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Abstract: The highly efficient photoin- 
duced isomerisation of [Os,(CO),(p,- 
q 2  : q2:q2-C6H,)] ( I )  to the previously 
characterised p,-benzyne complex 
[H20s,(CO),(p,-q2:q' :q1-C6H4)] (2) is 
described. We find that for the more elec- 
tron-rich clusters [Os,(CO), ~ JPPh3)"(p3- 
q2 : '1': q2-C6H6)] (n = 1 or 2 )  the efficiency 
of the photolytic process is improved. We 
suggest that photolysis generates a vacant 
site a t  osmium (mimicking the inherent 
coordinative unsaturation of a metal com- 
plex) and that this transformation offers a 
compelling model for the interconversion 

of associatively and dissociatively chemi- 
sorbed benzene. Moreover, we can fine- 
tune our molecular "work function" (re- 
ally the separation of HOMO/LUMO en- 
ergies) by protonation or by phosphine 
substitution for CO at the metal. Thus, 
the cation [HOs3(C0),(p3-q2 :$:$- 
C6H,)] + does not undergo internal meta- 
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lation, while photoisomerisation of the 
electron-rich phosphine derivatives pro- 
ceeds more readily than for 1. We find that 
these photolytic reactions are easily moni- 
tored by IR spectroscopy for samples sus- 
pended in polymethylmethacrylate films 
under ambient conditions. This method 
permits "matrix isolation" experiments 
under ideal conditions. Finally, we specu- 
late that the mechanism of interconver- 
sion almost certainly involves the sym- 
metric cleavage of a 0 s  - 0 s  bond (a - a* 
transition) to produce an extremely reac- 
tive diradical intermediate. 

Introduction 

Complementary to our studies of metal-based reactivity of face- 
capping arene cluster compounds that we have reported over 
recent years, we now wish to discuss the transformations we 
have observed for the p,-$ : '1' : q2 ligands in the prototypical 
compound 1. We find that the photoinduced isomerisation of 

[Os,(CO)9(p,-q2 : q z  :q'-C,H,)] 
1 

the O~,(p,-~*:q~:rj-~-C,H,) system provides a novel route into 
p,-benzyne complex chemistry. This reaction formally repre- 
sents the intramolecular activation of two adjacent carbon- 
hydrogen bonds and may be considered as a molecular model 
for the interconversion of associatively and dissociatively 
chemisorbed states of benzene at  a metal surface. 
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One of the problems that has frequently hampered the sys- 
tematic development of metal cluster chemistry is that harsh 
reaction conditions are often required to  effect rate-limiting lig- 
and loss or metal -metal bond cleavage.['] High temperatures 
preclude accumulation of all but the thermodynamically fa- 
voured pyrolysis products, and cluster fragmentation frequently 
competes with desired ligand-based transformations. Replace- 
ment of CO by a labile weak-field ligand such as MeCN to 
provide enhanced reactivity for coordinatively saturated clus- 
ters is now a well-established approach to cluster activation.l2 - 4 1  

Associative pathways that rely on ambidentate ligands such as 
NO or SR['."J or on carbonyl insertion rea~tionsf' .~1 to provide 
a vacant coordination site are also known. Electron deficient 
clusters are particularly valuable synthetic intermediates (cf. the 
novel reaction chemistry associated with [H,0s,(C0),,][5~91), 
but are difficult to generate in a systematic fashion. Although 
not extensively investigated as yet, the photoactivation of metal 
cluster complexes can provide a route to electron deficient spe- 
cies through dissociative ligand loss or metal framework rear- 
rangement processes. Previous work has shown that photosub- 
stitution reactions enable the synthesis of new clusters.LiO- 1 2 1  

while mononuclear metal carbonyl derivatives are accessible by 
cluster f ragmenta t i~n ."~  - 1 5 1  Cluster carbonyls have been 
shown to be pre-catalysts in several photoinduced catalytic 
transformations of organic substrates, including the polymeri- 
sation of acrylonitrile~'hl and the isomerisation[i71 and hydro- 
genation[l81 of olefins. Recent mechanistic studies by Bentsen 
and Wrighton[2'.221 indicate that the photochemistry of 
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[M,(CO),,] (M = 0 s  or Ru) is markedly wavelength and tem- 
perature dependent; this clarifies previous conflicting reports 
over the nature of the primary photoprocesses in these trinucle- 
ar c o m p l e x e ~ . [ ~ ~ - ~ ~ ]  

Mann and c o - w o r k e r ~ ~ ~ ~ ~ ~ ~ l  have demonstrated the photo- 
lability of q6-arene ligands in the mononuclear complexes 
[CpM(q6-arene)]+ (M = Fe, Ru); irradiation with visible light 
leads to efficient replacement of the arene by three monodentate 
ligands or one tridentate ligand. We were curious to see whether 
analogous photochemistry would be observed for the face-cap- 
ping arene complex 1, potentially a source of the unsaturated 
fragment “[Os,(CO),]”. We find no evidence for photolability 
of the C6H6 ligand in 1, but report instead its novel photoiso- 
merisation to a triply-bridging benzyne moiety. The mechanistic 
features of this transformation are not resolved as yet, though 
some useful insights have been obtained from a preliminary 
low-temperature matrix s t ~ d y . 1 ~ ~ 1  

Results and Discussion 

At 278 K in toluene solution, Pyrex-filtered broad-band visible 
radiation from a 500 W tungsten-halogen lamp for around 13 h 
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cleanly converted 1 to the isomeric triply-bridging benzyne (or- 
tho-phenylene) cluster 2 in high yield (>90%). Complex 2 had 

been previously obtained as a product from the reaction of 
benzene with [Os,(CO),,J at around 463 K[281 or with 
[OS,(CO),~(NCM~),] at 363 K,  and was structurally character- 
ised by single-crystal X-ray The benzyne ligand 
in 2 is planar and inclined at  an angle of around 65” to the 
osmium triangle, with no significant variations in the C-C bond 
lengths being observed. The C6H, fragment serves formally as 
a four-electron donor to the cluster and forms G bonds to two 
0 s  atoms and a IC interaction with the third osmium. While not 
directly located, the positions of the hydride ligand have been 
inferred from the distribution of the carbonyl groups in 2. Ben- 
zyne ligands are commonly found in products of the thermolysis 
of a variety of aryl compounds with triosmium substrates. Ther- 
molysis of [Os,(CO), l(PMe,Ph)] gives [H,Os,(CO),(p- 
PMe2)(p3-q1:q2:q1-C6H4)J, while [0s,(C0),,(PMe2Ph),] af- 
fords [Os,(CO),(p-PMe,),(p3-qt:q2:q1-C6H4)J as a major 
p r o d ~ c t . [ ~ ~ . ~ ’ ~  Related triply-bridging aryne clusters have been 
prepared from PPh, A s M ~ , P ~ , [ ~ ~ . ~ ’ ]  PEt,Phr361 and 
MeSPh.[371 Some representative structures are shown in 
Scheme 1. 

Scheme 1 .  Some structurally characterised benzyne- triosmium complexes (E = P. 
As). The carbonyl ligands in all structural formulae are omitted for clarity. 

We found that appropriate derivatives of 1 also underwent 
photoisomerisation to give new p3-C6H4 complexes. While reac- 
tion of the olefin compounds [Os,(C0),(q2-CH,CHR)(p3- 
q2:q2:q2-C6H6)] (R = H, Ph) was largely frustrated byphotode- 
composition pathways (presumably through loss of the 
relatively labile olefin ligands), virtually quantitative conver- 
sions of the phosphine and phosphite derivatives 3.4 and 5 was 
achieved under broad-band visible photolysis in toluene at 

[‘I Members ofthe Editorial Board will be introduced to the readers with their first 
manuscript. 

278 K. Markedly enhanced photoreaction rates were observed 
with increasing phosphine substitution; 3 and 4 were totally 
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consumed after around 6 h of irradiation, while reaction of the 
bis-phosphine complex 5 was complete in 2.5 h. Photoisomeri- 
sation of 3 and 4 afforded benzyne complexes 6 and 7, respec- 
tively, each as two chromatographically inseparable, intercon- 
vertible isomers that have been characterised by 'H, I3C and ,'P 
NMR spectroscopy (Scheme 2). 

+ 

Scheme 2. Structural characterisation of compounds 6 and 7. 

Structural Characterisation of Compounds 6 and 7: The 'H 
NMR spectrum of the major isomer of 6 (i.e., 6a)  is invariant 
over the temperature range 193-293 K and shows a single dou- 
blet resonance at  high field (JPH z 9  Hz) assigned to two equiva- 
lent hydride ligands locally mutually cis to  PPh,. The magni- 
tude of the coupling constant ' J (1870s- 'H) of 30.5 Hz, 
measured from "'0s satellites about the hydride resonance at 
193 K, indicates that the hydride ligands are stereochemically 
rigid at this temperature. This rules out an alternative structure 
containing nonequivalent ligands for which rapid time-averag- 
ing by some intramolecular migration process leads to a single 
hydride environment. The C,H, ligand shows an AA'XX' pat- 
tern; the two branches of the spectrum are centred at  6 = 7.90 
and 6.85, and are consistent with a symmetrically ortho-disubsti- 
tuted benzene moiety and equivalent hydride ligands. Identical 
spectral features have been previously reported for several p,- 
benzyne complexes in which low-energy fluxional processes as- 
sociated with the ring or edge-bridging ligands introduce an 
effective plane of symmetry into the molecule (vide infraIz9- ,'I). 

Consistent with the C, symmetry of 6a,  four sharp carbonyl 
resonances are observed in the I3C{'H} NMR spectrum below 
253 K, each corresponding to  two equivalent CO ligands. One 
resonance couples to  phosphorus (JK = 4.5 Hz) and is assigned 
to carbonyls d, coordinated to  the phosphorus-bearing 0 s  atom 
(see Fig. 1). In the fully proton-coupled spectrum this resonance 
is further split by coupling to the trans-related hydrides. 
Carbonyls a also show trans coupling to the hydrides and may 
be assigned accordingly. The stereochemistry of 6 a  is unequivo- 
cally defined by this data, assuming a ligand distribution that is 
isomorphic with all previously characterised p,-benzyne com- 
plexes. We note that 2 , 6  and 7 are the first benzyne clusters in 
which the two 0 s  atoms forming o interactions with C,H, are 
otherwise unbridged. 

Interestingly, the IH NMR spectroscopic features of the ma- 
jor isomer of 6 are reproduced for the minor isomer of the 
analogous P(OMe), complex 7. The converse applies to the 
minor and major isomers of 6 and 7, respectively. At 203 K the 
equivalent hydride ligands in 7 a exhibit a doublet resonance 
(6 = - 18.91, JPH = 10.9 Hz), and a doublet a t  S = 3.64 for the 
phosphite methyl protons is clearly visible. The expected 
AA'XX' spectrum for the C,H, protons is obscured by the sig- 
nals of the major isomer 7 b  (Fig. 2). Three low-intensity singlets 
and one doublet resonance at  low field in the "C{IH} NMR 

spectrum of 7 a t  186 K are attributed to the pairwise equivalent 
carbonyls of isomer 7 b  (see Fig. 3). 

The structural assignment of isomers 6 b and 7 b is more prob- 
lematic. We propose, firstly, that these species are isostructural 
on the basis of the marked similarity of their 'H  and 'T NMR 
spectra. At low temperatures 6 b  and 7 b  each exhibit two reso- 

nances at  high field, split by either 
larger coupling (6b: JPH = 24.2 Hz; 
7b:  JPH = 38.8 Hz) or smaller coupling 

14.5 Hz) to phosphorus, and are as- 
signed to  nonequivalent hydrides lo- 
cated respectively trans- and cis to the 
phosphorus donor ligand. 'JHH must 
be less than 1 Hz and is not detected. 
ABXY 'H NMR spectra are observed 
for the C,H, ligands as has been found 
previously in the limiting spectra of 
nonsymmetrical p,-benzyne complex- 
es.[30.3L.371 In both 6 b  and 7 b  doublet 
resonances are observed for H and H, 
(overlapping to give an apparent 

triplet in the latter complex) while pseudo-triplets (actually dou- 
blets of doublets) are found for H, and H, at higher field. The 
13C{'H} NMR spectrum of 6 b  recorded at 186 K shows the 

(6b: JPH = 13.7Hz; 7b:  JPH= 

(b(lbm 
7bm- O M C )  

1- I 

d 
I 

102 ' lfs ' 174 m '  d 
Fig. 1. Variable-temperature "C NMR spectra of 6. 
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2931  
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Fig. 2. Variable-temperature 'H NMR spectra of 7 

eight carbonyl resonances anticipated for the nonsymmetrical 
complex; three are doublets resulting from two two-bond cou- 
plings and one three-bond (i.e., trans) coupling to phosphorus. 
Selective proton-decoupling enables partial assignment of the 
spectrum. The limiting 13C(1H) spectrum in the carbonyl region 
for complex 6b is qualitatively similar to that of the phosphite 
analogue, although two signals are apparently obscured by res- 
onances of the major isomer 6a. 

Three distinct representations of the nonsymmetrical isomers 
6 and 7 consistent with this data are tenable (Fig. 4). Several 
lines of reasoning would suggest, however, that 6b and 7 b  adopt 
structure A:  

1) We anticipate that substitution as in C should be particu- 
larly unfavourable since carbonyl substitution by a relatively 
bulky tertiary phosphine or phosphite ligand should introduce 
destabilising steric interactions with the benzyne ring protons 
(recalling that the C,H, ligand is inclined toward this coordina- 
tion site). 

2) Substitution at the alternative pseudo-equatorial site as in 
B may, to some extent, relieve unfavourable steric pressure be- 
tween the ligands, but accounts rather unsatisfactorily for the 
variable-temperature behaviour of the "C NMR spectra. For 
the symmetrical isomer 6 a  (and possibly for 7a also) a localised 
trigonal-twist process exchanges carbonyl ligands a, b and c, as 
evidenced by the broadening of their resonances at 293 K. The 

I . . . . , . . . . , - . . ' , . ' . , , ' ' . .  

100 175 170 165 s 
Fig. 3. Variable-temperature "C{'H} NMR spectra of 7 

doublet resonance of carbonyl d remains sharply resolved at this 
temperature; this reflects a higher barrier to ligand interchange 
in the unique osmium atom. Khattar has reported similar be- 
haviour in NMR studies of related p3-alkyne complexes 

A B 

C 

Fig. 4. Representations of the nonsymmetrical isomers 6 and 7 (L = PPh,, 
WOMe),). 
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[os , (co)9(L)(~ , -~’  : v 2  : q’-C,Me,)l 
where exchange among the ligand set 
x, y and z is invariably the lowest-ener- 
gy process This is pre- 
sumably a consequence of the elec- 
tronic requirements of I[ coordination 
of the organic ligand (but undoubtedly 
also of steric hindrance to rotation on 
PR,  substitution) in 6. Scheme 3. Proposed mechanism for benzyne fluxionality. 

On warming from 186 to 295 K, 
three CO resonances of 7 broaden and 
coalesce with the baseline as a result of “turnstile” carbonyl 
exchange. From selective decoupling studies it is clear that this 
interchange involves the unique carbonyl located trans to both 
the phosphorus ligand and the hydride (i.e., CO d above). This 
would imply that carbonyl exchange at the “front” osmium 
atom is more facile than interchange of ligands a, b or  c for B, 
in contrast to the findings of Khattar[,’] above. We favour struc- 
ture A and account for the rigidity of carbonyls a ,  b and c a t  
295 K on the basis of steric hindrance to rotation from the 
adjacent ligand L. The barrier to localised scrambling of car- 
bonyls d, e and f is apparently lower in 6b and 7b than in the 
symmetrical isomers and may result from increased electron 
density of the “back” 0 s  atom when the phosphorus ligand 
rather than CO occupies the [runs-coordination site. The ability 
of phosphine and phosphite ligands to lower the activation bar- 
rier to “turnstile” exchange at an adjacent metal centre has been 
noted One rationalisation invokes the weakening 
of metal-metal bonds through population of a LUMO that is 
antibonding with respect to the metal framework, thereby facil- 
itating rotation of the M(CO), unit as a whole with respect to the 
rest of the c l ~ s t e r . ~ ~ ’ . ~ ~ ]  

3) Finally, it may be significant that in the structurally char- 
acterised complex [HOs,(CO),(PPh,)(p-PPh,)(p3-q1 : q 2 : q ’ -  
C,H,)] the PPh, ligand chooses to occupy a pseudo-equatorial 
coordination site of the osmium atom forming the n interaction 
with C,H4, in direct correspondence with the proposed struc- 
ture A for 6b and 7b above. The different relative proportions 
of symmetrical and nonsymmetrical isomers formed on photol- 
ysis of 3 and 4 may reflect the subtle interplay of electronic and 
steric effects in this chemistry. Pseudo-equatorial coordination 
of the phosphorus ligand may be intrinsically favoured on elec- 
tronic grounds (perhaps n back bonding to the axial CO is 
enhanced by donation from the benzyne moiety), but desta- 
bilised by steric interaction with the C,H, ligand. This would 
explain the greater preference of the smaller phosphite ligand to 
coordinate equatorially, with the more bulky PPh, preferential- 
ly adopting the axial configuration. In [HOs,(CO),(PPh,)(p- 
PPh,)(p,-ql : q 2 :  q1-C6H4)], steric pressure between p-PPh, and 
PPh, would presumably destabilise the axial isomer. 

Isomer Interconversion and Benzyne Fluxionality : On warming 
from the low temperature limit, the resonances of the benzyne 
ligand in the ‘H N M R  spectra of both isomers of 6 and 7 
broaden and coalesce. Similar behaviour is found for the hy- 
dride resonances. The benzyne signals of the nonsymmetrical 
isomers 6b and 7b broaden at  a much greater rate than the 
resonances of either the C,H, ligand in 6a and 7a or  the hy- 
drides in both isomers; for example, the C,H, resonances of 6 b  
have coalesced by 293 K, while the hydride signals of 6a and 6 b  
are still sharp at this temperature. 

Clearly two processes are operative. The lower energy path- 
way produces a plane of symmetry through the benzyne ligand 
of the nonsymmetrical isomers without averaging the inequiva- 
lent hydride environments or  equilibrating with the symmetric 

forms. We propose the rotation/flipping mechanism shown be- 
low to account for this behaviour (Scheme 3). This process is a 
variation of the Deeming m e c h a n i ~ m [ ~ ~ . ~ ~ ]  for facile equilibra- 
tion of the bridging arsenide ligands in [Os,(CO),(p-As- 
Me2),(p3-q1 :q2 : q’-C6H4)] without permutation of the C,H, 
moiety. The intermediacy of the species having a benzyne car- 
bon coordinated to only one osmium atom is a feature common 
to both mechanisms and this bonding motif has been character- 
i~ed[ ’~]  in the complex [Os,(C0),(p-PEt)(p,-C6H4)]. Our mech- 
anism is the converse of the Deeming process, however, since we 
symmetrise the ring without equilibrating the other bridging 
ligands. It seems entirely reasonable that an analogous rotation/ 
flipping mechanism operates in the C, isomers 6a and 7a, 
though the inherent symmetry of these species does not permit 
its detection. 

The higher energy process results in the interconversion of the 
symmetrical and nonsymmetrical isomers of 6 and 7. Spin satu- 
ration transfer experiments a t  323 K clearly demonstrate the 
exchange of protons H, in 6a with the time-averaged p protons 
of 6b. Thus irradiating at  the low field resonance of 6 a  leads to 
a denuding of the corresponding resonance for 6 b (obscured by 
PPh, signals). while slight enhancement of the higher field peak 
of 6 a  arises from cross-relaxation (i.e., Overhauser effect en- 
hancement). Weak NOE transfer to H, of 6b is also evident. 
Similarly, irradiation of the high-field resonance of either 6a or 
6b leads to  spin saturation of the other, and direct or transferred 
NOE to the B protons. Complete saturation of the hydride res- 
onances in both isomers is achieved on irradiation of each of the 
three doublets. Interestingly, no saturation transfer between the 
hydrides and benzyne ligand is found here, even at  373 K;  this 
indicates that the rapid, reversible proton transfer between ring 
and metal sites noted by Shapley et al.[431 for the aryne complex- 
es [H,0s,(C0),(p,-q1:q2:q’-C6HzRz)] is not important for 6 
(the added complication associated with isomer interconversion 
means that we would not have detected weak saturation transfer 
here). 

Isomer interconversion in 6 and 7 is easily understood in 
terms of a “turnstile” ligand exchange process a t  the phospho- 
rus-substituted osmium atom (Scheme 4). By 373 K we observe 
coalescence of the resonances of the exchanging carbonyl lig- 
ands and broadening of the PPh, resonances in the I3C{’H} and 
31P{1H} N M R  spectra for 6, as required by this mechanism. 

C 
Scheme 4. Proposed mechanism for isomer interconversion. 
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Activation barriers to C,H, rotation/flip and Os(CO),(PR,) 
rotation are clearly lower in 7 than in 6 (we estimate 
very approximately AG&, z 55 kJmol- ' and AG:,3 % 

70 kJ mol- for the two processes in 6), and this reflects, pre- 
sumably, the greater steric hindrance to fluxionality for the lat- 
ter complex. 

Photoisomerisation of 5: Cluster 5 was converted on visible pho- 
tolysis to a single isomer of the benzyne complex 8 in high 

in high yield. The 'H NMR spectrum of 8 at room temperature 
exhibits one doublet (.IPH = 10.3 Hz) and one triplet 
(.IPH = 8.8 Hz) at high field attributed to two nonequivalent hy- 
drides located cis to respectively one and two PPh, ligands. The 
C,H, ligand resonances form an apparent AA'XX' pattern. 
Complex 8 has not been exhaustively characterised, but four 
plausible structures are given in Figure 5.  We favour structure G 
for 8, since steric repulsion between C,H, and the bulky phos- 
phine ligands should be minimised here (cf. the structure of the 
phosphine-phosphido cluster above). 

D 

P 

Fig. 5. Possible structures of complex 8. 

A 

E 

c 

Thermal Conversion of p,-Benzene to p,-Benzyne: Prolonged 
thermolysis in toluene solution at 388 K converted the p,-ben- 
zene complexes [Os,(CO),~n(PPh,),(p,-q2:q2:q2-C,H,)] [n = 0 
( I ) ,  1 (3), 2 (5)] to the corresponding p,-benzyne compounds 
[H,Os,(CO),-~(PPh,),(p,-q' :q2:q1-C6H4)]. The rate of in- 
tramolecular oxidative addition increased with phosphine sub- 
stitution (i.e., with increasing electron richness of the cluster). 
Thus 1 afforded 2 in about 70% yield after 41 h ;  3 gave 6 in 
around 80 % yield after 16 h ; 5 gave 8 in around 50 % yield after 
8 h. Visible light was not excluded in these reactions, and con- 
tributory photolysis cannot be totally discounted here. Isomers 
6a  and 6b were obtained from the thermolysis of 3 in the same 
proportions found for photolytic conversion, while low intensi- 
ty signals at high field in the 'H NMR spectrum of thermally 
derived 8 may be due to trace amounts of a second isomer. 
Several other uncharacterised pyrolysis products of 5 were 

formed in low yields, possibly through metalation of one or 
more phenyl groups of a PPh, ligand. ortho-Metalation of 
phenyl phosphines on a triosmium framework is well 
known13z.331 and Deeming1441 has demonstrated the stepwise 
degradation of coordinated PPh,R to p,-C,H, by a metalation/ 
elimination/metalation sequence. 

Photolysis clearly provides a more efficient and selective syn- 
thesis of the triply-bridging benzyne clusters than thermal con- 
version in this system. There is no evidence for the reversibility 
of this isomerisation and the dimetalated complexes apparently 
represent the thennodynamically favoured species here. We now 
consider some mechanistic aspects of the photoreaction. 

A Mechanism for Photoisomerisation: Although a detailed 
mechanistic study of the p,-benzene+p3-benzyne conversion is 
not available, some preliminary observations seem relevant to 
the formation of a speculative description of this photochem- 
istry. 

The electronic absorption spectra of complexes 1. 3 and 5, 
recorded in cyclohexane solution at 293 K, are shown in Fig- 
ure 6. Phosphine substitution leads to a bathochromic shift of 
the absorption maximum at 312 nm in the spectrum of 1; the 
corresponding feature in 3 and 5 are incompletely resolved from 

I 6 0  100 400 500 550 

Fig. 6. UV/Vis spectra of 1 .3  and 5 in cyclohexane solution. 

the tailing of the higher energy metal-to-ligand charge transfer 
band(s). An additional shoulder at 432 nm is evident in the 
spectrum of the bis-phosphine complex 5. A red shift of in-plane 
(metal) bonding to antibonding transitions in the electronic 
spectra of phosphine derivatives of [OS,(CO),~] and 
[RuJCO), 2] has been found p r e v i o ~ s l y . 1 ~ ~ - ~ ~ 1  

It is clear from preliminary low temperature matrix photolysis 
studies (vide infra) that irradiation into these near UV/visible 
absorptions initiates the photoisomerisation reaction. Thus at 
20 K in Ar, CH, and CO matrices, irradiation at I > 365 nrn 
yields no net photochemistry, while I > 290 nm gives efficient 
photoisomerisation to the benzyne complex 2. The observed 
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rate enhancements (i.e., conversion rates for 5 > 3 > 1) C-H bond by an electron-deficient species formed through 
may reflect a real increase in quantum yield for this reac- rate-determining CO loss from 1, according to Scheme 6 ,  should 
tion on increasing substitution of PPh, for CO and/or result be strongly inhibited by external carbon monoxide. We found 
simply from the tungsten-halogen source providing a greater that visible photolysis of 1 in toluene (standard conditions) in 
photon flux at more appropriate (i.e., higher) wavelengths the presence of CO (1 atm) afforded 2 (ca. 80% yield) and 
for efficient isomerisation of the substituted compounds 3 [Os,(CO),,] (ca. 5%) through displacement of C,H,. While the 
and 5. 

We may speculate as to the nature of the 
orbitals associated with these low-energy 
transitions by recalling the results of a 
Fenske-Hall quantum chemical calcula- hu 

____c 

(-2 
/?,& 

<=> <=p 

tion model undertaken complex [Ru,(CO),(p,-q2:qZ:qz- for the hypothetical 
- 

I’ ‘I 2 
C,H,)]. The scheme predicts that the -0s 

dipole-allowed transitions of lowest ener- ‘ I 1 
gY are E + A z  (3.4 ev) and At+E(4 .6  ev) 
and should be compared with the experi- 
mentally observed transition energy of 
3.9 eV (i.e., 312 nm). It is interesting to note that the former 
transition is between a doubly-degenerate orbital that is pre- 
dominantly bonding with respect to the metal triangle and the 
cluster LUMO, which is mainly metal- 
metal antibonding and is again directed 
along the Ru- Ru edges. This transition is 
apparently the analogue of the o+o* 

Scheme 5. Radical initiation. 

concentration of dissolved CO in this inhibition experiment was 
undoubtedly rather low, it seems unlikely that dissociative CO 
loss is directly relevant to this photochemistry. 

- Ra- FH I \  

transition responsible for the photofrag- hu 
mentation and associative substitution re- 7, pQ-- 
activity in [Os,(CO),,]. Substitution of 
PPh, for an equatorial carbonyl ligand is 
expected to stabilise the in-plane LUMO ‘ I 1 

shifting of the low energy electronic tran- 
sitions in 3 and 5. 

tion process responsible for the photochemistry of the face-cap- 
ping benzene complexes: 

1) Radical Initiation: Homolysis of an 0 s - 0 s  bond in 1 (and 
its derivatives), insertion of the diradical into two C-H bonds 
of the p,-benzene ligand and subsequent rearrangement could q6-arene-M 6 v4-arene-M v2-arene-M (a) 

generate the p,-benzyne fragment (Scheme 5). Decomposition 
of a triplet excited state by insertion reactions of a ligand-cen- A related transformation of 1 could be a plausible elementary 
tred radical intermediate might also be a feasible process here step in its photoisomerisation, creating a metal-centred vacan- 
(compare the Cr+C,H, transition responsible for the radical- cy; metalation and subsequent rearrangement then afford 2 
initiated photodecomposition of [(q6-C,H,)Cr(CO),]).‘481 (Scheme 7). Several photosubstitution studies of mononuclear 

Dinuclear complexes have been shown to undergo fragmenta- iron q4-diene complexes by PR, have indicated, however, that 
tion to mononuclear species on photolysis by homolytic cleavge the quantum efficiency for q4-+q2 binding is very low, particu- 
of the metal-metal bond, and the trapping of metal radicals M’ larly for dienes locked in an s-cis conformation, since the reverse 
by chlorocarbons to give the respective chlorides M-CI appears action between the vacant coordination site and the uncoordi- 
to be a diagnostic test for the diradical path~ay.‘~’] Photolysis nated double bond is facile. It is not clear whether extrapolation 
of 1 in toluene solution at 278 K for 13 h in the presence of 2M to the photoisomerisation reaction is entirely valid, as the step 
CCI, afforded benzyne complex 2 (ca. 70 % yield) and a purple- subsequent to ring slippage here is an intra- rather than inter- 
brown toluene-insoluble residue that remained uncharacterised. molecular addition. 
It is unclear, though, whether this material represents a primary We believe that perhaps the most likely pathway for photoiso- 
photolysis product, since small quantities were also recovered merisation of 1 requires a vacancy formed by carbonyl insertion 
on photolysing pure [OS,(CO),~] under identical reaction condi- into an 0 s - 0 s  bond as the primary photoprocess. Our com- 
tions. Nevertheless, the intermediacy of a 

-a K ‘I 2 
os- -a 
I ’  ‘I 

-a 

and may account for the Observed red- Scheme 6. Activation by CO dissociation. 

We now consider several candidates for the primary activa- 3) “Nondissociative” Acrivation: Ring slippage [Eq. (a)] 
of monometallic q6-arene complexes is thought to play an 
important role in arene exchange reactions of these com- 
pounds. 

diradical species that is sufficiently long- 
lived to undergo intramolecular insertion 
or be trapped (less efficiently) by CCI, in 
an intermolecular reaction cannot be dis- 
counted here. 

2) Activation by CO Dissociation: Pho- 
toinduced dissociative carbonyl ligand 
loss is an important primary photoprocess 

hu 

-m /\m--- 
‘I I’ 

(vide supra). Activation of a benzene Scheme 7. “Nondissociative” activation. 
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plete mechanism as proposed is given in Scheme 8. Step (a) is 
directly analogous to the formation of coordinatively unsaturat- 
ed M,(CO),, proposed by Wrighton and Ford to  explain the 
associative substitution and fragmentation chemistry of 
Ru,(CO),, and Os,(CO),, . Significantly, the nature of the elec- 
tronic transition responsible for the generation of Os,(CO), , 
may, as indicated, closely resemble the transition promoted in 
this photoisomersiation. Step @) represents metalation of the 
face-capping ligand to  give an intermediate Ir-aryl species of the 
type recently implicated in a study of ring-to-metal proton ex- 
change in triosmium aryne complexes.r461 Subsequent ring slip- 
page (possibly photoassisted) and metalation would afford ben- 
zyne complex 2 as shown. 

'H 

1' '1 

1 

L 
,..* 

I' 
2 

Scheme 8. Postulated mechanism for photoisomerisation of 1 to 2 

Photoisomerisation Reactions in Polymethylmethacrylate Films : 
In a series of separate experiments we have explored the pho- 
toisomerisation reactions of cluster 1 in a polymethylcrylate 
film. This has the distinct advantage of allowing reactions to  be 
monitored (by IR spectroscopy) under ambient conditions and 
does not involve the complexities normally encountered with 
matrix isolation studies. As far as we have been able to judge, 
the interconversion of 1 to 2 follows precisely the same course, 
although possibly a t  a slightly faster rate. 

In a typical experiment, the polymer precursor was dissolved 
in toluene, and cluster 1 was then added. After removal of the 
solvent by slow evaporation, the resulting film was subjected to 
irradiation from a medium-pressure mercury lamp. The pho- 
tolytic reaction was monitored by following the observed in- 
frared spectrum (vco) with time. As in the alternative matrix 
isolation experiments, the formation of the second isomer 2 was 

followed by observing the appearance of two carbonyl peaks at  
2109 (w) and 2050 (s) cm-I .  

This method of "matrix isolation" is clearly extremely conve- 
nient especially when compared with other more usual matrix 
isolation methods and has been previously applied by us to  a 
range of other cluster systems. A full report of these additional 
studies will be made in due course. 

Experimental Procedure 

Photolysk of [Os,(C0),01,-q':q2:q'-C,H,)I (1 ) :  A solution of 1 (30 mg) in toluene 
( l 5 m L )  in a Pyrex vessel was cooled to 5°C and subjected to unfiltered visible 
irradiation from a 500 W heat lamp positioned around 5 cm from the reaction 
vessel. After 13 h irradiation. the solvent was removed in vacuo. the residue taken 
up in CH,CI, and separated by TLC (eluent: CH,CI, (35 %)/hexane (65 %). Extrac- 
tion of a pale yellow band (R,=0.8) and crystallisation from CH,Cl,/hexane gave 
microcrystals of the benzyne complex [H,0s,(CO),(lr,-q1:qz.q1-C6H,)1 (2) (27 mg, 
90% yield). identified by comparison with an authentic sample. 

Photolysis of [Os,(CO),(P~,~p,-q*:q*:q*-C~H')I (3): Following the procedure 
described above for the photoisomerisation of 1.5 h irradiation o f 3  afforded yellow 
microcrystalline [H,Os,(CO),(PPh,)(fi,-q' :qz:q1-C6H4)] (6) in 94% yield. IR: i),/ 

Em-' (CH;CI,): 2078 (m). 2044 (vs), 2032 (sh), 1995 (s), 1973 (m). 1940 (w). 'H 
NMR (CD,CI,) indicates the presence of two isomeric benzyne complexes in the 
ratio 2: 1 :  Major isomer 61. 293 K '  6 = 7.94 (m. 2 H , )  and 6.89 (m. ZH,) form an 
AA'XX'system.7.10-7.55.(m. 15H.PPh,). -18.09(d.J,, = 9.2Hz.2H,);193 K: 
6 = 7.92 (m. 2H,)  and 6.84 (m. 2H,) form an AAXX' system, 7.1-7.5 (m. ISH. 
PPh,), - 18.30 (d. J,, = 8.4 Hz, J(Ia'Os-'H) = 30.5 Hz (from satellite spectrum), 
2H,). Minorisomer6b.293 K: 6 = 7.10-7.55.m(15H, PPh,),benzyneresonances 
exchange-broadened into baseline. -16.14 (d, JPH = 24.2Hz. H5). -19.87 (d. 
JPH = 14.2 Hz. H6); 193 K: 6 = 7.55 (d) and 7.09 (d, J,,= J , , s8 .0  Hz. H, and Ha), 
7.1 -7.5 (m. 15H. PPh,). 6.72 (pt) and 6.07 (pt, Job = 7.5 Hz, H, and H,), -16.02 

onlycarbonyl resonances reported): Major isomer 6a,  293 K: 6 = 174.5 (brs). 169.3 
(brs). 166.4(d, JK = 4.5 Hz). 164.5(brs); 193K:d  = 178.6(s32C, borc) ,  173.7(s. 
2C. a), 170.7 (d. JK = 4.5 Hz, 2C. d). 168.9 (s. 2C. b or c). Minor isomer 6b. 293 K:  
spectrum obscured by resonances of major isomer; 193 K: only 6 of 8 expected 
resonances visible, namely, 6 = 180.7. 178.4, 175.0, 172.4. 171.2, 164.2. J i P ( L H )  
NMR (CD,CI,): 193 K: 6 = -145.93 (major isomer), -153.13 (minor isomer). 
C,,H,,O,Os,P: found (calcd): C 33.72 (33.86). H 1.73 (1.85). P 2.55 (2.73). 

Photolysis of [Os,(CO),(P(OMe),)(lr,-q':q':qz-C6H.)~ (4): Following the proce- 
dure described above for the photoisomerisation of I ,  6 h irradiatiou of 4 afforded 
yellow microcrystalline [H,Os,(CO),(P(OMe),)(~,-ql : qz:q1-C6H,)] (7) in 83 % 
yield. IR: C,/cm-' (CH,CI,): 2080 (m). 2044 (s). 1994 (s), 1974 (sh). 'H NMR 
(CD,CI,) indicates the presence of two isomeric benzyne complexes in the ratio 9: 1 : 
Major isomer 7a. 293 K:  7.82 (brd. H I  and H,). 6.77 (brs. H, and H,), 3.34 (d. 
JPH= 12.0Hz.9H.P(OMe),).-16.85(brd.H,).-20.95(brd,H6);203K:7.81(d) 
and 7.78 (d. J,, = J,. = 6.9 Hz. H, and H6), 6.93 (pt) and 6.63 (pt. Jz3 = 6.9 Hz, 
H, and H,), 3.25 (d. JpH = 12.0 Hz. 9H.  P(OMe),). - 16.80 (d. J,, = 3.8. Hz. H,). 
-21.28 (d. JPH = 14.5 Hz. He). Minor isomer 7b:  only P(OMe), and hydride reso- 
nances identified. 293 K :  3.66 (brs. P(OMe),). - 18.80 (brs. 2H); 203 K :  3.64 (d, 

(CD,CI,. only carbonyl resonances reported): Major isomer 7a. 186 K :  180.1 (s. b 
or c). 178.2 (s. e or 0. 175.9 (d. JK = 7.7 Hz, h). 175.1 (s, a). 174.3 (5. b or c). 171.8 
(d.J,= 12.2Hz,d),168.4(d.JK= 11.7Hz.g). 163.8(s.eorf).Minorisomer7b, 
186 K: 179.5 (s. 2C. b or c). 174.0 (s. ZC, a). 169.1 (s. 2C. b or c). 167.8 (d. 2C. d) 
MS: r n l z  1002 ( M i .  asrequired). C,,H,,O,,Os,P. found (calcd): C 20.91 (20.48); 
H 2.01 (1.50); P 3.77 (3.1 1). 

Photolysis of IOs,(CO),(PPh,)~(p,-~~:~*:q*-C,H,)I (5): Following the procedure 
described above for the photoisomerisation of 1. 2.5 h irradiation of 5 afforded 
bright yellow crystalline [H,Os,(CO),(PPh,),(~,-q' :qz:q'-C6H,)] (8) in 86% yield. 
1R: 8,lcm ~ (CH,CI,): 2053 (m). 2027 (s), 1996 (m). 1978 (m). 'H NMR (CD,CI,): 
6 = 7.50 (m. H I  and H,); 7.0-7.5 (m, )OH, 2PPh,); 6.68 (m. H, and H,); - 17.20 
(1. J,, = 8.8 Hz, H5); ~ 17.83 (d, J,, = 10.3 Hz, H6). C,,H,,O,Os,P,: found (cal- 
cd): C 43.55 (42.99); H 2.50 (2.63); P 4.44 (4.52). 

Acknowledgements: We wish to thank NATO, The University of Edinburgh. BP 
Chemicals, ICI and the EPSRC for financial support. 

(d. J p H  = 24.2 Hz. H,). -20.16 (d. J p H  = 13.7 Hz. H6). "C('H} NMR (CD,Cl,, 

JPH = 12.2 Hz. P(OMU),). -18.91 (d, JPH = 10.09 Hz. 2H). "C{'H) NMR 
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