices was exploited to generate the [Cp,Mo]
fragment for optical determination of magnetization behavior;
like [Cp,W], it has a triplet ground state.”> Molybdenocene
exhibits an LMCT absorption (origin at 420 nm) and laser-
induced fluorescence from the same electronic state.””** UV—vis
transient photochemistry agreed with the matrix investigations; a
transient species was detected that decayed in ca. 10 us by
reaction with CO or the parent complex and was assigned to
[Cp,Mo].”

Photolysis of Cp*,Mo(H), in pentane caused loss of H, and
intramolecular C—H bond activation to form Cp*MoH(°-
CsMe,CH,), which in turn lost H, again to form Cp*Mo{y’-
CsMe;(CH,),}. The first product can be considered as having a
tetramethylfulvene ligand or a “tucked-in” tetramethylcyclopen-
tadienyl group with one coordinated alkyl ligand, while the
second may be described an allyldiene or as doubly tucked-in
(Scheme 17)."® The irradiation of Cp’,MoH, (Cp’ = n’-

Scheme 17. Photolysis of Cp*,M(H), (M = Mo, W, Re*)

CsH,CH;) in H,0/CH,;CN mixture afforded Cp’,MoO and H,
gas (2 equiv) quantitatively. The mechanism was proposed to
start with H, reductive elimination to form the unsaturated
fragment, which could then undergo H,O activation and release
the second equivalent of H,.'”* The ansa-bridged molybdeno-
cene dihydride (17°-CsH,)CMe,(17°-CsH,)Mo(H), proved to be
photoactive when irradiated in C¢Hg solutions, yielding the
phenyl hydride product (Scheme 18). Thus, this ansa-bridged
molybdenocene is capable of activating benzene C—H bonds
whereas molybdenocene is not.'”> This observation illustrates
the change in reactivity resulting from the bridge between the
cyclopentadienyl rings, which is named the ansa effect. An
investigation of the selectivity between the activation of C—H
versus C—chalcogen bonds of furan, thiophene, and selenophene
bonds was reported, exploiting the photochemical ability of ansa-
[Me,Si(C;Me,),]Mo(H), to eliminate H, to form the ansa-
metallocene. The reactivity toward the different substrates was
found to be quite diverse: C—S insertion with thiophene, C—H
insertion at both positions with furan but only at the 3-position
with benzofuran, and C—Se insertion with selenophene (Scheme
18)."7%'”7 These experiments illustrate the strong effects of the
ansa geometry. The metallocene 1,1-disilamolybdenocenophane
was synthesized by the photochemical reaction of the dihydride
analogue and H, reductive elimination with intramolecular Si—Si
oxidative addition (Scheme 18)."7%'7?

Dinuclear—dihydride complexes have also been the subject of
photochemical investigations; [{CpMoH},(u-n*>-CsH,-1*-
CH,] converted into cis- and trans-[{Mo(°-CsH;)-
H},(u—0:n>-CH,),] and eventually yielded the [{Mo(y-
CsHy)},(u—0:n>-CsH,),]. A mechanism was proposed for the
generation of this latter complex where the first photochemical
step induced a ring shift from 7° to 7° followed by hydride
migration reminiscent of Scheme 3, allowing photoinduced H,
elimination and ring shift back to #° coordination to afford the
final product."®’ The cyclopentadienyl bridged complex [MoH-
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Scheme 18. Photoreactivity of ansa-Molybdenocene Complexes

(CO);,(n*1*-CsH,CH,C4H,) was stable in solution if kept in
the dark but was reported to lose hydrogen if exposed to ambient
light."®" More recently, the quadruply bonded complex
[Mo,(H),{HC(N-2,6-Pr,C¢H,),},(THF),] was also found to
be photoactive in arene solution, yielding products with 7>-1*
bridging arenes. The product contains a d’:d> MoMo quintuple
bond that forms the interaction with the arene, as demonstrated
by DFT calculations. Free H, was detected, confirming H,
photoelimination as the primary photochemical step.'**

The photochemistry of Cp,W(H), is summarized in section
2.2.1 and Scheme 4, and therefore a brief résumé will be given
here. Photolysis of Cp,W(H), at 366 nm forms the transient
tungstenocene by H, elimination with much lower quantum
yield than the molybdenum analogue. Tungstenocene has never
been observed in solution, only in matrices. It is capable of
activating C—H bonds of arenes™**'®* and Me,Si**** but not
alkanes. The same fragment was able to insert into MeOH to
yield Cp,WH(OMe) and Cp,W(Me)(OMe) in a 1:§ ratio.*
Photoreaction with ethyl acetate yielded Cp,WH(OCOEt),
whereas reaction with carboxylic acids %enerated Cp,W-
(OCOR), (R= H, Me, Et, CH,=CMe)."*"” With thiophene,
C—S bond cleavage was achieved as a primary photoproduct;
prolonged irradiation converted the latter into the C—H
insertion product Cp,WH(2-thienyl).** A number of mono-
and bis(silyl) complexes of W were obtained in good yields by
photolysis at 350 nm of Cp,W(H), in hydridosilanes; Cp*
derivatives were also prepared by the same method.”>*® In the
absence of substrates, dimers are formed resulting from
activation of C—H bonds of the cyclopentadienyl groups.'”’
The reaction of Cp,W(H), in the presence of M—M bonded
complexes led to the formation of heterometallic clusters, but the
presence of CO groups in the reagents made it unclear whether
the photochemistry proceeds by H, reductive elimination from
the tungsten precursor or CO loss from one of the dimers.”” The
photochemistry of the charge-transfer adducts of Cp,W(H), was
summarized in section 2.2.4.%*

Studies of the photochemistry of Cp,W(H), in low-temper-
ature matrices>"'”" confirmed the formation of the [Cp,W]
fragment by H, photoinduced concerted elimination; [Cp,W]
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was characterized by IR and UV/vis absorption, laser-induced
fluorescence,”* and magnetic circular dichroism®>'** (see
section 2.2.1 for details).

Irradiation of Cp*,W(H), in pentane proceeded by loss of H,
in two steps like the molybdenum analogue to generate
Cp*WH(,%-CsMe,CH,) and Cp*W{r’-CsMe;(CH,),}. When
starting with Cp*,W(D), no deuterium is incorporated into the
solvent, consistent with [Cp*,W] as the intermediate in the first
stage of reaction.'”® The ansa-bridged tungsten dihydride {(#-
CH,)CMe,(n-CsH,)JW(H), is not photosensitive, unlike its
molybdenum analogue.'” The adduct (i-C;H,CsH,),W(H),-
9,10-phenanthrenequinone was found to display a long-wave-
length charge-transfer absorption at A, = 530 nm; irradiation
into this band was claimed to result in H, transfer to the diol, but
no evidence was presented.'*’

4.3.3. Group 6 Polyhydrides. In this section, we will treat
analogous molybdenum and tungsten compounds together
because of their close relationship. Mo(H), was formed from
the photochemical reaction of co-condensed H, and Mo atoms
in Kr and Ar matrices at 12 K with 4 > 400 nm; photoreversibility
was obtained on irradiating at shorter wavelengths (320—380
nm) where Mo(H), liberated H, and regenerated the dihydride
species.'® Similar experiments were also performed with H,-
doped noble gas matrices at 3.5 K and MoH, Mo(H),, Mo(H),,
and Mo(H), were obtained and found to interconvert
photochemically.lg6 The structures of Mo(H),, Mo(H),, and
Mo(H); are assigned as belonging to C,,, Ty and C;, (trigonal
prismatic) point groups, respectively, on the basis of the spectra
and DFT calculations. Reaction of W atoms with H, in Ne
matrices generated WH, W(H),, W(H);, W(H),, and W(H);
that were distinguished by wavelength-dependent photo-
chemistry in addition to annealing, H, concentration, and
isotopic shifts.'®” Observation of six fundamental vibrations,
including four W—H stretching bands, provided good evidence
for the C,, trigonal prismatic structure of W(H), consistent with
the early predictions for d” MLg.'** Co-condensation of tungsten
atoms with pure H, generated a species assigned as W(H),(H,),
which was partially destroyed by UV photolysis."*’
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The reactivity and features of Mo(H),(dppe), have been
already discussed in section 2.3.2%7%% Studies on W(H),(dppe),
took place in parallel with the molybdenum ones. The complex
exhibited visible light emission if photoexcited at 77 K in 2-
methyltetrahydrofuran, emission lifetime (absorption A, 400
nm, emission 4,,,, 590 nm, lifetime ca. 13 ys, compared to 87 us
for the Mo analogue). Stoichiometric reduction of alkenes was
achieved when M(H),(dppe), (M = Mo, W) was irradiated in
the presence of such substrates; this process became catalytic
when H, was added in excess.”” Hydrogen loss was the sole
photochemical process observed until very recently when H,
addition and phosphine dechelation to form W(H),(dppe)(x*-
dppe) was reported. In this investigation, para-H, was employed
to improve NMR sensitivity (section 3.2).”* Photocatalytic
reduction of molecular nitrogen to ammonia and hydrazine has
been demonstrated with W(H),,(dppe),, W(H),(PPh,Me),, and
W(H),(etp)(PPh;) (etp = PhP(CH,CH,PPh,),) as catalysts;
light in this case was responsible for the H, elimination, which
creates a free vacant site for the dinitrogen to coordinate."”°
Studies on W(H),(PRPh,), (R = CD;, C,Dj) also established H,
loss as the primary photochemical step; the unsaturated species
formed underwent intramolecular C—D insertion to form a
metal—carbon bond with subsequent HD photoelimination.'”!
Finally, the clusters [{(Cp”Y),(u-H),}(u-H),MCp*(PMe,)]
(M = Mo, W, Cp"’ = n>-CsMe,H) were found to undergo PMe,
loss under UV irradiation.'”*

4.4, Group 7 Metals

The photochemistry of group 7 metals has been particularly
valuable for M—H homolysis of monohydrides and for the
photochemical interplay of dihydride with dihydrogen com-
plexes.

4.4.1. Group 7 Monohydrides. Hydrido manganese
pentacarbonyl was the first hydride complex to be investigated
photochemically, but the original 1969 publication on photolysis
in Ar matrices at 15 K only recognized CO loss to form
MnH(CO),.*® Many studies followed that uncovered more
insights into the photoreactivity. Use of CO matrices at 10—20 K
revealed that Mn—H bond homolysis was also obtained to yield
HCO and the [Mn(CO)q] f1fzigment.27’193 This result was
validated by Ar-matrix EPR where both Mn(CO); and the H
radical were detected; the analysis of the hyperfine splitting
constants of Mn led to the conclusion that the lone electron
occupies a metal-centered orbital (3d,”) mixed with the 4p, and
45 In a complementary experiment, y-irradiation of MnH-
(CO); in krypton generated KrMn(CO)j revealed through K-
superhyperfine coupling.'”* Prolonged irradiation in Ar matrices
at 193 nm proceeded along both the photochemical pathways,
but the quantum yield for the homolysis process was much lower
than that for CO photoejection. A photoisomerization was
detected under these conditions where [MnH(CO),] could
rearrange from a C, geometry to a C,.”” DFT calculations
computed the C; structure to be the most stable and the C,,
structure to be only 3 kcal/mol higher in energy.'” The
theoretical work on the photochemistry of MnH(CO)s is
described in section 2.1. In a more preparative approach, the
photochemistry of MnH(CO); was exploited to synthesize new
species; photolysis in impregnated polyethylene films under a
pressure of CO generated Mn,(CO),, and H,.'”° MnH(CO),
underwent multiple CO photodissociation to form the
phosphine-substituted product in the presence of excess
phosphine."”” cis-[MnH(CO),(PPh;)] was found to be active
in the photocatalytic hydrogenation and isomerization of
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alkenes,"”® while a series of disilanyl Mn compounds of the
formula Cp*MnH(SiR,SiR,H)(CO), underwent photochem-
ical decomposition by reductive elimination of disilane;
interestingly, Cp*MnH(SiPh,SiPh,H)(CO), showed some H,
evolution ascribed to 1,2-H, elimination.'”” The charge-transfer
photochemistry of MnH(CO);(diazabutadiene) has been
compared computationally to that of its alkyl and rhenium
analogues.””’

The scenario for the photochemistry of rhenium monohy-
drides is slightly more diverse. Earlier studies focused on the
photochemistry of Cp,ReH and Cp,*ReH in Ar and CO
matrices. Cp,ReH produced the rhenocene fragment, HCO, and
amonocarbonyl species; deuteration experiments confirmed that
the Re—H bond was cleaved homolytically.”®' Later results
identified a competing photochemical pathway that involved
partial ring decoordination plus concomitant ligand addition to
yield CpReH(7>-CsH;)(L) (L = CO, N,).””> Rhenocene was
generated photochemically in Ar matrices, allowing magnetic
circular dichroism and laser-induced fluorescence investigations
to be undertaken (see section 3.1.2).°"'*%?% Photolysis of
Cp,*ReH could be carried out on a preparative scale (section
2.1); matrix investigations of [Cp,*Re] were compared to those
for [Cp,Re].”** The low-lying excited states for ReH(CO) were
calculated and assigned to the MLCT S5d to 7*q excitations,
with significant differences from its first-row analogue.””*
Rhenium monohydrides containing carbonyl ligands have also
been of use in photochemistry, a series of ReH(CO);_,L, (L =
P(OEt);,PPh(OEt),, PPh,(OEt), or PPh,(OMe)) were pre-
pared from photolysis of ReH(CO); in the presence of
phosphites; in these cases, CO acted as the photolabile ligand.”*®
Similarly, cis,mer-[ReH(CO),(PPh(OMe),);] was prepared
photochemically from ReH(CO);(L) (L
PPh,0CH,CH,OPPh,) with excess phosphonite.206 Photolysis
of (17°-C¢Hy)ReH (PPh,), results in loss of PPh,.*” Photolysis of
Cp*(CO),W(u-SiMe,) (u-H)Re(CO),Cp* afforded an iso-
meric mixture of heterobimetallic complexes Cp*(CO),HW-
(/4—171,n2—SiMeCH2)ReH(CO)2Cp*.166 The complexes with a
bridging hydride and a bridging pyridyl Re,(CO),(L)(u-H) (u-
pyR) (L CO, 4-benzoylpyridine; pyR = pyridyl, 4-
benzoylpyridyl) provide rare examples of metal carbonyl
hydrides designed to possess long-lived emissive triplet excited
states. Detailed absorption, emission, and transient absorption
spectra are reported. Extensive studies of excited-state reactivity
toward amines and phosphines are consistent with quenching by
electron transfer to the complexes, while reactivity with
methylpyridinium salts results from electron transfer in the
opposite direction.”*®

4.4.2. Group 7 Dihydrides and Dihydrogen Complexes.
When we move the search into dihydrides, examples of
photoactive species of group 7 are more scarce. The photo-
chemical behavior of the dihydride cations, [Cp*,Re(H),]"
parallels that of the neutral analogues of molybdenum and
tungsten (Scheme 17)."”* The dihydride CpMn(H),(dfepe) was
found to exist in a thermal equilibrium with its dihydrogen
analogue; full conversion to the dihydrogen adduct was observed
if the solution mixture was photolyzed (see section 2.2.2).”
Studies of trans-[Cp*Re(H),(CO),] in cyclohexane solution at
298 K under an atmosphere of H,, methane, or argon or in liquid
Xe at 200 K under H, showed that it photoisomerizes to the
cisoid analogue. There was no incorporation of deuterium under
a D, atmosphere. Matrix photochemistry at 12 K in the presence
of CO established that photoisomerization took place
intramolecularly; prolonged photolysis afforded fragments
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Scheme 19. Photoreactivity of Fe(H),(dmpe), in Solution; Me Groups on the dmpe Ligand Are Not Shown in the Products
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from both H, and CO loss.”” The Cp analogue, CpRe-
(H),(CO),, exists as a 98:2 equilibrium mixture of transoid and
cisoid isomers. However, the cisoid species may be generated as
the kinetic product of reaction and itself may have dihydrogen
and dihydride isomers. Photolysis of trans-[ CpRe(H),(CO),] in
methylcyclohexane glasses at 77 K leads to a photostationary
state with a 40:60 transoid/cisoid mixture that reverts slowly to
the transoid complex on melting.”” The photochemistry of
CpRe(H),(PPh;), is described in section 2.2.3.%' %

4.4.3. Group 7 Polyhydrides. Polyhydride species have also
offered examples in photochemistry, both for Mn and Re metal
centers. The clusters M;(H);(CO),, (M = Mn, Re) were
investigated under UV irradiation. The photoreaction of the Re
complex in degassed solutions yielded the dimer Re,(H),(CO),
quantitatively; if a CO atmosphere was added, ReH(CO); was
detected in addition. The reaction of the manganese analogue
proceeded less cleanly than the Re one. The photochemical
mechanism was partially elucidated.”*” Re(H);(dppe), afforded
an example of cleaner photochemistry; H, photoejection to form
the unsaturated complex ReH(dppe), was identified as the
primary photoprocess, and the transient was trapped by the use
of CO, N,, and C,H,.”"" Furthermore, the rhenium fragment was
found to be capable of CO, insertion and intramolecular C—H
activation of phenyls.”'” The same type of photochemistry was
established for Mn(H);(dmpe),.”'”> A similar photochemical
path was followed when the bidentate phosphine was replaced
with the monodentate one, PMe,Ph, whereas phosphine loss
appeared to be the major photochemical step in studies of
Re(H)iL, (L = PMe,Ph, PMePh,, PPh;).”'* The tetrahydride
CpRe(H),(PPh;) showed preferential loss of H, upon
photolysis while PPh; loss occurred thermally.”" The tetranu-
clear cluster Re,(u-H),(CO),¢ reacted photochemically to yield
the unsaturated dimer Re,(u-H),(CO),,>"> and the hetero-
nuclear compound Pt,Re,(CO),(PBus),(u-H), photoejected
H, to form Pt,Re,(CO),(P'Bus),(u-H),.>'°
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4.5. Group 8 Metals

Iron, ruthenium, and osmium belong to one of the richest groups
in examples of photoactive metal hydrides. The majority of the
studies involve dihydrides with cis geometry at the metal center.
Reductive elimination of H, is usually the primary photochemical
process, but dissociation of a different ligand has also been
reported. These studies have enabled detailed comparison of
how reactivity varies with the structure of the transient 16e™
intermediate. The group also offers some of the best examples of
photochemistry of bridging hydrides.

4.5.1. Group 8 Monohydrides. Little is reported about the
photochemistry of iron monohydride complexes. The photo-
chemistry of FeHCo,(CO);, and FeHCo,;(CO),o(PPh;), was
explored in the context of declusterification but proved to be
inconclusive.”’” The monohydride bridged dimers Cp,Fe,(u-
H)(u-PR,)(CO),"%7'% are discussed in section 2.5.

The biomimic of the active site of [Fe—Fe]-hydrogenases,
[Fe,(u-H)(pdt)(CO),(dppv)]*, was discovered to be an
effective photocatalyst for the H, evolution reaction, affording
four turnovers in the presence of triflic acid.'® However, the
primary photoprocess was demonstrated to be CO loss (see
section 3.1.1)."%°

As with iron, the photochemistry of ruthenium monohydride
species is far less investigated than that of the dihydrides. It often
proceeds through the loss of a two-electron donor ligand, mostly
CO, followed by catalytic activity shown by the unsaturated
metal—hydride intermediate formed. RuHCI(CO)(PPh;), was
reported to lose CO under ultraviolet irradiation to form
[RuHCI(PPh;);], a potent hydrogenation catalyst, with
concomitant formation of RuHCI(CO),(PPh,),.*'® Interest-
ingly, the dicarbonyl analogue RuHCI(CO),(PPh,;), did not
show any photoinduced ligand-elimination reaction but under-
went reversible photoisomerization according to UV and IR
spectra.”'? Irradiation of CpRuH(CO), in frozen nujol yielded
[CpRuH(CO)], again displaying CO photodissociation.'*?
Surprisingly, it was observed that triethylsilane reductive
elimination competes with CO photorelease in RuH(SiEt,)-

DOI: 10.1021/acs.chemrev.6b00204
Chem. Rev. 2016, 116, 8506—8544


http://dx.doi.org/10.1021/acs.chemrev.6b00204

Chemical Reviews

(CO);(PPhy), for which the authors postulated an excited state
similar to that of Ru—H, species due to the parallel to the
corresponding oxidative addition reaction. The viability of
changing the R group on the silane offered an additional way
to tuni 6the reactivity in comparison to molecular H, (see section
2.1.2).

Irradiation of Cp*OsH(CO), in the presence of H, delivered
the photoproduct Cp*Os(H);(CO) formed from CO loss.”*’ In
agreement with these observations, the photolysis of CpOsH-
(CO), in frozen nujol yielded the CO-loss fragment and a species
that was speculated to be either the [CpOs(CO),] radical or a
compound where the hydrogen atom had migrated onto the Cp
ring.123 Photolysis of the mesitylene complex (17°-C4H;Me;)-
OsH(CO)(CH,) in an argon matrix resulted in loss of methane
identified by its IR bands and formation of [(1°-C¢H;Me,)Os-
(CO)] (see below for the photochemistry of the dihydride
complex).””" The stannylene complex Cp*OsH{SnH(trip)}-
(PiPr;) (trip =2,4,6-triisopropylphenyl) was reported to convert
slowly to the metallostannylene complex Cp*Os(H),{Sn(trip)}-
(PiPr;) under ambient light through a radical mechanism.”** The
2-trihydrofuranyl complex OsH(PP;)(C,H,O) (PP, = P-
(CH,CH,PPh,),) reacted photochemically to lose tetrahydro-
furan and form the product of cyclometalation of one of the
phenyl rings of PP; (see section 4.5.2 for Os(H),(PP;)).*°

4.5.2. Group 8 Dihydrides. Iron dihydride complexes have
attracted the photochemical community since the early 1980s for
both fundamental mechanistic studies and applications in the
activation of strong bonds. The main skeleton of photoactive Fe
species involves either an Fe-carbonyl or an Fe-phosphine
scaffold where the two cis-hydrides are the photolabile ligands.
Sweany first reported the matrix isolation of Fe(H),(CO), and
formation of [Fe(CO),], which arose from photoinduced H,
reductive elimination from the parent complex Fe(H),(CO);
CO loss was not observed. The reverse reaction, H, oxidative
addition, was also induced photochemically in matrices.”” The
theoretical description of the photochemical reaction is
described in section 2.2.1.

Iron phosphine dihydride complexes have proved to be more
effective in small-molecule activation than iron carbonyl
dihydrides. Fe(H),(drpe), (drpe = dmpe, depe, dppe; depe =
Et,PCH,CH,PEt,) are well-known as good activators of sp’> C—
H bonds of alkenes,”*”*** the much stronger sp> C—H bonds of
alkanes,”** and C—S bonds of thiophenes™*® (Scheme 19). The
activation of such strong bonds was achieved at low temperature
and involved photolysis of the dihydride parent complex to
reductively eliminate molecular hydrogen and form the
unsaturated intermediate capable of insertion into the C—X
bonds (X = H, S). The activation of the C—H bonds of methane
in liquefied xenon through photolysis of Fe(H),(dmpe), was
also reported.””’” Elimination of H, from this complex was found
to be predominantly intramolecular on the basis of lack of
deuterium scrambling.”® Intramolecular C—H activation to form
a metalacycle was detected in the presence of bulkier phosphine
ligands.228 Fe(H),(dppe), showed activity as a precatalyst for the
photolytic hydrosilylation of aldehydes and ketones.''> The
dmpe analogue, Fe(H),(dmpe),, showed photochemical activity
in dechlorination reactions of chlorinated ethylenes.””” The
kinetics and actinometry of the hydrodechlorination of trichloro-
ethylene and dichloroethylene with Fe(H),(dmpe), in excess
were investigated in detail (Figure 12). More importantly,
Fe(H),(dmpe), is an active photocatalyst for the C—H
borylation of arenes (see section 2.6).M

2 Cl ICI
H™CI
HIU reductive oxidative
nlcl elimination addition  \kn
H oo = Hoal 1TCE] c
P4Fe \/[c| kfHa] + Ksiy P“F°\I,[CI
HI cl when Ksoiy >> K[ TCE) H™CI
[ 4
+ Zisomer + Z isomer
hydride/chioride
exchange
/H
P4Fe(H)(CI) P4Fe
3 4 H |P4Fe = (dmpe)Fe

Figure 12. Proposed mechanism and corresponding rate law for the
photochemical conversion of trichloroethylene to cis-dichloroethylene.
Reproduced with permission from ref 229. Copyright 2013 Royal
Society of Chemistry.

Clearer insights into the photochemical process were obtained
by transient UV—vis spectroscopy and low-temperature matrix
photochemistry.63 The [Fe(dmpe),] intermediate was observed
directly by both methods, and its reactivity was examined. The
key finding was the formation of a single unsaturated transient
[Fe(dmpe),] that differed significantly from the Ru analogue in
its spectroscopic features and reactivity (see below and Figure
13).

Although both [Fe(dmpe),] and [Ru(dmpe),] react with CO
with a second-order rate constant close to the diffusion limit, the
reactivity toward hydrogen was found to be very different. The
rate constant for reaction of [Fe(dmpe),] with H, in solution was

[Fe(dmpe)]  [Ru(dmpe),] [Os(dmpe),]
TP p P
P...| Y |
Geometry Fe P—Ru—P | P—0s—P
p” | | (]
K/P P P
Absorption 455, 500, 590
355 467, 555, 745 d : :
Spectrum A /nm 640, 800
10L _-Hy --H,
“co “-CO .
8L —— Et;SiH — oM
cyclopentene = ~CH,4
6L —— Hy, CgHg
log k» —— cyclopentene
4l —— Et;SiH
2L —— pentane
—— cyclohexane
0

Figure 13. Comparison between spectral features and rates of reactions
for group 8 metal MP, intermediates (M = Fe, Ru, Qs). 5068
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a factor of 7500 smaller than that of [Ru(dmpe),], and it reacted
with arenes and alkanes, unlike [Ru(dmpe),]. The UV—vis
absorption spectrum was also markedly different, with the long-
wavelength visible absorption bands absent from the spectrum of
[Fe(dmpe),], leaving only a near-UV band. These differences
were rationalized in terms of a different geometry for the two
species, and a C,, geometry with a triplet ground state was
suggested for [Fe(dmpe),] by analogy with [Fe(CO),].** Rate
constants were also reported for the coordination or oxidative
addition reactions of [Fe(dmpe),] with benzene, toluene,
alkenes, nitrogen, and triethylsilane. Notably, [Fe(dmpe),]
exhibited little kinetic discrimination.”> The enthalpies of
activation for the reactions with triethylsilane (Table 1) highlight
the differences between Fe and Ru. There is also a contrast in the
reactivity in low-temperature matrices because [Fe(dmpe),]
reacted with methane to form FeH(CH,)(dmpe), whereas no
corresponding reaction was observed for [Ru(dmpe),].

Density functional calculations predicted a more stable singlet
configuration for the Ru complex with a D,; geometry, while the
Fe species was computed to be slightly more stable in its triplet
state with a C,, geometry.”' Later calculations confirmed that
Fe’P, complexes have a C,, geometry with a triplet ground state.
The triplet singlet energy gap changes in the order [Fe(PH;),] >
[Fe(dpe),] > [Fe(dmpe),]. In the case of [Fe(dmpe),], the
triplet state was calculated to be more stable than the singlet by
52.5 kJ/mol. The reaction with hydrogen was analyzed by the
minimum energy crossing point method, accounting for the
slower rate of reaction of [Fe(dmpe),]| with H, compared to
[Ru(dmpe)z].23()’231

Irradiation of iron atoms in molecular H,/noble gas matrices at
12 K generated Fe(H),.”>>"*** The results suggested that H,
oxidative addition to the metal center had a small degree of H—H
stretching in an early transition state and no activation barrier to
insertion. The process followed a “simple” concerted insertion
into the Fe metal. The insertion product was investigated by 440
nm photoexcitation at 12 K and found to be converted back to Fe
atoms; the reverse reaction was described as a concerted
reductive elimination with no activation barrier (Scheme 20).

Scheme 20. Photochemistry of Fe + H, in Matrices (Adapted
with Permission from Ref 232; Copyright 1984 American
Chemical Society)
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Both H, insertion and its microscopic reverse were reported to
happen with no detectable formation of FeH or Fe(H), (x > 3)
or hydrogen atom abstraction products. This work represented
the first example of ligand-free H, reductive elimination from a
metal center. Studies of the kinetic isotope effect (KIE) for
oxidative addition at low temperature in Xe yielded a ky/kp
isotope ratio of 5.6. Although this seems large, it translates into a
kgi/kp ratio of ~1.1 at ambient temperature, indicating a small
degree of H—H stretching and low activation barrier for

8528

insertion.”*>*** Later studies of Fe in H,/Ar and Fe/Kr reported
laser-induced fluorescence excitation spectra and IR spectra. The
authors suggest that Fe(H), is formed from an Fe(H,) exciplex
with broadened and shifted absorptions. Isotopic substitution
indicated an H—Fe—H angle exceeding 170° and enabled
measurement of KIEs for forward and reverse reactions. The KIE
for the formation of Fe(H), was measured as 7 in Ar but 86 in Kr,
and the KIE for the reverse reaction was ca. 3 in both matrices.”**
Later studies with laser ablation sources of Fe are barely
concerned with the photochemistry.”*

The photoreactions of the high-spin Fe(II) complex with
bridging hydride ligands'*® [ (4-diketiminate)Fe(u-H)], and the
photochemistry of nitrogenase” are covered in section 2.5.

Ruthenium dihydride complexes also show a wide variety of
examples in photochemistry. Unlike its monohydride analogues,
Ru(H),(CO)(PPh,;); underwent H, reductive elimination when
exposed to ultraviolet irradiation. Photoelimination of CO did
not occur, as confirmed by the GC analysis of the gases produced.
The transient was trapped when it was exposed to a CO
atmosphere during photolysis where [Ru(CO);(PPh;);] was the
only product formed.”"” The transient photochemistry (Scheme
21) for this complex was investigated 20 years later by laser flash

Scheme 21. Photochemical H, Reductive Elimination from
Ru(H),(CO)(PPh,); and Reverse Reaction (Reproduced
with Permission from Ref 134; Copyright 1997 Royal Society
of Chemistry)
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photolysis in benzene solution. The transient [Ru(CO)(PPh;);]
reacted with an H, atmosphere to regenerate the dihydride
species with a second-order rate constant of k, = (8.4 + 0.4) X
107 dm® mol™ s™". More notably, it was found by time-resolved
IR experiments that H, reductive elimination was complete
within 6 ps, implying that any geometry reorganization and bond
breaking/making around the Ru center had to take place within
this time (see section 3.1)."** The dissociative photochemistry of
this complex was also demonstrated by quantum dynamics
calculations.”®

A further example with a carbonyl ligand studied by steady-
state and transient absorption spectroscopy is Ru(H),(CO)-
(etp). The reactivity is exclusively derived from H, reductive
elimination and shows little discrimination between incoming
substrates (see also Table 1).” Substitution of a PPh, ligand with
an NHC-carbene led to a drastic change in the reactivity; in situ
photolysis and the use of para-H, established that photo-
isomerization took place after both H, and PPh; dissociation had
happened (see section 2.2.2).”% Ru(H),(CO),(PMe;), was also
subject to photochemical investigation in low-temperature Ar,
CH,, and Xe matrices. It also loses hydrogen to form the 16e™
unsaturated species; the reversibility of the reaction on long-
wavelength (4 > 360 nm) photolysis identified [S---Ru-
(CO),(PMe,),] (S = Ar, CH,, Xe) as the sole coordinatively
unsaturated species.””

Initial studies of the photochemistry of Ru(H),(PMe,), only
revealed photochemical PMe; loss.”>” However, more extensive
investigation demonstrated the competition of two photo-
chemical pathways43 in contrast to Ru(H),(CO),(PMe;),.
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Studies by matrix isolation, and time-resolved spectroscopy,
together with NMR studies of the products showed that both
[Ru(PMe;),] and [Ru(H),(PMe;),] are formed as transients,
highlighting how the parent complex could either reductively
eliminate H, or lose the 2e™ donor ligand PMe;. The transient
absorption band in the near-UV observed by flash photolysis is
closely matched by the matrix spectra and is assigned to
[Ru(PMe,),]. Insertion products deriving from both unsaturated
species were observed in the presence of Ph,SiH, with initial
relative quantum yields of 1:4.5 for H, loss relative to PMe; loss
(Scheme 22).** The triphenylphosphine analogue Ru-

Scheme 22. Photoreactivity of Ru(H),(PMe;), Displaying
Both H, Reductive Elimination and PMe; Loss (Reproduced
with Permission from Ref 43; Copyright 2000 Royal Society
of Chemistry)
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(H),(PPh;), and the N, substituted species Ru(H),(N, ) (PPh,),
were investigated photochemically for H, production from
ethanol, but the photochemical process was not identified
conclusively.”*® The photochemistry of (1>-C4Hy)Ru(H),(PR;)
(R = Me, 'Pr) and (°-C4Hg)Ru(H),(PHCy,) appeared to be
less complicated: H, loss was the only photoactivated pathway to
the unsaturated species that proved capable of inserting into C—
H bonds of arenes.”*”**

Bergamini et al. first reported the photoactivity of the
Ru(H),(drpe), (drpe = dmpe, dppe) type of complexes together
with that of the Fe analogues. For both sets of complexes,
molecular hydrogen elimination through a concerted process was
found to be the sole photoprocess.”® Details of the photo-
chemistry and transient spectroscopy of these two com-
plexes”**7°"* are discussed in section 2.2.1. Unexpectedly,
[Ru(dmpe),] displayed very different reactivity and spectro-
scopic features from its Fe analogue (Figure 13). Similar
complexes of the type Ru(H),(drpe), (drpe = depe, dfepe,
dmpm; dmpm = Me,PCH,PMe,) were also studied by transient
spectroscopy.”*®° Ru(depe), exhibited very similar features in its
UV—vis spectra to those observed for the dmpe and dppe
analogues with three major UV—vis bands. One of the bands falls
at long wavelength (600—800 nm) and was assigned to an
M(d,>)-M(p,) transition. These features, in addition to
comparison of the spectra to that of [Rh(dppe),]*, confirmed
the square-planar geometry around the metal center. The
[Ru(defpe),] transient displayed a three-band UV—vis spectrum
shifted further toward the blue part of the spectrum as a result of
either a slight distortion from the planar structure or a stabilizing
interaction of the F atom with the Ru center. Each of the effects
was considered to be minor in distorting the square-planar
geometry, as confirmed by the survival of the multiband UV—vis
spectrum. The absorption spectrum of [Ru(dmpm),] is also
much less well resolved and blue-shifted as result of the reduction

8529

in the size of the ring.”> The reactivity of the complexes tested
with different substrates (H,, CO, C,H,, silanes, and boranes)
showed a sensitivity to the change of the phosphine substituent
and increased in the order [Ru(dfepe),] < [Ru(dppe),] <
[Ru(depe),] ~ [Ru(dmpm),] < [Ru(dmpe),], spanning a factor
of 34000 for reaction with H, and 418 000 for reaction with
CO.%%* The reactivity toward SiHEt; was used as a further
standard for comparison between these complexes (Table 1). Of
these complexes, only [Ru(dmpm),] inserts into the C—H
bonds of benzene, as had been shown earlier.”*' However, the
kinetics of the transient’s reaction with benzene were complex
and interpreted in terms of a rapid pre-equilibrium step between
[Ru(dmpm),] and the arene complex Ru(i*-C¢Hg)(dmpm),.
The latter undergoes oxidative cleavage of benzene relatively
slowly, leading to the phenyl hydride species. In line with these
results, Ru(H),(dfmpe), (dfmpe = (CF,),PCH,CH,P(CF,),)
reductively eliminated H, if irradiated under a D, atmosphere to
form the dideuteride analogue but showed no further reactivity
toward organic C—H bonds.”** Recently, the well-understood
photochemistry of the Ru(H),(dppe), was exploited in studies
aimed to develop a new time-resolved method based on a laser-
pump and NMR-probe setup (see section 3.2). para-H, was
employed to overcome the NMR insensitivity.” It would be
interesting to relate the reactivity of [Ru(dppe),] to the
photocatalytic exgeriments with [RuCl,(C¢Hg)], + excess
dppe (see below).”

The photochemistry of an analogous class of Ru dihydride
complexes bearing the chiral phosphines Me-BPE and Me-
Duphos was also investigated. Once again, the primary
photoprocess was H, concerted reductive elimination, as
demonstrated by transient time-resolved spectroscopy. The
concerted nature of this process and the H, oxidative readdition
to the metal center was additionally established through the
observation of a para-hydrogen enhancement of the NMR
spectrum acquired after the solution was photolyzed inside the
NMR probe under a para-H, atmosphere (see section 3.2). Very
low temperature (180 K) photolysis in situ performed under D,
atmosphere generated H, but no HD. However, repetition of the
experiment at 273 K resulted in the formation of a minor amount
of HD, suggesting that a secondary photoprocess could compete
where the chelating phosphine unhooked from the Ru center
with the subsequent formation of [Ru(k'-Duphos)(Duphos)-
(H),(17*-D,)]. This type of complex can undergo H/D exchange
rapidly; chelate ring closing will then eliminate HD and form a
Ru-hydride/deuteride complex. Kinetic studies of reactivity
toward a variety of substrates were carried out. [Ru(BPE),]
reacted with H, with a similar rate constant to that of
[Ru(dppe),], but [Ru(Duphos),] reacted considerably more
slowly; this was explained by blocking actions of the methyl
groups on the phospholane rings.'*®

The effect of introducing a more constrained unit on the Ru
center such as P(CH,CH,PPh,), (PP;) was also of interest.”>***
The tetradentate ligand prevents the transient from adopting a
square planar D,;, geometry and offers two additional possible
arrangements: pyramidal C;, or butterfly C. Steady-state
photolysis experiments showed that, unlike the complexes with
bidentate ligands, [Ru(PP;)] undergoes cyclometalation on
irradiation in THF under argon but forms a stable dinitrogen
complex under an N, atmosphere. Photolysis in benzene-doped
THE vyielded the metal phenyl hydride complex, while similar
experiments with thiophene in THF yield the 2-thienyl hydride.
As expected, laser flash photolysis demonstrated that [Ru(PP;)]
showed quite different UV—vis spectra for its transient (a single
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broad absorption maximum at 390 nm) from those of
[Ru(drpe),] because of the enforced change in structure. The
reactivity of [Ru(PP;)] toward H, was found to be much slower
than that of [Ru(dmpe),] and [Ru(dppe),]. On the other hand,
[Ru(PP;)] showed a wider range of reactions, including rapid
C—H activation with benzene in cyclohexane (rate constant (1.3
+ 0.1) X 10° M™' s7! with KIE 1.5 + 0.2, compared to
[Fe(dmpe),] + benzene (9.6 + 0.4) X 10° M~ s7'; see also
Table 1); however, there was little kinetic discrimination
between substrates. The reactivity toward THF is shown in
Scheme 23. The two-stage kinetics of reaction of transient

Scheme 23. Comparison of [Ru(PP;)] and [Os(PP;)]
Transient Photochemistry in THF
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[Ru(PP;)] toward thiophene has also been reported.”* In the
most satisfactory model of the reactivity, it was postulated that
[Ru(PP;)] adopts a structure with an agostic phenyl group.”

The use of [RuCl,(C¢Hy)], in the presence of a variety of
phosphine ligands for the photocatalytic decomposition (380—
780 nm) of formic acid-triethylamine (5:2) to hydrogen was
reported.”” The most successful phosphines were PPh; and
dppe, giving TON of 1650 and 2800, respectively, after 3 h
irradiation using 320 ppm Ru. Control experiments in the dark
gave far less H,. The catalysts work in a temperature range from 0
to 45 °C. This is a very different reaction from those described in
section 2.6 because it does not require the photon energy (it is
described as photoassisted, while we would use the term
photoinduced catalysis). Indeed the catalyst can be activated
photochemically, and the reaction then proceeds in the dark.
One of the photoactive species is proposed to be a Ru(H,)-
(OCHO)(PR;), complex.” Improved performance was ob-
tained with Fe;(CO),,/phenanthroline/PPh;. An analogous
cycle is proposed, but evidence for hydrides, of concern for our
purpose, is limited.”**

Photoactive osmium dihydride complexes are slightly more
numerous than the monohydride complexes. The first report of a
photochemical reaction that involved an Os(H), moiety aimed
to prepare clusters; Os;(H),(CO),, was irradiated in the
presence of Fe(CO)s or Ruy(CO),, to form a heterotetra-
nuclear species as a consequence of CO photoelimination. The
bridging dihydrides of the starting complex remained intact in
the product, suggesting no reactivity toward irradiation.”*’
Bergamini et al. explored the photochemistry of the Os-
(H),(dmpe), and Os(H),(dppe),, analogues of the Fe and Ru
mentioned previously. No substantial differences were found in
the photochemical behavior at that time.”® The photochemistry
of Os(H),(dmpe),, explored by low-temperature matrix photo-
chemistry, laser flash photolysis, and steady-state studies of the
photolysis products, showed a strong analogy to the [Ru-
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(dmpe),] analogue (see section 3.1.2).°® Notably, [Os(dmpe),]
has the lowest energy UV—vis transition of all the M°P,
complexes at 798 nm (Ar matrix). Unlike [Ru(dmpe),], it
undergoes C—H oxidative addition with benzene to form
OsH(Ph)(dmpe), and with ethylene to form cis- and trans-
[OsH(CH=CH,)(dmpe),] without forming Os-
(dmpe),(C,H,).

The piano-stool complex (17°-C4Hg)Os(H),(CO) was inves-
tigated photochemically with respect to the C—H activation of
saturated and aromatic hydrocarbons. The formation of the
reactive species was achleved by photoelimination of H, with no
mention of CO loss.”*° The mesitylene analogue (175-C¢H;Me;)-
Os(H),(CO) was employed for matrix photochemistry and
proved to undergo H, reductive elimination to yield the
unsaturated fragment [ (77° C5H3Me3)Os(CO)] upon photolysis
in an Ar matrix and to form (#° C5H3Me3)OsH(CH3)(CO) ina
methane matrix (see section 4.5. 1)

The photochemistry of Os(H),(PP;) was studied by steady-
state methods and by time-resolved absorption.’®*”*** Tran-
sient absorption methods on Os(H),(PP;) complexes in the
presence of hydrocarbons demonstrated that it activates the C—
H bonds of primary alkanes and methane itself (rate constant
(2.6 £ 0.4) X 10° M~! s7"). The transient [Os(PP;)] appeared
also to react with cyclohexane, but much more slowly, thus
showing kinetic selectivity for alkane C—H bonds in the order
CH, > 1° > 2°, but the rate constant for benzene exceeds those
for all alkanes. The alkyl products were not observed by NMR
spectroscopy, principally because of the low solubility of the
complex in alkanes. However, C—H activation products were
identified by NMR spectroscopy with THF, benzene, and
thiophene. The transient kinetics for reaction with THF and with
thiophene are complicated by initial coordination of the substrate
through oxygen or sulfur, respectively (Scheme 23). Unlike
[Ru(PP;)] no quenching could be observed with H, probably
because of the competing reaction with cyclohexane. Although
[Os(PP;)] was quenched by N, no dinitrogen complex could be
isolated, whereas Ru(PP;)(N,) was isolated as a reaction
product. Intramolecular photochemical C—H activation was
not observed for Os(H),(PP5), unlike the Ru analogue: evidently
the barrier for cyclometalation at Os was higher than for C—H
activation of alkanes, whereas the reverse is true of [Ru(PP;)].
The authors postulate that the structure of [Os(PP;)]
predisposes it to C—H activation through the enforced C;, or
C, struﬁcstlg;eﬂ\gnth the additional possibility of the agostic phenyl
group.

4.5.3. Group 8 Polyhydrides. Iron, ruthenium, and osmium
atoms formed by laser ablation have been co-condensed with
pure H, or with Ne/H, mixtures at 4.5 K, allowing examination
of a series of binary hydrides and hydride dihydrogen complexes.
The monohydride FeH reacted with H, in solid neon and pure
hydrogen to form FeH(H,),; the Fe(H), molecule was also
observed experimentally and found to be capable of forming the
weakly bound Fe(H),(H,); supercomplex. There is a reversible
photochemical cycle linking Fe(H), and Fe(H),(H,);.”” The
behavior of Ru is similar to that of Fe with the difference that the
Ru(H), was not detected due to the large activation energy
needed for atomic insertion with one H, molecule. The reactive
RuH species formed initially reacted with hydrogen to form
Ru(H)(H,) rather than a trihydrido species. Although photo-
chemical reactions are reported, the photochemical reaction
sequence is unclear.”” The reactive OsH species combined with
H, to form the complex OsH(H,) instead of the trihydride
Os(H),, and OsH(H,), was also formed.””
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The cluster Ru,(H),(CO), was found to be active in catalytic
isomerization and hydrogenation of alkenes when irradiated, and
it was suggested that the complex [Ru,(H),(CO),,], formed by
photoejection of CO, was responsible for the reactivity.”*” The
isolation of the intermediate came later by matrix photo-
chemistry at low temperature, confirming clean loss of CO.***

Most of the reactions of [ Cp*Ru],(-H), and its analogues are
described in section 2.4. It also reacted photochemically with
CpNi(CO),, CpCo(CO),, and [CpFe(CO),], to yield hetero-
bimetallic clusters with different geometries. Although no
mention was made of the primary photoprocess by the authors,
elimination of H, from the tetrahydrido Ru-species is required
for the observed product to be formed.""'***’ The only example
of a polyhydride of osmium involved in a photochemical reaction
is the photochemical reductive elimination of H, from
Cp*Os(H),(CO) to form the dimer [Cp*Os(CO)],(u-H),.**’

4.6. Group 9 Metals

Group 9 metal-hydride photochemistry has played a critical role
in the development of C—H bond activation and also includes
some rare examples of photochemistry in aqueous solution as
well as examples of equilibrated excited states.

4.6.1. Group 9 Monohydrides. The first cobalt mono-
hydride complex reported to undergo photoreactivity was
CoH(CO),; the transient [Co(CO),] formed upon photolysis
was trapped in both Ar and CO matrices and arose from metal—
hydrogen bond homolysis, proposed as a primary photoprocess
(eq 5).° A few years later, CO photoelimination was also

HCo(CO)y —™ » H" + Co(CO),

()
HCo(CO)s —™ ~ Heo(CO), + CO

detected for the same complex along with M—H bond
homolysis; the relative quantum yields for M—H vs M—CO
cleavage were estimated as 1:8 with 254 nm irradiation (eq 5).”"
The first calculations of electronic structure suggested that the
dominant electronic transition responsible for photoactivity had
mixed LF and MLCT character.”” The photodissociation
dynamics™** for CoH(CO), and simulation of the intersystem
crossing process”>® were computed. Finally, wave packet
dynamics established that competition in multiple photo-
processes had a time dependence on the sequence of the
elementary events occurring between the initial absorption and
the formation of the photoproducts. The Co—H homolysis can
occur via population of the 'E (d — 6% ,_y;) state as well as from
triplet states (albeit, more slowly).”” The fragment [CoH(CO);]
formed after CO loss also showed photochemical reactivity in
H,-containing matrices, forming the hydride(dihydrogen)
species CoH(H,)(CO);; the latter proved to be inert to
irradiation.”***>

Cobalt complexes have been used extensively in photocatalytic
systems for hydrogen production from water. These photo-
sensitized reactions are thought to involve photoinduced
electron transfer to cobalt and formation of cobalt hydrides by
reaction with acid, but the hydrides are rarely observed directly.
For details, the reader is referred to reviews.'>'*

More direct participation of monohydrides in the photo-
chemical process is offered by Rh-monohydrides. The first report
published in 1979 showed how ultraviolet irradiation of
[RhH(NH;),(OH,)]*" in the presence of O, resulted in the
formation of a hydroperoxide rhodium species. The photo-
initiation produces a H radical and [Rh(NH;),]**, which acts as
the chain carrier.”*® In a related example, UV photolysis of an

8531

aqueous solution of trans-[RhH(14-aneN,)]*" (irradiating at 254
nm into absorption maximum at 288 nm) caused Rh—H
homolysis, generating hydrogen atoms and Rh" products trans-
[Rh(H,0)(14-aneN,)]** and trans-[Rh(O0)(14-aneN,)]**
(14-aneN, cyclo-NH(CH,),;NH(CH,),NH(CH,);NH-
(CH,),) under Ar and O,, respectively.257 The Rh" products
are detected by EPR spectroscopy, and the H atoms may be
detected by trapping. The 18-electron complex RhH(CO)-
(PPh,), was capable of enhanced hydrogenation of olefins under
photocatalytic conditions,”*® and the triisopropylphosphine
analogue RhH(CO)(P'Pr;), displayed photoreactivity in H,
production in the presence of MeOH via the photoelimination
of CO.”***" The photocatalytic reactions of a rhodium
porphyrin to generate silanols and of mixed valence Rh,

complexes to generate H, are summarized in section
26110,111,113

Rhodium complexes are popular catalysts for photocatalytic
reduction of protons to hydrogen. Typically, a photosensitizer
transfers an electron to a rhodium complex, which subsequently
picks up a proton to form a rhodium hydride. Such catalysts are
the subject of a recent review."

There are few examples of iridium monohydrides that undergo
photochemical reaction. Clean and rapid EtOH elimination was
observed on irradiation of the alkoxide hydride Cp*IrH(OEt)-
(PPh;); the unsaturated fragment formed in the reaction proved
to be capable of inserting into C—H bonds of arenes inter- and
intramolecularly.”” The tridentate phosphine complexes IrH-
(triphos)(C,H,) and IrH(triphos)(CH,=CHPh) underwent
photoisomerization to form Ir'' vinyl dihydride complexes,
which were themselves photoactive (see below).*’ In related
reactions, photolysis of CpIr(C,H,), in argon matrices resulted
in two photoisomerization steps, first to CplrH(CH=CH,)-
(C,H,) and subsequently to the vinylidene complex, Cplr-
(H),(C=CH,).”® Only the first step has been observed in
solution. Different behavior was observed for IrH-
(CO),(xantphos); despite having a large bite angle phosphine,
the introduction of CO ligands led to the photodissociation of
the carbonyl as the primargr Ophotochemical step, observed by
photolysis under hydrogen.”

The ability of [Cp*IrH(bpy)]* to undergo photochemical
proton transfer and hydride transfer was discussed in section
2.1.4.”"° This complex, and derivatives with other polypyridine
ligands, have also been used extensively for photocatalysis and
photoelectrocatalysis; see section 2.6.'”*''* Pioneering studies
of [Cp*IrtH(NN)]* (NN = bpy, phen, and several substituted
derivatives of bpy) as photocatalyst for the water gas shift
reaction were reported.”’ The photochemical step was identified
as protonation of the hydride, and several reaction intermediates
were identified spectroscopically. The activation energy was
reduced by introduction of an electron-withdrawing group on
the bipyridine. The global quantum yield for [Cp*IrCl(bpy-4,4'-
(CO,H),]* with irradiation at 410 nm was 0.13.*' A related
derivative with terpyridine and phenylpyridine ligands, [IrH-
(tpy) (ppy)]*, was formed as two isomers with hydride trans to N
or C that exhibit very different properties in ground and excited
states.” The N-trans-H isomer is emissive and is quenched by
triethylamine by electron transfer, whereas the C-trans-H isomer
is nonemissive and is not quenched in this way. Their excited-
state spectra are appreciably different, as determined by transient
absorption spectroscopy. Steady-state photolysis of the C-trans-
H isomer in CD;CN results in proton transfer and formation of
Ir(tpy)(ppy) and, over longer periods, the N-trans-H isomer.
Both isomers act as photocatalysts for CO, reduction in the
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presence of triethanolamine to generate CO with similar
turnover numbers. It is postulated that the reaction with CO,
occurs via a common square-pyramidal intermediate [Ir(tpy)-
(ppy)] with a vacancy trans to c”

4.6.2. Group 9 Dihydrides and Dihydrogen Complexes.
Examples of cobalt dihydride complexes involved in photo-
chemistry are scarce. In the earliest experiments on hydride
photochemistry, the cationic complexes [Co(H),(NN)(PR;),]*
(NN = bpy or phen, Ry = Bu,, Pry, Et;, Et,Ph) exhibit
photoinduced reductive elimination of H, under vacuum, which
was reversed thermally by restoring a hydrogen atmosphere;
photolysis of the dideuteride under H, generated the dihydride
(Scheme 24)."* Later, [Co(H),(bpy)(PEt,Ph),]" was shown
to undergo sensitized photoelimination of H, with visible light in
the presence of Fe(bpy),(CN), (see section 2.2.3).%

Scheme 24. Photochemical Elimination of D, from
[Co(D),(bpy)(PEt,Ph),]" under H, Atmosphere To Form
the Dihydride-Co Analogue
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Rhodium dihydride complexes are easily accessible and have
been investigated far more extensively; most of the examples
have a skeleton involving a phosphine as a spectator ligand. The
photochemlst?r of Cp*Rh(H),(PMe;) was reported in seminal
studies”**'™*% that demonstrated loss of H, and C—H
activation of arenes and alkanes (Scheme 25). For example, the
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photolysis in liquid propane at low temperature yielded the
propyl hydride complex. Similarly, reaction with cyclopropane
generated the cyclopropyl hydride, but the latter rearranged
intramolecularly to the rhodacyclobutane on warming. The
rhodium dihydride exhibited substantial selectivity for primary
over secondary bonds of alkanes. Careful isotope studies revealed
evidence of intramolecular rearrangements of the rhodium alkyl
complexes via n*-alkane intermediates. This mechanism also
allows for products of activation of secondary C—H bonds to
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isomerize to the preferred primary alkyl product. Strong support
for the role of alkane complexes has been obtained in the
intervening period.”****® The intramolecular competition
between the benzylic and aryl protons of toluene at 228 K
revealed the kinetic selectivity for aryl protons. On photoreaction
with 1,3,5-C4H;Ds, the intramolecular kinetic isotope effect for
arene C—H activation was measured as 1.4 + 0.1, whereas the
intermolecular competition between C;Hy and C4Dg gave a value
of 1.05 + 0.06. The competition between benzene and
cyclopentane at 238 K demonstrated a 5.4:1 kinetic selectivity
for benzene C—H activation. These observations proved that C—
H activation of arenes did not proceed directly but proceeded via
an intermediate, postulated as CpRh(PMe,)(17*-C¢Hy), and led,
with further measurements, to a complete free energy diagram
for the alkane/arene competition at [Cp*Rh(PMe,)].* A more
recent photochemical study of the same complex, Cp*Rh-
(H),(PMe;), in neat CH;CN demonstrated the kinetic C—H
activation product to be Cp*RhH(CH,CN)(PMe,); thermal
conversion to the C—C activated complex was detected at higher
temperatures (Scheme 25).267

Studies in low-temperature matrices revealed that a 16e”
fragment with a characteristic UV—vis absorption band was
formed when CpRh(H),(PMe;) complex was irradiated and was
assigned to [CpRh(PMe;)]; H, reductive elimination, the
primary photochemical process, could be partially reversed by
long-wavelength photolysis. Furthermore, the transient showed
reactivity in CH,-, CO-, and N,-doped matrices to produce the
insertion/coordination products.n'2

The substitution of the Cp* with the bulkier Tp’ ligand led to
three dihydride complexes that undergo photoejection of H, to
form coordinatively unsaturated species capable of inserting into
C—H bonds of arenes, Tp'Rh(H),(L) (L = PMe,, PMe,Ph,
CNCH,CMe;).”***® In addition to the phenyl hydride
complex, irradiation of Tp’Rh(H),(PMe,Ph) yielded the
cyclometalated complex Tp'RhH(PMe,C4H,). The selectivity
for C—H activation over C—F activation and for the C—H bonds
ortho to fluorine was revealed by photolysis of Tp’Rh(H),(L) (L
= PMe;, PMe,Ph) in fluoroarenes. This selectivity originates in
the increased Rh—C bond dissociation energy, which correlates
with the C—H bond dissociation energy (Figure 14).2° Like
Cp*RhH,(PMe,), the photoreactions of Tp'Rh(H),(L) (L =
PMe,, PMe,Ph) resulted in C—H bond activation of CH,CN.>”
More recently, Tp'Rh(H),(PMe;) was employed in inves-
tigations on intramolecular and intermolecular selectivity
between C—H and “hetero-bonds” (hetero = C—F, Si—H, B—
H)."”” Notably, C—F bond activation was observed with
pentafluoropyridine, but neither C—F bond activation nor
arene coordination occurred with hexafluorobenzene, allowing
the latter to be used as an inert solvent. There is strong
intramolecular selectivity for the Si—H bond over C—H bonds in
SiH,Et, but lower selectivity in SiH;Ph. The lack of dependence
of the photochemical conversion on [substrate] demonstrated
that this is a dissociative reaction. Irradiation with a laser within
the NMR probe of CF4 solutions containing two substrates
allowed the intermolecular selectivity to be determined (see
section 3.2). It is commonly assumed that thermal reactions of
methyl hydride complexes are comparable to photochemical
reactions of dihydride reactions in generating a coordinatively
unsaturated intermediate. A comparison between photochemical
and thermal reactivity, using Tp’RhH(CH;)(PMe;) as a thermal
precursor in the presence of a variety of substrates, was
undertaken and the kinetics was studied. Interestingly, it was
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Figure 14. Plot of relative Rh—Ar" bond strength vs calculated C—H
bond strength (kcal/mol); experimental result (a) and DFT calculated
result (b). Reproduced with permission from ref 269. Copyright 2010
Royal Society of Chemistry.

found that the two complexes followed different mechanisms

despite forming the same final products (Figure 15)."*’
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Figure 15. Reactivity of Tp'RhH,(PMe;) and Tp’RhH(CHj,)(PMe;).
Reproduced with permission from ref 137. Copyright 2015 American
Chemical Society.

The triphenylphosphine complex Rh(H),(CI)(PPh;); ex-
hibited concerted reductive elimination of dihydrogen under
irradiation to give Wilkinson’s complex [RhCI(PPh;);], as
shown by flash photolysis.””" This reactivity contrasted strongly
with that of the iridium analogue (see below). Photocatalytic
dehydrogenation of cyclohexane was observed on irradiation of
Rh(H),(CI)(PCys), or of Rh(Cl)(PCyj;), with optimum activity
with 4 > 270 nm photolysis and the same wavelength
dependence for both complexes. A catalytic cycle was postulated
in which cyclohexane attacks Rh(Cl)(PCy;), to form the
cyclohexyl hydride; thermal p-elimination yields the cyclic
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alkene and Rh(H),(Cl)(PCys), before photoelimination of H,
regenerates the reactive intermediate.”””

The photoreactivity of [CpM(CO),], with Cp*Rh-
(H),(SiEt;), was exploited in the synthesis of trinuclear
complexes; the fragment formed by H, elimination was capable
of inserting into [CpM(CO),], (M = Co, Ru, Nj, Fe) dimers to
yield different types of metal clusters.””” No evidence was
provided that the rhodium complex was the light absorber rather
than the metal carbonyl. Finally, the dimeric dihydride syn-
[Rh™ICIH,(tfepma);] (tfepma = bis[bis(trifluoroethoxy)-
phosphino]methylamine, MeN(P{OCH,CF;},),) was shown
to eliminate H, photochemically to form a short-lived blue
product along with a stoichiometric amount of H,. Although
there is one hydride ligand on each metal, photoreaction of a
mixture of Rh,D, and Rh,H, gave predominantly H, and D,. The
blue intermediate is thought to be [Rh,"(tfepma),Cl,]. This
process was a step in a more complicated photocycle for the
production of H, in homogeneous solutions of hydrohalic
acids.'”’ The photochemical reactions of the dihydrogen
corglgélgex Rh(H,)(PCP) have been described earlier (section
24).

The first Ir-dihydride reported to undergo photochemical H,
elimination was the Vaska’s dihydride adduct Ir(H),CI(CO)-
(PPh;),; the photochemical reaction yielded the Ir' square-
planar complex. Similar behavior was observed for the dihydride
iodide analogue and for the dihydrides formed from H, addition
to the cations [Ir(dppe),]* and [Ir(dppv),]*.””” The replace-
ment of CO with PPh, afforded Ir(H),(Cl)(PPh;), and resulted
in very similar photochemistry (quantum yield for loss of H, 0.56
+ 0.3); cyclometalation of the PPh; ligand was also observed in
this case (Scheme 26), and the sequence could be reversed

Scheme 26. Photoreaction of Ir(H),(Cl)(PPh;), and
Intramolecular Insertion into the C—H Bond of the
Phosphine Phenyl Group

|
hv,A _ Cl, | .=
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2 PhsP | PPhy
PPh,

photochemically under H,. Photolysis of a mixture of Ir-
(H),(Cl)(PPhy); and Ir(D),(Cl)(PPh;); gave only H, and
D,.””* Laser flash photolysis investigations (with a 20 us xenon
arc flash lamp) on both Vaska’s dihydride and the tris-PPh,
analogue resulted in the observation of a common intermediate
assigned to [IrCI(PPhs),] formed from CO or PPh; loss,
respectively. It was postulated that H, elimination would follow
after the dissociation of those ligands.””' A more modern
approach with time-resolved IR spectroscopy on IrCl(CO)-
(PPh;), did not support this interpretation, but there has been
no reexamination of the dihydride complexes.””

The photochemical reactivity of Cp*Ir(H),(PMe;) toward
alkanes, in particular cyclohexane and neopentane, heralded the
age of C—H bond activation of alkanes.”’°~*"® With such a
reactive complex, it is advantageous to find an inert solvent. Use
of liquified xenon as solvent for the photoreactions at 193—198
K, followed by removal of the xenon for study by conventional
methods, allowed investigation of reactions with numerous
substrates. With this method, C—H oxidative addition was
observed with methane and activation of secondary C—H bonds
in cyclic alkanes. Whereas isopropanol and t-butanol reacted by
C—H activation, methanol and ethanol underwent O—H
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activation.””” Like the rhodium analogues investigated slightly
later, Cp*Ir(H),(PMe;) eliminates H, under irradiation to form
a very reactive 16e” fragment that acts as the intermediate in
these reactions.”’*~>”® The kinetic selectivity of the intermediate
for benzene over cyclohexane was (3.5 + 0.1):1, compared to ca.
(9.1 + 0.6):1 for the rhodium analogue. The reaction of
Cp*IrH(Cl) (PMe,) with a strong base appeared to give the same
intermediate as obtained by photolysis of Cp*Ir(H),(PMe;).
However, the kinetic selectivities and kinetic isotope effects were
significantly different, probably because the salt that is eliminated
stays bound to iridium.”*" The reactions of (3°-Ind)Ir-
(H),(PMe,) with alkanes and benzene are similar to those of
Cp*Ir(H),(PMe,).”*’ Although both Cp*Ir(H),(PPh;) and
Cp*Ir(H),(PMe,) proved to be capable of inserting into the C—
H bonds of benzene, only the PMe; complex attacked alkanes.
When the reaction was run in CH;CN, the PPh; complex reacted
to form a cyclometalated product.

Photochemistry of Cplr(H),(PMe;) in Ar matrices allowed
detection of the 16e™ fragment [Cplr(PMe;)], confirming H,
photoelimination as the primary process; the highly reactive
fragment [Cplr(PMe;)] inserted into the C—H bond of methane
to form an Ir-methyl hydride species.'”” The analogue with
phosphine replaced by CO, Cplr(H),(CO), once again
underwent H, reductive elimination as the primary and only
photoprocess in matrix photochemistry at 12 K. Again this
complex acted as a C—H activator in methane matrices yielding
CpIrH(CH;)(CO). A more complicated situation was found in
solution photochemistry where H/D scrambling during neo-
pentane activation at 298 K disagreed with H, loss as the sole
pathway."***** In a more unusual study, the same complex was
impregnated into zeolite materials and photolyzed in the
presence of D,, HBr, CO, C¢Hy, and alkanes. In contrast to
solution photochemistry, no reactivity was detected in the
presence of arenes and alkanes.”**

An important step in the application of photochemical C—H
activation was the photocatalytic dehydrogenation (A, = 254
nm) of linear and cyclic alkanes using the complex Ir(H),(x*-
0,CCF;)(PAr;), in the presence of CH,—CH¢-Bu as hydrogen
acceptor. The reaction still proceeded when the hydrogen
acceptor was omitted, but with reduced turnover number. The
unsaturated reactive species formed via H, reductive photo-
elimination was postulated to react with the alkane; the resulting
alkyl hydride underwent f-elimination to regenerate Ir(H),(x*-
0,CCF;)(PAr,),****%

The photochemical reactivity of Tp'Ir(H),(cyclooctene) with
phosphites was also investigated; cyclooctene was shown to be
the photolabile ligand with H, still bound to the metal center in
the products. The [Tp'Ir(H),] intermediate formed initially
underwent a complex series of reactions with incoming ligands
and with benzene solvent.”*® The vinyl complex Ir(H),(CH=
CHPh)(triphos) isomerized photochemically to two isomers of
IrH(triphos) (7*-CH,=CHPh); the H,-loss product Ir-
(H),(C=CPh)(triphos) was also formed. The latter underwent
photoisomerization to IrH(triphos) (7>-CH=CPh) probably via
a vinylidene complex. The photochemistry of Ir(H),(C,H;)-
(triphos) was less clean, producing several metal products and
gases due to secondary photolysis of the species formed in
solution.*

4.6.3. Group 9 Polyhydrides. Examples of trihydrides of
group 9 involved in photochemical reactions are scarce.
Rh(H);(triphos) reacted photochemically to eliminate H, and
form transient [RhH(triphos)], which reacted rapidly with
HBpin to form Rh(H),(Bpin)(triphos);*’ the Ir analogue also
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showed photoactivity in C4H, to form the metal(hydride)phenyl
species and H, gas.*” Finally, the irradiation of mer and fac-
[Ir(H),;(PPh;)] led to H, loss and cyclometalation. If the same
complex was photolyzed under a hydrogen atmosphere,
Ir(H);(PPh;), was the product detected, suggesting that H,
loss was inhibited under these conditions, allowing loss of PPh;
to be observed.””*

4.7. Group 10 Metals

Examples of photoactive compounds become very rare as we
move to the right of group 9. To our knowledge there are no
palladium hydrides which have been investigated photochemi-
cally, and we have found only one example for nickel where a
Ni(H,)(CO); complex underwent photodissociation of H, in
H,/Ar matrices.””” Platinum offers a few more examples of
photoactive mono- and dihydrides. The d® square-planar
monohydride trans-[PtH(CH,CN)(PPh;),] was observed to
isomerize to the cis-analogue on photolysis in a glass at 77 K,
which underwent reductive elimination on warming. Solution
photolysis (A, 313 or 334 nm) caused reductive elimination of
acetonitrile and formation of [Pt(PPh;),],. Crossover experi-
ments indicated that the reductive elimination proceeds without
loss of phosphine.”®® Complexes cis-[PtH(SnPh;)(PCys;),], cis-
[PtH(SiR,R")(PCy;),] (R, R’ = H, alkyl, phenyl, OSiMe,, etc.),
and cis-[PtH(4-C;NF,)(PCy;),] also isomerized to the trans-
form under photolytic conditions.”®**”*** The photochemistry
of the dinuclear complexes [Pt,(H),(u-H)(dppm),]* and
[Pt,(H),(u-Cl)(dppm),]* was summarized in section 2.5."%
The related [{PtMe(dppm)}(u-H)]PFs underwent photo-
chemical reductive elimination of methane.*”!

Dissociation of H, as a primary photochemical step was also
detected for a class of square-planar Pt(H),(PP) complexes (PP
= (t-Bu),P(CH,),P(¢+-Bu),, (t-Bu),P(CH,);P(t-Bu),, (t-Bu)-
(Ph)P(CH,),P(Ph)(t-Bu)); the reactive 14e” intermediates
formed were capable of inserting into the C—H bonds of
benzene to form PtH(Ph)(PP).>”” Finally, photoejection of H,
from the cluster Pt,Re,(CO),(Pt-Bu,),(u-H), took place at
room temperature; the same reactivity was achieved thermally at
97 OC.216

4.8. Group 11 Metals

Group 11 is even poorer in examples than group 10. Studies of
atom photochemistry in cryogenic matrices were first reported
for Cu; the irradiation of (CH;)CuH caused fragmentation to
yield Cu, CH;, CuH, CuCHj, and H.>** Similar studies were
performed on all the group 11 elements with the laser-ablation
method of generating the atoms; methane activation afforded the
C—H activated products, which were observed to fragment
under further excitation.””?

The two additional examples found are of metal clusters
capable of H, ejection through light initiation; [Cu,,H;(S,P-
(O'Pr),)] was reported to release H, upon irradiation by
sunlight, but the copper product was not identifed.””* The
[Ag;(H),(dppm)]* ion was studied by laser-induced dissociation
of the mass-selected ion in the mass spectrometer and released
H, in competition with loss of AgH as the minor pathway;
deuteration experiments confirmed that the hydrogen came from
hydride reductive elimination and not from the protons on the
ligands. The structure, optical properties, and action spectrum
were modeled by TD-DFT calculations. The ground-state
structure consist of a Ag;(#-H), unit bridged by dppm across
the unique Ag—Ag bond. Additionally, molecular dynamics
simulations of H, loss were performed for the ground and first
excited singlet states making use of a DFT approach, but details
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of the methodology were not provided. Loss of H, is associated
with Ag—H antibonding character and weakening of the Ag—Ag
bond in the excited state.*”®

5. CONCLUSIONS AND OUTLOOK

Our survey of metal hydride photochemistry has revealed
numerous examples of metal mono- and dihydrides that are
photosensitive. The photochemical pathways exhibited by these
two classes are strikingly different (Scheme 1 and Scheme 3).
Whereas cis-dihydride complexes are highly likely to be
photoactive with respect to H, reductive elimination, the
photochemical behavior of monohydride complexes is less
predictable. They may undergo one of several processes
including M—H homolysis or, for alkyl and silyl hydride
complexes, reductive elimination. Photodissociation of other
ligands competes with processes involving M—H bonds in many
examples but by no means in all. For example, H, elimination is
the only process in Ru(H),(CO)(etp) and Cplr(H),(CO).
Likewise, reductive elimination of alkanes is the only process for
Cp*,ZrH(alkyl). The selectivity of photoreaction, of great
importance in synthetic chemistry, has been explored in detail in
some examples, such as Tp'Rh(H),(PMe,). It is often assumed
that thermal elimination of alkanes from alkyl hydrides is
equivalent to photochemical elimination of H, from dihydrides—
there is evidence that this is an oversimplification and the
pathways differ significantly. The examples of metal hydride
photochemistry are dominated by groups 6—9 of the periodic
table; there are opportunities to explore the remaining groups
more thoroughly. The photochemistry of metal polyhydrides
and complexes with bridging hydrides is also underexplored, but
there are exciting developments for bridging hydrides that are
relevant to bioinorganic chemistry, in particular to hydrogenases,
nitrogenase, and related enzymes. Photochemistry of para-
magnetic metal hydrides has barely been explored outside the
matrix environment. Another approach with opportunities for
more investigation is the formation of charge-transfer complexes
that are photosensitive at much longer wavelengths than their
constituent components.

Applications of dissociative photochemistry in photocatalysis
have been published since the early years of metal hydride
photochemistry but will become more important as under-
standing of how to generate activity with visible radiation
advances, especially for solar energy conversion. There may also
be applications in hydrogen storage.

The photoprocesses mentioned so far are likely to involve
dissociative excited states, but the ultrafast transient experiments
that might prove this are few and far between in spite of the
technical advances. Such experiments can now be associated with
corresponding quantum dynamics calculations. There is more
information on quantum yields, but measurements are hampered
by the lack of distinctive absorption bands for the metal hydride
and its product in many examples. On the other hand, transient
absorption methods have been exploited extensively for group 8
metal dihydrides to determine the spectra, structure, and
reactivity of the transient reactive intermediates. Transient
absorption spectroscopy, often in conjunction with matrix
isolation, has illuminated the structures and spectra of reaction
intermediates implicated in catalysis and in activation of small
molecules. The corresponding transient kinetic experiments
have quantified the rates of reaction of these intermediates
toward H,, alkanes, arenes, silanes, and boranes. It is particularly
striking that many of these bimolecular reactions between
diamagnetic molecules have rate constants in the range 10°—10"
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dm?® mol™ s™". The power of pulsed laser methods continues to
develop through improvements in time-resolved infrared
spectroscopy and linkage with NMR spectroscopy.

Luminescent metal hydride complexes are a rarity: we found
examples containing pyridine or polypyridine ligands together
with a pair of tetrahydrides MH,(dppe), (M = Mo, W). These
complexes must have equilibrated excited states with potential
for new reactions as demonstrated by the extraordinary
photoinduced acidity and hydricity of [Cp*(H)(bpy)]*.
Although photocatalysis with this ion was first demonstrated
many years ago, its great potential is only now becoming clear. It
offers a complementary approach to the standard methods
employing coordinatively saturated ruthenium or iridium
polypyridine complexes.
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ABBREVIATIONS

14-aneN, cyclo-NH(CH,);NH(CH,),NH(CH,);NH(CH,),

bpy 2,2'-bipyridine

BPE 1,2-bis(2,5-dimethylphospholano)ethane

CASSCF  complete active space self-consistent field

CASPT2 complete active space second-order perturbation
theory

CCI contracted configuration interaction

CNAd 1-adamantylisonitrile

Cp cyclopentadienyl, 17°-CsHg

Cp* pentamethylcyclopentadienyl, 77°-CsMe

Cp’ n*-CH,CH,

Cp” n>-CsMe,H

Cp* 17°-1,2,4-CsH,t-Bu,

CT charge transfer

depe 1,2-bis(diethylphosphino)ethane

dfepe 1,2-bis(di(pentafluoroethyl)phosphino)ethane

dfmpe 1,2-bis(di(trifluoromethyl)phosphino)ethane

DFT density functional theory

dmpe 1,2-bis(dimethylphosphino)ethane

dmpm  1,2-bis(dimethylphosphino)methane

dpe 1,2-bis(phosphino)ethane

dppe 1,2-bis(diphenylphosphino)ethane

dppm 1,2-bis(diphenylphosphino )methane

dppv cis-1,2-bis(diphenylphosphino)ethene

Duphos  1,2-bis(2,5-dimethylphospholano)benzene

em emission

etp bis(diphenylphosphinoethyl)phenylphosphine

EPR electron paramagnetic resonance

ex excitation

GC gas chromatography

HOMO  highest occupied molecular orbital

Ind indenyl

IR infrared

KIE kinetic isotope effect

LF ligand field

LIF laser-induced fluorescence

LMCT  ligand-to-metal charge transfer

LUMO  lowest unoccupied molecular orbital

MCD magnetic circular dichroism

MLCT  metal-to-ligand charge transfer

MRCI multireference configuration interaction

NHC N-heterocyclic carbene

NHE normal hydrogen electrode

NMR nuclear magnetic resonance

PAr; triarylphosphine

PCP (2,6-C4H,) (CH,PfBu,),

PCy, tricyclohexylphosphine

pdt propanedithiolate

PHIP para-hydrogen induced polarization

phen 1,10-phenanthroline

pin pinacolate 1,2-0,C,Me,

PP, tris[2-(diphenylphosphino )ethyl]phosphine

PPY 2-phenylpyridine

pyR pyridinyl substituted by R

tf radio frequency

SCF self-consistent field

SOMO  singly occupied molecular orbital

TCNE  tetracyanoethylene

TD-CAM time-dependent Coulomb-attenuating method

TD-DFT time-dependent density functional theory

tfepma  MeN(P{OCH,CF;},),
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THEF tetrahydrofuran

TOF turnover frequency

TON turnover number

tpy 2,2':6',2"-terpyridine

Tp' tris(3,5-dimethyl-1-pyrazolyl)borate
Trip 2,4,6-triisopropylphenyl

triphos ~ MeC(CH,PPh,),

uv ultraviolet
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