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Introduction

The long-lived emissive excited statesnd photochemical

reactivity? of metal carbynes have prompted numerous studies

of their photophysical propertié<. Our interest in the photo-
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state of CHP(OPh}} (CO)W=CPh () to a series of electron
acceptors. In the course of this study, we examined the
guenching of thed* excited state ofl by a series of pyridinium

and nitroaromatic acceptors of varying reduction potential. Laser
flash photolysis reveals that in every case quenching is
accompanied by the appearance of radical ion products, thereby
demonstrating that quenching occurs via electron transfer. The
dependence of the bimolecular quenching rate constant on the
reduction potentials of the acceptors establishesltisa potent
reducing agent in thesd excited state. Moreover, a Marcus
analysis of the rate data implies that oxidation Bf is
accompanied by a comparatively low reorganization energy but
that electron transfer within the encounter complex may be
weakly nonadiabatic.

Results and Discussion

chemistry of these compounds was stimulated by the discovery  Photophysics of C§ P(OPh)s} (CO)W=CPh. Previous pho-

that photolysis of ChP(OR)}} (CO)Mo=CR and C§ P(OR}}-
(CO)W=CR (R' = alkyl) in CHCI; results in conversion of
the carbyne ligands to organic produtts.these reactions, the

tophysical studie’sof the carbynes Gi°(OMe)} (CO)M=CR,
where M= Mo or W and R= aryl, allowed the assignment of
the lowest lying absorption as arising from a*dransition3

excited state of the carbyne complex undergoes electron transferrhis absorption, although spin-allowed, has a low extinction
to CHCk to produce a highly reactive 17-electron species. coefficient because the large contribution of d orbitals to the
Evidence for the electron transfer process can be found in the“z*" | UMO lends the transition a significant degree of dd

radical reactions of the resulting carbyne compléxaew the
observation of side reactions from the reduction of chlorofé¥m.

character. In addition to luminescence in solution, the moderately
long-lived dr* excited states feature a strong transient absorption

The involvement of electron transfer in the photochemistry of by which the excited state reactivity can be examined.

metal carbyne complexes has been unequivocally established The absorption spectrum of the carbyne complex Cp-
by recent studies of photoinduced electron transfer between af p(Oph)} (CO)W=CPh (L) in CHsCN is very similar to that
rhenium carbyne complex and a series of electron donors andof jts P(OMe) analogue in that it displays two UV/visible bands

acceptorg?
In an effort to more fully probe the role photochemical

(Amax= 322 nm,e ~ 9000 M1 cm™1; Amax = 458 nm,e ~ 200
M~1 cm™1).32 The lower energy band corresponds to the d

electron transférplays in the reactions of tungsten carbynes, transition while the high-energy band is due to e transition
we have undertaken a study of electron transfer from the excited of the W=CPh chromophore. Complexfeatures red lumines-
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cence similar to that of the structurally related Mo and W
carbyne complexes that have been previously stutlieCHs-
CN solution at 298 K, the luminescence appears as a broad,
structureless band withnax ~ 710 nm and a lifetimewty) of
192 ns. Emission fromk at 77 K in a 2-MTHF solvent glass is
similar in energy and band shape to that observed in solution
at 298 K. Franck-Condon band shape analysis of the low-
temperature emission affords an estimate of 1480 cnr?
(1.85 eV) for Eo.10

Laser flash photolysis ofl affords a strongly absorbing
transient withimax ~ 425 nm (Figure 1a). The spectrum of this
transient is very similar to that assigned to the dtate in Cp-
{P(OMe}}(CO)M=CR (M = W and Mo), and on this basis
the transient absorption observed fois also attributed to that
state32Global analysis of the transient absorption data indicates
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Figure 1. Transient absorption-difference spectra following 355 nm
laser excitation (10 mJ/pulse, 10 ns fwhm). (a) Comfddgx = 1 x
10 M) in CHsCN, spectra at 40, 80, 120, and 160 ns delay after
excitation. (b) Compled (c = 1 x 10* M) and N,N'-dimethyl-4,4-
bipyridinium (€ = 0.02 M) in CHCN solution, spectra at 0, 40, and
80 us delay after excitation.

that the di* excited state absorption decays with a lifetime of
187 ns, in excellent agreement with the emission lifetime.
Electron Transfer Quenching. The transient absorption
assigned to thest state of 1 is quenched by the addition of
various pyridinium and nitroaromatic electron acceptors to the
solutions. For each electron acceptors* dquenching is ac-
companied by the formation of a long-lived transient{( 20
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Figure 2. Plots of logkq vs E12(A/A**) for electron acceptors listed
in Table 1: A, data for nitroaromatic quenchem; data for pyridinium
quenchers. Solid lines calculated as described in text.

studies of related tungsten and molybdenum carbyne complexes
indicate that the metal center in I7eadical cations such as
1* rapidly engages in ligand exchange and atom abstraction
reactions®

[Cp{P(OPh)} (CO)W=CR]" + A" —
[Cp{P(OPh)} (CO)W=CR] + A (2)

Stern—Volmer quenching studies were carried out with a
series of five pyridinium ion and four nitroaromatic electron
acceptors to explore the effect of thermodynamic driving force
on the electron transfer quenching kineticdoThe quenching
experiments were carried out by measuring the lifetimé a$
a function of acceptor concentration using laser flash photolysis
to monitor the decay kinetics of the excited state absorption of
1. In every case the Stert\/olmer plots (i.e.z°/t vs [Q]) were
linear. The reduction potentials of the electron acceptansd
corresponding bimolecular quenching rate constakgs dre

us, vide infra) which can be assigned to the radical ion produced compiled in a table that is available as Supporting Information.

by reduction of the electron acceptor. For example, Figure 1b
illustrates the transient absorption spectrum of a solutioh of
with 20 mM dimethylviologen (MV?*). The spectrum is clearly

dominated by the viologen radical cation, as evidenced by the

characteristic absorptions at 395 and 605%1@n the basis of

Figure 2 illustrates the correlation betweerandEy»(A/A ™),
and as expected for an electron transfer mecharigimgreases
asEj(A/A~) becomes less negative.

The cage escape yielgds) for quenching ofl with MV 2+
was determined to provide information regarding the overall

these laser flash photolysis observations, we attribute the efficiency of photoinduced electron transt&This experiment
quenching to photoinduced electron transfer in which the excited revealed thatjesc = 0.26, indicating that electron transfer

state carbyne complex reduces the acceptor A to generate A
(eq 1).

*[Cp{P(OPh)} (CO)\W=CR] + A —
[Cp{P(OPh)} (CO)W=CR]"" + A™" (1)

Transient absorption due to the oxidized carbyne complex

1** was not observed in these experiments, in spite of many

efforts aimed at detecting it. Although the failure to observe
1** could be attributed to low absorptivity, it is likely that this

products are produced in comparatively high yield as a result
of the quenching process. Interestingly, the cage escape yield
for quenching ofl* by MV 2* is very similar to that for oxidative
guenching of excited state Ru(bg¥) by MV?2*.13.14Moreover,

the cage escape vyields for both metal complex systems are
considerably larger than observed when singlet excited state
donors are quenched by pyridinium accepfSrghe relatively

high cage escape yield in the Ru(bgyJMV 2+ system has been
attributed to arise (in part) because Ru(kfy¥ has a large
degree of triplet spin charact&¥1416By analogy we suggest

17-electron species undergoes rapid secondary reactions owin

to its high reactivity. Moreover, several observations support
the premise that™ reacts very rapidly after being formed. First,
in most cases the transient absorption due topfersists out to
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that the high cage escape yield in théV?2+ system arises
becausel* also has significant triplet spin character.
Thermodynamics and Kinetics of Photoinduced Electron
Transfer. The free energy for photoinduced electron transfer
from the dr* state of1 to an electron acceptor can be estimated
as shown in eq 3a, wheEg»(1*/ 1) is the oxidation potential

AGgr = E (1¥17%) — Ey,(AJATY) (3a)

Ey (1 1+.) =B (U 1+.) — By (3b)

of the dr* state of1 andEy/»(A/A~*) is the reduction potential

of the acceptot?!” The excited and ground state oxidation
potentials ofl are related by eq 3b, wheEg, is the energy of
the relaxed d* excited staté? Cyclic voltammetry ofl in CHs-

CN solution reveals a single irreversible anodic wavegt=
+0.34 V18 This wave arises from one-electron oxidation of the
complex to afford the radical catiod;*, which reacts rapidly

on the electrochemical time scale. Although the peak of an

Notes

to include the possibility that™ reacts rapidly to form a metal
complex cation radical producX () at a rate that is competitive
with back electron transfer and cage escape.

Some years ago Balzani and co-workers showed that, for
Scheme 1 in the limit wher& g ~ (Kesc + Koet + kixn), €9 4
provides the relationship between the observed electron transfer
quenching rate constank;, and the parameterAGgr and
AGL;.2° In eq 4,k is the experimentally determined quench-

K_g

= K
1+ exp{ i exp{

A
GET} .
RT
ing rate constant and the other rate constants are as defined
above. The parametergkis the rate constant for electron
transfer within the encounter complex when the reaction is
activationless. In the context of Marcus theory, activationless
electron transfer occurs whemAGer = A, wherei is the total
reorganization energy for electron transfer. Marcus theory
defines the relationship betwedG; and the reaction driving
force and the reorganization ener@yGer and4, respectively):

A AGET)2
o425

A
Now, by substituting eq 5 into eq 4, and replacitGer with

(4)

AGET}
RT

AGg = 5)

irreversible voltammetric wave does not necessarily correspondEy»(1*/17*) — E1(A/A™*) (eq 3a) we arrive at eq 6, which

to the thermodynamic potential for the reversible electrode
process (i.e E15), typically the peak potential is within several
hundred millivolts ofE;/2.1° Thus, by assumingpa ~ Ey(/
1*) = +0.34 V, and using theE,, value obtained from
luminescence spectroscopy, eq 3a affords an estimaig,of
(1*/1™) ~ —1.5 V. This estimate suggests that photoinduced
electron transfer is exothermic for acceptors with reduction
potentials positive of-1.5 V, and thereforé* will be quenched
efficiently by these acceptors. Inspection of Figure 2 clearly
indicates that this qualitative analysis is consistent with the
experimental observations in that acceptors Vtp > —1.5
V guenchl* at rates in excess of IM~1s%

The correlation between the kinetics and thermodynamics of

photoinduced electron transfer can be placed on a quantitative

basis by subjecting the quenching rate data to analysis by usin
the Marcus semiclassical electron transfer théér§? This
analysis relies on the mechanism shown in Scheme 1 wig@ere
andk_q4 are the rate constants for formation and dissociation of
the encounter compleX, andk_¢ are the rate constants for

the forward and back excited state electron transfer reactions

in the encounter compleXescis the rate of dissociation of the
geminate ion pair, ankhe; is the rate of back electron transfer
within the geminate pair. The pathway with rd¢g, is added

(16) (a) Wolff, H. J.; Brussner, D.; Steiner, U. Bure Appl. Chem1995
67, 167-174. (b) Klumpp, T.; Linsenmann, M.; Larson, S. L
Limoges, B. R.; Brussner, D.; Krissinel, E. B.; Elliott, C. M.; Steiner,
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defines the dependence kf on the rate constants in Scheme
1, as well as on the important paramete}sEi/»(1*/ 1), Eq/>
(A/JA™), andA.

(Ey(14/17) — El,z(A/A“))} K g
+ exp

RT o4
P PR ¥ () | R

4RT[ A (6)
This equation is useful because it allows one to compute the
dependence ok on E1x(A/A™*), by assuming values fdiy,

k*dy @ly A’l and El/Z(l*/1+.).

Figure 2 illustrates two plots of the calculated dependence
of kq on E1o(A/A™). Both lines were calculated by using eq 6

kq:kd[1+exp{

Yith ks =1 x 100 M-1sL k g=2 x 10051 andky = 5

x 1041 s7110a20 The two differ in that the solid line was
computed using = 0.25 eV ands;p(1*/17*) = —1.45 V while
the broken line was computed with= 0.40 eV andEy»(1*/
1*) = —1.85 V. Although both calculations fit the experimental
guenching data reasonably well, the broken line provides a better
fit. Moreover, the value oft = 0.25 eV seems unreasonably
small for a charge shift reaction in a polar solvéhiwe
conclude that the parameters used for the broken line fit are
better estimates of the “true values” for electron transfer
guenching ofl*. An interesting outcome of this analysis is that
it implies that Ey;(1*/1™*) is approximately 350 mV more
negative than the value estimated by using eq 3b assuming that
Epa = E12(1/1™*). Thus, we conclude that the ground state
oxidation potential ofL must be negative oEpa = +0.34 V,
and the analysis suggests a value Egp(1/17*) ~ 0 V.
Photoinduced Electron Transfer and Photochemical Re-
activity in Carbyne Complexes. An interesting question
concerns the relationship between the well-defined photoinduced
electron transfer documented herein and the previously reported

(23) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller,
J. R.J. Phys. Chem1986 90, 3673-3683.
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photochemical reactions of related carbyne complexes inthe substantial reactivity of CHEIl* and/or the 17-electron
CHCI,.325These processes are attributed to initial photoinduced carbyne complexes could render the electron transfer step
electron transfer to CHglfollowed by reactions of the resulting  irreversible and net photochemistry could occur with modest
17-electron carbyne complexes. Although the reduction potential overall quantum efficiency.

of CHClz is poorly defined due to the reactivity of the anion  symmary. Photoinduced electron transfer from the*cstate
radical, polarographic and voltammetric studies suggesEifiat  of carbyne complex to a series of nitroaromatic and pyridinium
(CHCIJ/CHCI;™) lies between-1.7 and—2.0 V** Given the  glectron acceptors with well-defined reduction potentials has
uncertainty of this estimate for the reduction potential of CHCI  peen examined. The study confirms that electron transfer occurs;
and the uncertainty in the excited state oxidation potentidl of  moreover, correlation df, with E1/(A/A~*) demonstrates that
(vide supra), it is possible that photoinduced electron transfer e d7* state of1 is a potent reducing agent, with(1*/ 1)
from excited statd (and related carbyne complexes) to CEICI = _1 74 02 V.

could be slightly to moderately endothermic. If so, the process

could be comparatively inefficient. This prediction is consistent  Acknowledgment. L.M.-W. and K.S.S. wish to thank the
with a previous study in which we observed that the emission National Science Foundation (L.M.-W., Grant CHE-9424134;
lifetime of Cp{P(OMe}}(CO)W=C—Ph was only slighty = K.S.S., Grant CHE-9401620) for support of this work.
shorter in CHCJ than in THF (134 ns in CHGIlvs 141 ns in

THF)3225Nonetheless, even if photoinduced electron transfer ~ Supporting Information Available:  Absorption and emission

from the excited state carbyne complex to CElilinefficient, spectra forl, experimental procedures for the synthesislptind a
table that lists quencher reduction potentials and quenching rate
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