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ABSTRACT: Dehydrohalogenation of pyridine-derived pincer
ruthenium complexes often leads to dearomatized moieties, such
as in Milstein’s PNN-Ru(CO)(Cl)(H) (1Py) catalyst. Thus, we
were surprised to find an aromatized κ3-N,C,P binding mode in the
lutidine-derived bidentate analogue [{LutP′}Ru(CO)(H)(PPh3)]
(2), instead of a dearomatized compound, upon dehydrohaloge-
nation of [{LutP}Ru(CO)(Cl)(H)(PPh3)] (1). The reaction of 2
with H2 results in the formation of the cis-dihydride [{LutP}Ru-
(CO)(H)2(PPh3)] (3), and labeling studies confirm cooperative
metal−ligand activation. 3 exhibits reversible photoisomerization,
forming another cis-dihydride isomer (4) upon irradiation. The lability of 4 toward ligand substitution was leveraged to demonstrate
photoenhanced H2 production via acceptorless alcohol dehydrogenation. Labeling studies implicate metal−ligand cooperative
(MLC) processes during the photocatalytic reaction, but they appear to be off-path processes on the basis of our mechanistic study
of the system. The latter emphasizes that aromatization/dearomatization may not be necessary for acceptorless transformations,
which is generally consistent with several contemporary studies on analogous Ru catalysts.

■ INTRODUCTION

Transition-metal hydrides (TMH) have rich photochemical
properties.1 In some cases, these enable photoassisted catalysis.
Examples of these key properties include light-induced M−H
homolysis,2 reductive elimination of H2 from cis-dihydrides,3

altered chemical properties (e.g., pKa, hydricity, etc.),
4,5 and

photoisomerization.1 If these processes are chemically rever-
sible, they can benefit the system by preventing the formation of
off-path photogenerated thermodynamic sinks and in principle
could be harnessed as a photoswitch.6 Phenomenologically, the
cis-dihydride motif is best suited to this end because it tends to
exhibit reversible photochemical properties.1

During the course of our studies,7 we discovered the Ru
alcohol dehydrogenation precatalyst 1 with the on-path cis-
dihydride complex 3 exhibiting reversible photochemical
reactivity and describe this discovery herein. The cis motif was
accessed through an atypical mode of metal−ligand cooperative
H2 activation by the key intermediate 2. The unusual
coordination chemistry of 2 that previous to this study was
unexpected adds to the developing story of aromatization/
dearomatization metal−ligand cooperativity (MLC) in catalytic
cycles (Scheme 1).8−10 Furthermore, the reversible photo-
chemistry of 3 enabled photoenhanced H2 production from
various alcohols using very mild reagents and conditions (rt, λ >
345 nm) with implications in the area of acceptorless MLC
alcohol dehydrogenation.11−14
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Scheme 1. (Top) Conventional Metal−Ligand Cooperativity
(MLC) with Non-Noyori-type Pyridine-Based Ru(II)
Catalysts and (Bottom) Atypical MLC Described in This
Study
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■ RESULTS AND DISCUSSION

In an earlier report detailing the synthesis and characterization
of [{LutP}Ru(CO)(H)(Cl)(PPh3)] (1), we briefly investigated
its reaction with KOtBu and initially hypothesized a prototypical
dearomatized bidentate binding mode for the product 2b
analogous to 2Py.7 However, the product exhibited unusual
sensitivity to water, and we did not pursue it further at the time.
Upon reinvestigation, we discovered that activation of 1 with 1
equiv of K[N(SiMe3)2] in cold (−35 °C), very dry THF or
KOtBu in dry benzene, affords the highly moisture sensitive
amber-colored species 2 (Scheme 1), whose X-ray crystal
structure contains a unique κ3-N,C,P binding mode (Figure 1).

Importantly, the κ3-N,C,P binding mode remains intact in
solution, as evidenced from 1H−1H ROESY NMR correlations
and 1H/13C coupled HSQC NMR spectroscopy (Figures S1−
S8). The salient NMR features of 2 are the methine CH
resonances in the 1H and 13C{1H} NMR spectra at 1.78 ppm
(CH, d, 2JHP = 3 Hz) and 12.41 ppm (CH, dd, J = 6.8, 4.5 Hz),
respectively. Additionally, the Ru−H resonance in the 1H NMR
appear at −14.16 ppm (dd, J = 23, 19 Hz). For comparison, the
analogous groups in 2Py have resonances at δH 3.66 ppm (CH)
and δC 65.3 ppm (CH),15 and that of Ru−H is at δH 27 ppm, all
of which are consistent with the dearomatized mode (Scheme
1).15 Spectroscopic features similar to those for 2 for “arm-
bound” type binding modes have been observed,16−19 but not
for ruthenium complexes with pyridine-derived ligands that can
undergo reversible aromatization/dearomatization.
Reaction of 2 with H2. The unusual binding mode of 2 was

of interest to us, as we hypothesized that the Ru−C bond would
be highly reactive toward H2 and H2 donors such as 2-propanol.
Indeed, when a benzene solution of 2 was exposed to an
atmosphere of H2, an immediate color change from amber to

light yellow occurred and NMR analysis revealed the
quantitative formation of a cis-dihydride, 3 (Scheme 2).

Similarly, 2 reacts quantitatively with 2-propanol (3 equiv) to
form 3 and 1 equiv of acetone. An X-ray crystallographic
characterization revealed the cis-dihydride motif, and 2D NMR
and 1H−1H ROESY spectroscopic characterization confirmed
that its solution-state structure is identical (Figures S9−S13).
Subjecting 3 to vacuum at elevated temperatures (60 °C) or
excess acetone (rt) resulted in no conversion to 2. More forcing
conditions (110 °C) resulted in trace formation of 2 along with
[(CO)(PPh3)3Ru(H)2] and other unidentified byproducts
(Figure S26).20 This stability toward ketones and the inability
to lose H2 is in contrast to previous reports with Milstein’s
dihydride complex, 3Py, which spontaneously converts to 2Py
with loss of H2 at room temperature.7,8,15

When D2 was used to prepare 3, deuterium incorporation
occurred at both ruthenium and the ligand, consistent with an
MLC activation of H2 (Scheme 3). The mixture of isotopomers

is best represented pictorially in Scheme 3 (2H NMR, Figure
S18) and is generally consistent with what others have
observed.21 Notably, H2 and HD were observed in the 1H
NMR spectrumwhen 2was treated with D2, indicating exchange
with free dihydrogen (Figure S19). While they were not
completely eliminated, the presence of H2 and HD was
significantly reduced when light was rigorously excluded (Figure
S20). As such, we hypothesized that photochemical processes
are responsible.

Photochemistry of 3. We tested this hypothesis with
broad-band irradiation of 3 with a Xe arc lamp (100 W), which
caused a color change of the solution to orange-red. 1H NMR
spectroscopy reveals the new dihydride species 4 that
quantitatively converts back to 3 in a few hours (Scheme 4);
this process can be repeated several times, even under static
vacuum. The 1H NMR spectrum of 4 contains two hydride
resonances at −5.13 ppm (dd, J = 101, 25 Hz) and −6.09 ppm
(dd, J = 92, 17 Hz), consistent with a phosphine trans and cis to
each hydride, respectively (Figure S14). The 31P{1H} NMR
spectrum indicates a cis conformation of the PtBu2 and PPh3
ligands, as the resonances at 77.3 and 42.7 ppm are doublets with
JPP = 11 Hz, respectively (Figure S15).

1H−1H ROESY NMR of
4 shows exchange coupling between the two hydride resonances.
Additionally, the hydride resonance at −6.09 ppm has an NOE
to one of the PtBu2 resonances at 1.30 ppm. The hydride

Figure 1. (top) XRDmolecular structures of 2 (left) and 3 (right) with
ellipsoids at the 50% probability level. Except for the RuH andmethine/
methylene CH atoms, hydrogen atoms have been removed for clarity.
Selected bond distances (Å) and angles (deg) for 2: Ru−N= 2.196(2);
Ru−C8 = 2.309(2); Ru−P1 = 2.2684(6); Ru−P2 = 2.3419(7); Ru−C1
= 1.845(3); Ru−H = 1.53(3); C1−Ru−C2 = 150.4; P1−Ru−P2 =
149.9; C1−Ru−N = 61.8. Selected bond distances (Å) and angles
(deg) for 3: Ru−N = 2.277(2); Ru−P2 = 2.3133(4); Ru−P1 =
2.2960(4); Ru−C1 = 1.887(2); P1−Ru−P2 = 154.8°; C1−Ru−N =
103.4°. (bottom) Distances in the pyridine ring and phosphine arm for
2 and 3.

Scheme 2. Reaction of 2 with H2

Scheme 3. Reaction of 2 with D2
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resonance at −5.13 ppm exhibits NOE to the PPh3 and methyl
resonances at 7.72 and 2.56 ppm, respectively (Figure S16).
Together with FTIR-ATR spectroscopy (Figure S17), the NMR
data enable confident assignment of the structure of 4 as shown
in Scheme 4.
The stability of 4 was monitored with 1H NMR spectroscopy,

and it quantitatively decayed with t1/2 = 1.90 ± 0.04 h (rt) back
to 3 under N2 (Figures S29 and S30). The decay was unaffected
by static vacuum: t1/2 = 1.80± 0.14 h (rt) (Figures S23 and S24).
When the photolysis of 3 was carried out under an atmosphere
of H2, the same process occurred, except that the decay of 4 to 3
was slower (t1/2 = 3.38 ± 0.08 h) (Figures S31 and S32). This
photogeneration of 4 and isomerization to 3 could be repeated
several times (attempted up to three times) without any
noticeable decomposition or loss of function.
While 3 is unreactive toward CO, 4 does not form when 3 is

irradiated in the presence of CO; instead, the carbonylated
product 8 is formed (Scheme 5 and Figures S38 and S39).

Similarly, 3 does not react with free PPh3, but after a 2 h
irradiation of a mixture of 3 and PPh3, 4 is the major product
along with the byproducts [(CO)(PPh3)3Ru(H)2] (6),
[(PPh3)3Ru(H)4], 8, free ligand, and other unidentified species
(Figure S37) (Scheme 5). These suggest the possibility that 3
photoeliminates H2 or another ligand but rapidly recombines to
form 4, similar to what others have observed.22,23 Alternatives
include a photoinduced unimolecular trigonal “twist”.24 For the
conversion of 4 back into 3, we hypothesize a unimolecular
trigonal twist,22,25 since the isomerization half-life was the same
under N2 and vacuum.
Exchange of H2 with the Hydrides of 4. Irradiation of an

NMR sample of 3 under an atmosphere of D2 results in the
hydride resonances washing out in the 1H NMR spectrum with
concomitant reappearance in the 2H NMR spectrum.
Deuterium incorporation into the ligand was not observed
(Figures S21 and S22). These results suggest an exchange is
taking place between the hydrides of 4 and free D2. A

1H−1H
ROESY NMR spectrum of 4 under H2 confirms the exchange
between both hydride resonances and free H2 (Figure S16). A
variable-temperature NMR and line-broadening analysis fur-

nished activation parameters ofΔH⧧ = 24.0± 1.2 kcal mol−1 and
ΔS⧧ = 22.9 ± 3.4 cal K−1 mol−1 (Figures S35 and S36). We
propose that the reaction is an interchange ligand substitution
between 4 andH2 with either PPh3 or CO as the leaving group to
form complex 5 (Scheme 4), although a dissociative ligand
substitution mechanism is possible.
The proposed presence of 5 explains two important

observations. First, the appearance of both HD and H2 when
3 or 2 was treated with D2 and exposed to light cannot be easily
explained without the presence of a tetra- or trihydride
intermediate, which are known to mediate the H2 isotope
exchange reaction.22,26 Second, it also explains how the
isomerization of 4 to 3, although not affected by vacuum, is
slowed by the presence of H2: the off-path equilibrium between
4 and H2 allows for this to happen.
We suspect there is also a thermal reaction between H2 and 3,

because if 3 and D2 are left to stand in the dark for several days,
the hydride resonances eventually wash out and reappear in the
2H spectrum (Figure S23). The ligand exchange between 4 and
H2 is rapid (as evidenced from the line broadening) in
comparison to the ligand exchange between 3 and H2. This
enhanced lability of 4 is important for enabling catalysis.

Photoenhanced Catalysis. Our previous investigation
with 1 involved testing different ligand variants in alcohol
dehydrogenation.7 In that case, and also most others,14 catalytic
behavior was not achieved unless reactions were carried out at
elevated temperatures. However, we intuited that complexes
such as 3, having reversible photochemistry, might be amenable
to rt photocatalytic alcohol dehydrogenation, akin to what has
been observed in certain cases,27 accessed through photo-
isomerization to the more labile species 4. We tested several
simple alcohols using 3 with irradiation from a Xe arc lamp (100
W, 345 nm cutoff filter) and achieved catalytic turnover at rt
(Figure 2 and Table 1). Under the same conditions but with the

Scheme 4. Reversible Photochemistry of 3

Scheme 5. Summary of Decomposition Reaction Photolysis
under CO or with Free PPh3

Figure 2. Proposed mechanism for photocatalysis for 2-propanol
dehydrogenation.
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exclusion of light, only substoichiometric H2 was formed (e.g.,
27% of H2 relative to 3 from 2-propanol; Table 1, entry 5). A
larger-scale photolysis reaction was conducted open to a bubbler
and resulted in conversions comparable to those of the closed
system.
As was noted, [CO(PPh3)3Ru

II(H)2] (6) was observed as a
product when 3 was irradiated in the presence of free PPh3, and
since 6 is a known alcohol dehydrogenation catalyst,28 we
performed a control reaction but found that it was not the active
catalyst. Namely, a control reaction with 6 gave 10% of H2 in the
dark, and 33% on irradiation, with the hydrogen observed simply
being the result of the known photoelimination of H2 from 6.29

This is not surprising, as catalytic dehydrogenation from 6
requires high temperatures (110 °C).28 Likewise, (Cl)(CO)-
(PPh3)3Ru(H) (7) and 1 were not catalysts.
Mechanism of Photoenhanced Dehydrogenation. The

two accepted conventional paths for acceptorless alcohol
dehydrogenation are the inner-sphere and outer-sphere
mechanisms, and these have been discussed at length.14 We
recently provided a rationale for a favored inner-sphere path,7

consistent with other literature,31 and lately it has been
recognized that MLC steps need not be invoked.8 In addition
to the experimental results described herein, these factors
influenced our proposed mechanistic scheme (Figure 2). We
recognize that the outer-sphere path is also possible, but we will
not discuss it further.
Except for MeOH, postirradiated benzene solutions with 10−

20 equiv of alcohol contain 3 and 4 as the major species. In
MeOH, the carbonylated byproduct 8 is the major component
(tentative structure shown in Scheme 5 and Figure S45).
The first step in photoenhanced alcohol dehydrogenation is

the reversible photoinduced isomerization of 3 to 4. The salient
component of the mechanism is the enhanced lability of PPh3
and/or CO in 4 because of the trans effect of the hydride ligand
and/or steric crowding from the cis-diphosphine motif. The
lability enhancement allows for alcohol coordination and
subsequent liberation of H2 from the proposed intermediate 9.
Loss of H2 from 9 forms the proposed coordinatively
unsaturated species 10, which is predisposed to undergo β-
hydride elimination and ligand recoordination, re-forming 3 or

4; thus, the dehydrogenation is an inner-sphere mechanism and
no MLC steps are necessary.
A shutter-style experiment was performed to determine

photoswitchability.6 Substoichiometric quantities of H2 were
observed when complex 3 was reacted with alcohols in the dark,
with catalysis only being observed upon irradiation. When the
light was turned off and the solution was placed back in the dark,
H2 liberation returned to its dark-state production rate.
However, upon a second irradiation, the on state for H2
liberation was not fully restored (Figure S51). The substoichio-
metric H2 formation in the dark in reactions between 3 and
alcohols indicates a thermal pathway. Consistent with our
previous studies, carrying out the photolysis at elevated
temperature improves the yields of H2 from isopropanol
(450% at 40 °C in comparison to 300% at 23 °C).7 Thus, we
propose that the role of light in photocatalysis is only to generate
and maintain a steady-state concentration of 4. This supposition
comes from our observation that the wavelength requirements
for photocatalysis are the same as those required for photo-
isomerization (Figures S28 and S40). It appears, however, that
returning the system to its dark state at high alcohol
concentrations is detrimental, likely resulting in decomposition
via pathways outlined above (i.e., formation of 6−8).
When 3 was irradiated in C6D6 in the presence of d8-

isopropanol, deuteration occurred on the ligand (Figures S24
and S25). This would seem to indicate an MLC step in the
photocatalysis. However, to explain this observation, we propose
that 9 or 10 may react to form 2 (or species like it), which
undergoes MLC activation of alcohol in an off-path step (Figure
2). Hence, the MLC chemistry observed here is not likely
important for turnover, as depicted in Figure 2.

Extension toOther Systems.The catalytic conversions are
low in comparison to photocatalytic alcohol dehydrogenation
withWilkinson’s catalyst and other photocatalytic systems,27 but
the conditions we used (rt, neat alcohol, λ > 345 nm) are very
mild. A notable example of mild photochemical alcohol
dehydrogenation uses a platinum(II) diphosphite complex at
rt and with visible light λ = 410 nm but requires biphasic H2O
and CH2Cl2 conditions and a phase transfer reagent.33

Conventional acceptorless alcohol dehydrogenation uses high
temperatures11,14 or photosensitizers.32 Hence, achieving
unsensitized photocatalysis for H2 production (i.e., single-
component systems)33−37 at low temperatures is desirable. One
possible means is to take advantage of photoisomerizable cis-
dihydrides as demonstrated with 3 and 4, and we wondered if
this could be extended to other systems.
We considered that [RuHCl(CO)(HN(CH2CH2PPh2)2)]

(i.e., Ru-MACHO), which is a known effective alcohol
dehydrogenation catalyst at low temperatures,38,39 might have
photoenhanced rt catalysis. Testing this hypothesis indicates
that it does not. Specifically, Ru-MACHO (Ph substituted)
exhibited TON = 6 (4 h), with or without light, for 2-propanol
dehydrogenation in 4 h. This is in contrast to the work with 3,
which is very slow at rt in the dark (TON ≈ 0.3, 4 h; Table 1,
entry 4) in comparison to that on irradiation to generate its more
labile isomer 4 (TON = 3, 4 h; Table 1, entry 5), effectively
demonstrating the photoenhancement in the new system.
We also tested Milstein’s Ru-PNN trans-dihydride 3Py and

obtained TON = 1−3 with or without light, but 3Py is known to
spontaneously lose H2 on standing in solution at rt,8 and we
found that even the chlorido precursor to 3Py (i.e., 1Py)
produces hydrogen on irradiation in anhydrous benzene; thus,
the comparison is rather inconclusive.40 We also note that

Table 1. Results of Photocatalysisa

entry alcohol cat. product
H2 relative to cat.b (after 12

h) (%)

1 MeOH 3 H2CO
c 270 (400)

2 EtOH 3 ethyl acetatec 640 (1000)
3 1-PhEtOH 3 acetophenone 640 (1100)
4 iPrOH 3 acetone 300 (510)
5 iPrOH 3d acetone 27
6 iPrOH 1 acetone 78
7 iPrOH 6 acetone 33
8 iPrOH 7 acetone 28

aConditions unless specified otherwise: 2 mL of alcohol, 0.02−0.04
mol % of catalyst, 200 μL of benzene, under N2, irradiation with a Xe-
arc lamp (100 W) with a 345 nm cutoff filter for 4 h. The yield of H2
was determined by GC. See the Supporting Information for the
methodology in product identification. Abbreviations: 6, [CO-
(PPh3)3Ru

II(H)2]; 7, [(Cl)(CO)(PPh3)3Ru(H)]. 1-PhEtOH, 1-
phenylethanol.30 bAverage of three runs. cTrace CO observed. dDark.
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irradiation of Ru-MACHO and 3Py with broad-band light
resulted in solutions containing a multitude of hydride
resonances in the 1H NMR spectrum and speciation by
31P{1H} NMR was complicated. Therefore, a careful study is
necessary to infer the action of light on these systems, which is
outside the scope of the current report.

■ CONCLUSION
Our work with 2, having an atypical mode ofMLC, provides new
intermediates to consider when MLC is invoked on pyridine-
derived ligands. Nevertheless, our mechanistic investigation of
the catalytic acceptorless alcohol dehydrogenation does not
require MLC steps, consistent with a growing body of literature
that has de-emphasized the importance of aromatization/
dearomatization in catalytic cycles. The atypical MLC H2
activation resulted in the formation of a cis-dihydride motif in
3, which in turn exhibited reversible light-induced isomerization,
something that is potentially less likely on analogous trans-
dihydride catalysts. The photogenerated labile compound 4 was
competent to engage in catalytic rt alcohol dehydrogenation.
However, the conversions are low. Certain decomposition
pathways for 4 were identified and are possible sources for the
poor TON. The photoenhanced catalysis was not observed in
related Ru complexes; thus, we suspect that designing systems
with reversible photoisomerizations (or other photochemical
processes) is vital to using TMHs as photocatalysts.
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