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from 2,4-hexadienes. In these cases, we have found that the
product composition is virtually unaffected by dilution or 02.This
behavior contrasts with that of trimethylenemethane cycloadditions, where capture of two sequentially formed intermediates,
a singlet and a triplet, permits the product composition to be
manipulated by such perturbation^.'^
The cycloadditions to cis,cis- and trans,trans-2,4-hexadiene
preserve the stereochemistry about the propenyl side chain in the
indan product, but the relative configuration (assigned by N M R )
of the new pair of asymmetric centers of the indan ring is predominantly trans, regardless of the starting diene. Thus, the indan
products from cis& and trans,trans-2,4-hexadiene,
respectively,
are 5.4: 1 and 6.9: 1 trans/& mixtures. The major components
differ only in the stereochemistry of the propenyl side chain, and
upon diimide reduction to propyl derivatives, they each give the
same product.
These results are consistent with capture of only one type of
intermediate, which reacts in a two-step cycloaddition mechanism
through a long-lived adduct biradical. That the true reactive
intermediate has static or time-averaged bilateral symmetry is
shown by the equal amounts of deuterium a t positions a and b
in product 13 from butadiene and 10-9,9-d2(2H NMR). Although
direct evidence on the spin state of the intermediate is not available,
the observed symmetry properties and cycloaddition stereochemistry are those expected of the triplet state of biradical 1.

Table 1. Intersystem Crossing R a t e of Diphenylcarbene in
Various Solvents
solventa

l O - ' k s ~ , s-'

I':T ( 30) ,b
kcal/mol

isooctane
3-methylpent am
diethyl ether
tetrahydrofuran
b u tyronitrile
acetonitrile
acetonitrile, 274 K
acetonitrile, 253 K

10.52 0.95
10.52 t 0.93
7 6 9 5 0.65
5.5 t 0.45
3.57 f 0 . 2 6
3.23 i 0.19
2.90 * 0.25
2.60 t 0.26

30.9
30.9
34.6
37.4
43.1
46.0
46.9'
47.9'

+_

a Temperature a t 300 K unless specified otherwise.
Reference
7 a ; E ~ ( 3 0 )values of isooctane and 3-methylpentane were assumed
equal t o those of /?-hexane. This work.
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Figure 1. Plot of log (kST)as a function of the solvent polarity parameter
ET(30) for various solvents.
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Intersystem crossing plays a critical role in defining the intramolecular dynamics of diphenylcarbene (DPC) and thereby
directly affects its spin state depdent chemistry.',2 For example,
the chemistry of DPC depends on the rapid thermal equilibration
that takes place between its ground triplet state and its low-lying
singlet ~ t a t e . ~In. ~fluid solution, at r c " temperature, the singlet
to triplet conversion step has been found4s5to proceed a t a rate
on the order of 1Olo s-I, while the reverse triplet to singlet con(1) (a) Kirmse, W. "Carbene Chemistry", 2nd ed.;Academic Press: New
York, 1971. (b) Moss, R. A., Jones, M., Jr., Eds. 'Carbenes"; Wiley Interscience: New York, 1975; Vol. I , 2. (c) Durr, H. Top. Curr. Chem. 1975,
55, 87-135.
(2) Salem, L.; Rowland, C. Angew. Chew In[. Ed., E n d . 1972, 11,
92-111.
(3) (a) Closs, G . L.; Rabinow, B. E. J . Am. Chem. SOC.1976, 98,
8190-8198. (b) Bethell, D.; Whittaker, D.; Callister, J. D. J. Chem. SOC.
1965, 2466-2476. (c) Bethell, D.; Stevens, G.; Tickel, P. Chem. Commun.
1970, 792-794. (d) Gasper, P. P.; Whitsel, B. L.; Jones, M., Jr.; Lambert,
J. B. J. Am. Chem.Soc. 1980, 102, 6108-6113.
(4) (a) Eisenthal, K. B.; Turro, N. J.; Aikawa, J. A.; Butcher, J. A., Jr.;
Dupuy, C.; Hefferon, G.; Hetherington, W.; Korenowski, G. M.; McAuliffe,
M. J. J . Am. Chem. SOC.1980, 102, 6563-6565, (b) Eisenthal, K. B.; Turro,
N. J.; Sitzmann, E. V.; Gould, I.; Hefferon, G.; Langan, J.; Cha, Y. Ibid.,
submitted for publication.
( 5 ) Dupuy, C.; Korenowski, G . M.; McAuliffe, M.; Hetherington, W.;
Eisenthal, K. B. Chem. Phys. Lett. 1981, 778, 272-274.
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version step is roughly 3 orders of magnitude slower. Beyond this
information little is actually known about the intersystem crossing
rates associated with the carbene system. The problem of
characterizing the factors, which include both intermolecular and
intramolecular effects on the intersystem crossing dynamics of
the carbene, remains an outstanding issue. In particular, an
extremely important question is the extent to which the environment can affect the intramolecular spin conversion dynamics
of the carbene. In this communication we wish to report the
observation of a novel solvent polarity effect on the singlet to triplet
intersystem crossing rate of DPC. A similar observation on the
ground triplet formation rate of another carbene, fluorenyledine,
in two solvents has been reported recently.6
In the studies reported here the diphenylcarbene is generated
by photoexcitation of diphenyldiazomethane in the ultraviolet,
which yields 'DPC upon loss of nitrogen from the excited singlet
state of the diazo compound. Once formed, 'DPC will undergo
energy relaxation via intersystem crossing to produce the ground
triplet, 3DPC (eq 1). The rate of 3DPC formation (ksT) was
"Ph2C=N2

- -N1

'Ph2C

km

3Ph2C

(1)

measured by means of a laser-induced fluorescence experiment.'
The exDeriment consisted of the irradiation of a vacuum degassed
solutio; of diphenyldiazomethane (8 X lo4 M) with a picosecond
laser pulse at 266 nm using a passively mode-locked N d / Y A G
laser (25-30-ps fwhm, < 0.02 mJ). The formation rate of 3DPC
was monitored by its laser-induced fluorescenceusing a weak probe.
pulse at 266 nm at variable time delays.
The results given in Table I show that the intersystem crossing
rate constant depends strongly on the choice of solvent. A key
(6) Grasse, P. B.; Brauer, B.-E.; Zupanic, J. J.; Kaufman, K. J.; Schuster,
G. B. J . Am. Chem. SOC.1983, 105, 6833-6845.

0 1984 American Chemical Society

J . Am. Chem. SOC.1984, 106, 1869-1871

1869

is to our knowledge the only case where the rate of intersystem
difference between the various solvents used is polarity. Inspection
crossing increases as the energy gap increases, what we might call
of Table I shows that a clear ordering exists between the rate of
an inverse gap effect.
singlet to triplet conversion and the polarity of the solvent, the
rate being larger in the less polar solvents. As given in Figure
Acknowledgment. W e acknowledge the generous support of
1, a linear correlation exists between the logarithm of the rate
the National Science Foundation, the Air Force Office of Scientific
and the empirical solvent polarity parameter, ET(30).’s8 We have
Research, and the Joint Services Electronic Program 29-82-Kalso found that there is a modest decrease in ksT as the temperature
0080. We also thank Prof. K. Dimroth and Prof. Chr. Reinchardt
decreases. The observed temperature dependence of kST is,
for the generous gift of pyridinium N-phenoxide betaine dye.
however, quantitatively accounted for by the change in polarity
with temperature. This indicates that there is either no barrier,
or a very small one, separating the singlet and triplet states. The
absence of a significant activation energy argues against carbene-solvent complexes as a factor in the intersystem crossing
Unusual Metal-Metal Bonding in Transition-Metal
process. It is also to be noted that no correlation of kSTwith solvent
Carbonyl Cluster Compounds. The Synthesis,
viscosity was found.
Reactivity,
and Crystal and Molecular Structure of
T o understand the effects of solvent polarity it is helpful to
[0~3(co)8(P3-s)212
consider the electronic nature of the singlet and triplet states. The
singlet state being highly polar (in fact it is often described as
Richard D. A d a m * and Istvan T. Horvath
zwitterionic2) will be strongly stabilized in polar solvents whereas
the less polar triplet will only experience a weak stabilization.
Department of Chemistry, Yule Unicersity
Thus, it is expected that the singlet-triplet energy gap, MsT,
will
New Huuen, Connecticut 06511
decrease as the solvent polarity increases. This is confirmed
Receiued Nouember 28. 1983
experimentally, where it is found that there is a 1.5 kcal/mol
decrease in AEST for DPC in acetonitrile compared to isooctane.4b
The 18-electron rule is widely recognized as one of the most
Since intersystem crossing is dependent on the energy gap we note
fundamental
precepts for understanding electronic structure and
that the solvent polarity affecting AEsT will lead to a solvent
bonding in organometallic compounds.’,2 In metal carbonyl
dependence in ksr. The issue then is to understand the direction
cluster compounds the metal atoms usually achieve 18-electron
of the observed change.
configurations through the formation of metal-metal bonds in
In the domain of small energy gaps there are two potentially
which a pair of electrons is shared between two n ~ c l e i . ~ * ~
opposing factors. One is the density of accepting modes, which
However,
recent studies of higher nuclearity clusters have revealed
increases as the energy increases from 870 to 1400 ~ m - i.e.,
~ ; ~ ~
a growing number of compounds in which the bonding cannot be
there are an increasing number of ways to make up the energy
explained by these basic principles. The polyhedral skeletal
gap as well as the availability of new vibrational modes >870 cm-I.
electron pair theory has been d e v e l ~ p e d ~and
- ~ can explain the
Opposing this at some energy are the Franck-Condon factors,
bonding
of
most
of
these
anomalies,
yet
all
new
examples of this
which will decrease as the energy increase^.^ The observed
unusual bonding are a source of curiosity, in general, and a
increase in ksr as AEsT increases argues in favor of the density
challenge to both the theorist and the practicing chemist.
of accepting modes as winning for this small energy gap case. For
W e now wish to report the synthesis, structure, and some relarger energy gaps one would anticipate that the Franck-Condon
actions
of the new compound [ O S ~ ( C O ) ~ ( W ~(I)
- Swhich
) ~ ] ~ exfactors would dominate, and thus kSTwould decrease as AEsT
hibits this anomalous bonding in a most surprising and dramatic
increases in line with what is commonly observed in large molefashion. Compound I is formed in 34% yield when solutions of
cule~.~
0s3(CO),(&),,6
(11) are exposed to UV irradiation under a rapid
There is one other factor to be considered in the solvent depurge
with
nitrogen.
The molecular structure of I was determined
pendence of ksT, that being the effect of solvent on the expected
by single-crystal X-ray diffraction technique^,^,^ and an ORTEP
differencelo between the singlet and triplet geometries. If the
diagram of it is shown in Figure 1. l o The molecule consists of
difference between the geometries of the singlet and triplet, e.g.,
an extended array of six osmium atoms with four triply bridging
the phenyl-carbonyl-phenyl angle, changes with solvent then the
sulfido ligands. A central group of four metal atoms, Os( 1)-Os(4),
Franck-Condon factors would also change, thus affecting the
intersystem crossing rate. That this is probably not a dominant
factor in the solvent dependence of ksr is supported by the observed
(1) Cotton, F. A,; Wilkinson, G. “Advanced Inorganic Chemistry”; Wiley:
New York, 1980; Chapters 3 and 25.
solvent effect (which appears to be similar to the one reported
(2) Collman, J. P.; Hegedus, L. S. “Principles and Applications of Orgahere for DPC) in the case of fluorenylidene,6 which has a rigid
notransition Metal Chemistry”; University Science Books: Mill Valley, CA,
structure.
1980; Chapter 2.
W e expect that the effect of solvent polarity on singlet-triplet
(3) Johnson, B. F. G.; Benfield, R. E. In ‘Topics in Inorganic and Organometallic Stereochemistry”; Geoffroy, G., Ed.; Wiley: New York, 198 1.
energy relaxation will be general for other arylcarbenes in addition
(4) Wade, K. In “Transition Metal Clusters”; Johnson, B. F. G., Ed.;
to fluorenylidene and diphenylcarbene. It is of interest that this
(7) (a) Reichardt, C. In “Molecular Interactions”; Ratajcak, H., OrvilleThomas, W. J., Eds.; Wiley: New York, 1982; Vol. 3, pp 241-282. (b)
Reichardt, C.; Harbusch-Gornert, E. Leibigs Ann. Chem. 1983, 721-743. (c)
Kamlet, M. J.; Abbound, J. L. M.; Taft, R. W. frog. Phys. Org. Chem.1981,
13,485-630. (d) Kosower, E. M. J . Am. Chem. SOC.1958,80, 3253-3260.
(8) An equally good correlation is found by using a different solvent polarity index parameter, namely the 2 solvent parameter that is based on the
pyridinium iodide solvatochromic dye, as developed by Kosower.7d
(9) There can be a n initial increase in the Franck-Condon factor with
increasing energy prior to the expected decrease. For a general discussion of
radiationless transitions some references are: (a) Robinson, C. W.; Frosch,
R. P. J . Chem. Phys. 1962,37, 1962-1973; Ibid. 1963, 38, 1187-1203. (b)
Jortner, J.; Rice, S. A.; Hochstrasser, R. M. Adu. Phofochem. 1969, 7 ,
149-309.
(c) Heury, B. R.; Siebrand, W. In “Organic Molecular
Photophysicis”; Birks, B. J., Ed.; Wiley: New York, 1973; Vol. 1, p 153. (d)
Freed, K. In “Topics in Applied Physics”, Fong, F. K., Ed., Springer-Verlag,
1976; Vol. 15, p 23.
(10) (a) Metcalfe, J.; Halevi, E. A. J . Chem. SOC.,Perkin Trans. 2 1977,
634-639. (b) Hoffman, R.; Zeiss, G. D.; Van Dine, G. W. J . Am. Chem. SOC.
1968, 90, 1485-1499.
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Wiley: Chichester, 1980.
(5) Mingos, D. M. P. Adu. Organomei. Chem. 1977, 15, 1.
(6) Adams, R. D.; Horvath, I. T.; Segmuller, B. E.: Yang, L. W. Organometallirs 1983, 2, 1301.
(7) Compound 1 is dark green and was isolated in 34% yield by TLC on
silica gel with hexane/CH2C12 (90/10) solvent. IR u(C0) cm-’ in CH2CL2:
2093 vs, 2078 vs, 2030 vs, 2021 sh, 2013 m, 2009 m, 1923 w.
(8) Intensity data were collected on an Enraf-Nonius CAD-4 automatic
diffractometer by using MO Ka radiation and the w-scan technique. All
calculations were performed on a Digital Equipment Corp. PDP 11/45
computer by using the Enraf-Nonius SDP rogram library, version 18.
(9) Space group P2,/n, a = 13.880 (4) b = 12.061 (4) A, c = 18.168
(5) A, i? = 106.43 (2)O, V = 2917 (3) A3, Z = 4, pcalc= 3.91 g/cm3. The
structure was solved by direct methods (MULTAN, 220 reflections, E 2 2.05).
After correction for absorption, full-matrix least-squares refinement (2942
reflections,
Z 3.0u(P) yielded the residuals R = 0.067, R, = 0.079.
( I O ) Selected interatomic distances (A) and angles (deg) for I are as
follows: Os(l)-Os(2) = 2.834 ( I ) , Os(l)-Os(3) = 2.973 ( I ) , 0 ~ ( 1 ) - 0 ~ ( 4 )
= 2.941 (l), Os(2)4s(3) = 2.957 ( l ) , Os(2)4s(4) = 2.971 (l), O s ( l ) 4 s ( 5 )
= 2.789 ( l ) , 0 ~ ( 2 ) - 0 ~ ( 6=) 2.792 (1); 0 ~ ( 3 ) - 0 ~ ( 1 ) - 0 ~ (=4 )109.60 (4),
0 ~ ( 3 ) - 0 ~ ( 2 ) - 0 ~ (=
4 ) 109.23 (4), 0 ~ ( 3 ) - 0 ~ ( 1 ) - 0 ~ ( =
5 ) 132.00 (4), OS( 4 ) - 0 ~ ( 2 ) - 0 ~ ( 6 )= 132.09 (4).
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