Ultrafast reductive elimination of hydrogen from a metal carbonyl
dihydride complex; a study by time-resolved IR and visible

spectroscopy 1
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Laser flash photolysis of [Ru(PPh;);(CO)(H),] 1 in benzene
solution yielded transient [Ru(PPh;),(CO)] which was observed
by both microsecond UV/VIS and IR spectroscopy [Am. = 380
nm, v(CO) = 1845 cm™*] and reacted with H, to reform 1

[k, = (8.4 £ 0.4) x 10" dm*® mol~* s™%]; photolysis of 1 with an
ultrafast laser equipped with IR detection demonstrates that
reductive elimination of H, and formation of [Ru(PPh,),;(CO)]
is complete within 6 ps.

Reductive elimination of hydrogen and the reverse reaction,
oxidative addition, occupy fundamental positions in transition-
metal chemistry. When initiated thermally, such reactions play
a crucial role in catalysis. However, it is often the photo-
induced reactions which offer a gateway to mechanistic studies,
since numerous metal dihydride complexes undergo reductive
elimination of hydrogen on ultraviolet irradiation.’® When
placed under a hydrogen atmosphere, the photoproduct may
react back with hydrogen to regenerate the precursor [equation
(1)].*° We have used flash photolysis with UV/VIS detection to

[MIH, == [M] + H, &)

observe the primary photoproducts, [M], and to determine the
kinetics of the back reaction with hydrogen, notably with
[Ru(drpe),] (drpe = R,PCH,CH,PR,, dmpe when R = Me, depe
when R = Et, etc.).>® Such measurements are made with typical
‘nanosecond apparatus’ with an instrumental risetime of ca. 50
ns. It is invariably found that formation of the 16-electron tran-
sient is complete within the risetime. The early steps of the
photochemical reaction, including formation of excited state(s),
M-H bond breaking, H-H bond making and rearrangement
of the MP, skeleton to its new equilibrium geometry must occur
within this time.

Ultrafast spectroscopy (time-scale 10 -107° s) offers the
opportunity of studying the early stages of reaction but is less
straightforward and requires very different equipment. In our
first investigation of reductive elimination on the picosecond
time-scale, we irradiated [Ru(dmpe),H,] with an ultrafast laser
and followed the transient UV/VIS absorption over time.® We
obtained evidence that reductive elimination was already com-
plete ca. 16 ps after the laser pulse, but these experiments were
confined to a few probe wavelengths and were limited by the
lack of conclusive evidence of oxidation states from UV/VIS
spectroscopy.

In this communication, we report ultrafast experiments on a

T Non-SI unit employed: atm = 101 325 Pa.

related metal carbonyl dihydride complex in which we have fol-
lowed the reaction from excitation to 2000 ps after the laser
pulse by time-resolved infrared (TRIR) spectroscopy using the
CO stretching vibration as a reporter.” These experiments form
the first application of ultrafast IR spectroscopy to study reduc-
tive elimination, and provide conclusive evidence that reductive
elimination is complete within 6 ps.

Our precursor, [Ru(PPh,);(CO)(H),] 1, has been shown to
lose H, upon photolysis in steady-state experiments.? It is of
particular interest because it catalyses insertion of alkenes into
C-H bonds at unsaturated carbon (alkene or aromatic) in a -
position relative to a carbonyl group.®** In one of the putative
reaction mechanisms, the thermal reaction is initiated by
hydrogenation of the alkene to form [Ru(PPh);(CO)], the same
intermediate as would be expected to form upon photolysis.®

The white precursor 1 is soluble in benzene and exhibits a
shoulder at 325 nm (g~ 9000 dm® mol~* cm™) in its UV/VIS
absorption spectrum and a v(CO) band at 1939 cm™*. On laser
flash photolysist (instrumental risetime ca. 50 ns), a conspicuous
transient is observed with A,,,, ~ 380 nm [Fig. 1(a)]. The transi-
ent decays with pseudo-first-order kinetics (Ko, =3 % 10° s7%)
under an argon atmosphere. The rate constant increases linearly
with concentration of dissolved hydrogen [Fig. 1(b)]. The slope
of this plot yields the second-order rate constant for reaction of
the transient with H, in benzene of (8.4 + 0.4) x 10’ dm?* mol™*
s~1. Transient absorption experiments with 1 dissolved under
1 atm H, in tetrahydrofuran (thf) yield a comparable value of
Kops (2.1 % 10° s7%) to the experiments with benzene as solvent
(25x10°s7Y).%

Similar experiments were performed with 1 dissolved in CsDg
under H,, but with IR detection.§ A spectrum measured 1 ps
after the laser flash revealed loss of precursor at 1940 cm™* and

1 [1] typically ca. 10~ mol dm~3 in C¢Hg, 10 mm pathlength, laser at
308 nm, pulse energy at sample ca. 5 mJ. Samples were degassed by
freeze—pump-thaw methods and H,~Ar gas mixtures admitted with a
total pressure of 1 atm. One measurement was made at higher pressure
of H,, viz. 3.2 atm. No significant change in the rate constant under 1
atm H, was found when C¢H, solvent was replaced by C¢Ds, nor when
the concentration of 1 was increased to 5 < 10™*and 1 x 10 mol dm®
(2 and 1 mm pathlengths, respectively). The concentration of dissolved
hydrogen was taken as 2.85 x 103 mol dm 3 atm™%.*2® The solubility of
H, in thf has not been documented, but is ca. 6 x 1073 mol dm 2 atm™*
in Et,0."® The value derived for the rate constant for reaction of the
transient with H, in thf is ca. 3.6 x 10" dm® mol *s™.

§ Pump laser at 355 or 308 nm, detection with diode IR laser, sample
2 x 1072 or 3 x 10~* mol dm ™2 dissolved in C,D (for IR transparency)
under 1 atm hydrogen and flowed through an IR cell (CaF, windows, 1
mm pathlength) within a closed circulating system (glass with PTFE
connections and stainless steel micropump). Notice that the kinetics
were sometimes monitored away from the band maxima, in order to use
the optimum laser output. The instrument was set up to maximise the
signal-to-noise ratio, such that the risetime was ca. 500 ns.
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Fig. 1 (a) Transient absorption, monitored at 410 nm, following laser
flash photolysis (., =308 nm) of 1 dissolved in benzene under 1 atm
H,; (®) experimental points, (—) exponential fit. (b) Plot of the vari-
ation of kg vs. concentration of dissolved hydrogen. The slope yields
the second-order rate constant for reaction of [Ru(PPh,),(CO)] with
hydrogen to reform 1

formation of product bands with maxima at 1845 and 1974
cm™! [Fig. 2(a)]. The kinetics of the first product band were
monitored at 1840 cm™*; the band rose within the risetime of
the instrument and decayed to about 30% of its initial absorb-
ance with first-order kinetics with a rate constant, k., of
2.0 x 10° s~ ! [Fig. 2(b)]. The same value of k,,, was obtained at
two concentrations of 1 and is consistent with the kinetics from
the UV experiments. The second transient band at 1973 cm™
showed a significant risetime of ca. 5 us with rate constants for
growth dependent on [1] and did not show any subsequent
decay over 50 ps.f The bleach signal at 1940 cm™ recovered
partially (to ca. 80% of initial change in absorbance).

The transient species with A, at 380 nm and v(CO) at 1845
cm™* is assigned unequivocally as [Ru(PPh,),(CO)] on the basis
of its rapid rise, the kinetics of its reaction with H,, the partial
recovery of starting material and the position of the IR band
(Scheme 1). The very large shift of ca. 100 cm™* in v(CO) from
Ru" in 1 to Ru® in [Ru(PPh,),(CO)] is consistent with shifts
recently determined for related ruthenium complexes in matri-
ces.®™ The lack of kinetic stabilisation by thf provides no
support for solvent co-ordination to [Ru(PPh;);(CO)]. The co-
ordination geometry at ruthenium in [Ru(PPh;);(CO)] cannot
be determined from these experiments. In contrast, the relative
intensity of the v(CO) bands provides bond angle information
for [Ru(CO),(dmpe)].** The long-lived species with v(CO) at
1973 cm™* must be a secondary dinuclear product since it rose
relatively slowly with kinetics dependent on [1].

The photolysis of 1 has also been monitored by TRIR spec-

1 The observed rate constants for the growth of the 1973 cm™* band
were 6.8 x 10° st and 9.3 x 10°s * at [1]=2 x 10" and 3 x 102 mol
dm™3, respectively. The kinetics of the bleach at 1940 cm™* could be
fitted satisfactorily to a model comprising a finite rise and a competing
decay component corresponding to the rate constants of the two
product bands.
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Fig. 2 Microsecond TRIR spectrum recorded 1 ps after laser flash
photolysis (A, =355 nm) of 1 dissolved in C;Dg under 1 atm H,. The
negative feature is due to bleach of 1, the positive features are due to
photoproducts. (b) Microsecond kinetics of the lower wavenumber
product band monitored at 1840 cm™* (A, = 308 nm)

PPhs
PhP,, | H
Ru’ [Ru(PPh3)3(CO)] + H,
oc” | “H k, = 8.4 x 107
PPh; dm® molt st
1940 cm™ 1845 cm™t

Scheme 1 Photochemical reactions of complex 1

troscopy on the picosecond time-scale.|| An IR spectrum meas-
ured 25 ps after the laser pulse revealed two features: a negative
peak at 1940 =3 cm™* corresponding to the loss of the pre-
cursor and a positive peak at 1843 + 3 cm™* corresponding to
formation of [Ru(PPh,),(CO)]. No other bands were observed
between 1800 and 2050 cm ™. A kinetic trace measured at 1843
cm ™! showed a very fast rise and decay within the instrumental
response function of ca. 6 ps. After this initial period, the
signal maintained its amplitude over 2 ns [Fig. 3(a)]. The very
fast decay corresponds to the solvent response, since a positive
signal with these Kinetics was observed at all wavenumbers
for the solvent alone. The long-lived signal arises from
[Ru(PPh,),(CO)J; curve fitting shows that this signal appeared
within ca. 6 ps and remained constant [Fig. 3(a)]. A Kinetic
trace measured at 1941 cm™* showed that the bleaching signal
of 1 also rose within 6 ps and remained steady for the suc-
ceeding 2 ns [Fig. 3(b)]; again, a signal was observed which
decayed with the instrument response function.

|| Ultrafast setup;” pump pulses at 304 nm of 4 ps full width at half
maximum (6 ps autocorrelation time) duration and 1.05 kHz repetition
rate, pulse energy ca. 1-2 pJ. IR absorption was measured with a CO
laser (1800-1960 cm™* at 4 cm™* intervals) or with a diode laser (1965-
2050 cm™?) via a detection system employing upconversion. The solu-
tions were handled in the same flow system as for the microsecond
experiments, but with a faster flow rate. Complex 1 (ca. 10~ mol dm™3)
dissolved in C,Dg under 1 atm H,. IR cell of pathlength 1 mm giving
an absorbance ca. 1 at the pump wavelength and ca. 0.3 at 1940 cm™ 2.
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Fig. 3 Ultrafast TRIR kinetics following laser photolysis of 1 dis-
solved in C¢Dg under 1 atm H, (A, =304 nm, laser pulse duration =
4 ps) (a) at 1843 cm™* showing formation of [Ru(PPh,),(CO)] (®), (b)
at 1941 cm™* showing bleaching of 1 (M). The very fast component
in both traces lasting ca. 6 ps lies within the instrumental response
function

Ultrafast experiments on binary metal carbonyls usually
show the absorptions of metal carbonyls in vibrational excited
states of the electronic ground state which decay over tens
or hundreds of picoseconds.® The vibrational excitation is
detected through broadening and shifts in the v(CO) bands.
However, [Ru(PPh;);(CO)] shows no signs of vibrational
relaxation although the photon energy absorbed by 1 greatly
exceeds the energy needed to break the bonds, just as when
photodissociating CO from metal carbonyls. When expelling
CO, the CO bond length is altered little, so the CO carries
away relatively little vibrational energy leaving much of the
excess of energy in the photoproduct. When H, is dissociated
from a metal dihydride, the H---H distance is necessarily
compressed with the result that much of the excess of energy
may be removed by vibrational excitation of expelled H, (cf.
CH,0).1® Almost all of the excess of energy would be removed
if H, leaves in its v=7 state.** In reality, some of the excess
of energy will go into rotation of H, and translation of the
photofragments, as well as vibrations of [Ru(PPh);(CO)].
However, the lack of observable vibrational relaxation of
[Ru(PPh,);(CO)] is understandable.

The ultrafast experiments provide unambiguous evidence for
removal of 1 and formation of [Ru(PPh,),(CO)] within the
experimental time-scale. The use of IR detection has removed
any possibility that the signals are due to excited states of pre-
cursor or photoproducts. We conclude that photoelimination
of H, from 1 is a process in which H-H bond formation, Ru-H

** At 304 nm, hv =393 kJ mol™*. Enthalpy?” of [Ru(dmpe),H,] —>
[Ru(dmpe),] + H, =95 kJ mol~%. If enthalpy change for 1— [Ru-
(PPh,),(CO)] + H, is the same, excess of energy = 298 kJ mol~*. Energy
of H, (v=7) =290 kJ mol™%.*®

bond cleavage and any reorganisation of the co-ordination
geometry at ruthenium occur within 6 ps.
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