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Abstract

While the photochemistry of simple metalloporphyrin complexes has been explored to some extent, the photoactivation of
multiple-bonded axial ligands coordinated to metalloporphyrins has not been previously examined. We report here the photochemistry of
several iron porphyrin carbene and vinylidene complexes. Irradiation of these complexes with visible light cleaves the iron—carbon double
bond and produces a four coordinate iron(II) porphyrin and a free carbene, which can be trapped in high yield with a variety of alkenes.
This photochemistry is unique among organo transition metal complexes of carbenes or alkylidenes. For these metalloporphyrin carbene
complexes, the presence of the porphyrin ring alters the photoreactivity of the metal—carbon bond. This is probably due to the mixing
between the 7~ orbitals of the porphyrin ring and the iron—carbon orbitals, which is also responsible for the hypso-type spectrum (i.e.
blue-shifted) seen in these complexes. Hypso spectra are a common trait in other photodissociative porphyrin complexes, most notably

CO complexes.
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1. Introduction

Since the discovery in 1964 of the first transition
metal carbene complexes, the chemistry of this class of
compounds has blossomed into a rich and exciting field
of organometallic chemistry [1]. In 1978, a new type of
carbene complexes of metalloporphyrins were prepared
by Mansuy et al. [2] that notably differed from the
previous classes of the Fischer and Schrock carbene
complexes [3]. These ‘Mansuy carbenes’ are usually
synthesized by the reaction of Fe(Il) or Fe(IIl) por-
phyrins with haloalkanes such as CCl,, CFCl,, CBry,,
and CCNCl, in the presence of a reducing agent [4].
The iron carbon double bond is orthogonal to the plane
of the porphyrin macrocycle, and the sixth coordination
site can be either vacant or occupied (Fig. 1).

The Mansuy carbenes have an unusual distinction
among organometallic compounds for their relationship
to biological systems [5). Fe(TPP)CCl, (TPP =
5,10,15,20-tetraphenylporphyrinate) was first synthe-
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sized in an attempt to understand the mechanism for the
catalytic reduction of CCl, by (normally) oxidative
enzymes such as cytochrome P-450. The reaction of
CCl, with the heme protein cytochrome P-450 under
low oxygen conditions produces a permanently deacti-
vated form of the enzyme in a low spin (EPR silent)
form that has been shown to be the dichlorocarbene
complex [6]. Haloalkanes are toxic because of this
reaction with heme enzymes, and through the same
chemistry, the hydrodehalogenation of haloalkanes are
catalyzed by similar heme proteins. In addition, the
once ubiquitous pesticide DDT also can irreversibly
bind to heme cofactors, and it was found that, in the
presence of excess reductant, DDT will form a vinyli-
dene complex with iron porphyrins, e.g.
Fe(TPPXC=C( p-C4(H ,CD),) (Fig. 1) [7].

There have been many reports on the photochemistry
of both Fischer and Schrock carbene complexes [8]. A
large body of work has been produced by Hegedus and
coworkers concerning the photochemistry of chromium
Fischer carbene complexes in organic synthesis [9].
These species have the ability under photoexcitation to
behave like modified «-heteroatom ketenes, due to
migration of a carbonyl, and have been used to create a
variety of compounds including fB-lactams, cyclobu-
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Fig. 1. The structure of Fe(TPP)CCl, and Fe(TPPXC=C(p-
CH,C1),). The phenyl groups have been omitted for clarity.

tanones, a-amino acid esters, dipeptides, captodative
allenes, and dioxocyclams in high yield. Other Fischer
carbenes, such as tungsten compounds, undergo loss of
CO as their primary photochemical process. Once a CO
has dissociated, the resulting fragment can undergo
reactions such as solvent coordination, disproportiona-
tion, or substrate addition [10]. In cases where CO loss
cannot occur, such as [Cp(NOXPPh;)Re=CHPh]*, the
species experiences photoisomerization about the car-
bene bond [11]. In contrast, although the reactivity and
spectroscopy of the Mansuy carbenes have been exten-
sively examined, to date there have been no reports of
the photochemistry of these systems.

Our interests in the photochemistry of iron porphyrin
carbene complexes came from previous work in metal-
loporphyrin photochemistry [12]. It has been found that
a variety of M(porph)X species (where X is a singly
bound axial ligand) are photoactive [13). When excited,
porphyrins containing metals such as Cr, Mn, Fe, Ru,
and Os can undergo photosensitization, photoreduction,
and photo-oxidation reactions, and the nature of the
photochemistry depends both on the characteristics of
the metal and the axial ligand. As with many metal
carbonyl compounds, irradiation of M(porph)(L}CO)
complexes liberates the carbonyl, which can either re-
bind or be replaced by a new ligand. Metalloporphyrin
halide complexes such as Fe(TPP)X and Mn(TPP)X
both undergo photoinduced homolytic bond cleavage to
produce the reduced metalloporphyrin and a halogen
atom, which can initiate oxidative chain reactions. Iron,
manganese and chromium porphyrin complexes of
oxoanions (e.g. perchlorate, nitrate, nitrite, etc.) also
undergo photochemical bond cleavage, which can be
either homolytic or heterolytic. This can result in highly
oxidizing terminal oxo metal complexes, which can
epoxidize olefins and hydroxylate alkanes. In the light
of these findings, we became interested in investigating
the possible photochemistry of metalloporphyrins with
multiply bound axial ligands.

In this paper we will discuss our recent work examin-
ing the photochemistry of four iron porphyrin carbene
complexes and one vinylidene complex. We have found
that such complexes are indeed photoactive and possess
a unique photochemistry. In addition, by looking at
substrate reactivity in the form of cyclopropanation, we
have elucidated the mechanism of the photochemical
reaction: the liberation of a free carbene in solution.

2. Experimental
2.1. Preparation of porphyrin complexes

The syntheses and characterization of Fe(TPP)L,
where L = CCl,, CCIF, CBr,, CCICN, and
CC(C¢H,C), have been described previously [2,4,6].
The four carbene complexes are air sensitive and were
synthesized and manipulated using anaerobic Schlenk
line and glove box techniques. Fe(TPP)Cl (360mg,
0.5mmol) was dissolved in 30ml of an anaerobic
(freeze—pump-—thaw degassed, then placed under argon)
CH,C1,-CH,O0H (9:1) solution in the presence of an
excess of iron powder (100mg). The 0.5 mmol of the
carbene precursor (CCl,, CCI,F, CBr,, and CCl,CN)
was then added, and the resultant mixture was stirred
under argon for approximately 1h, during which time
the solution turned from brown to bright red-violet.
Filtration of the solution, evaporation of the solvent,
redissolution in CH,Cl, and recrystallization by addi-
tion of CH,OH produced the desired carbene complex
in greater than 90% yield. The crude products were then
taken into the glove box, dissolved in benzene, filtered
on a fine frit, and recrystallized by addition of pentane
to produce the carbenes in high purity. Fe(TPP)CCI,,
Fe(TPP)CCIF, Fe(TPP)CBr,, and Fe(TPP)CCICN were
all prepared in this fashion and fully characterized by
elemental analysis, NMR and mass spectrometry. We
found that the dibromocarbene complex, Fe(TPP)CBr,,
was somewhat unstable towards the formation of the
wu-carbido dimer, (Fe(TPP)),C, when impure, but
preparative silica TLC could be used to obtain pure
porphyrin for analysis and photolysis.

The vinylidene complex, Fe(TPPXC=C(p-
CH,Cl),) was prepared in an analogous fashion to that
of the carbene complexes; however, the resultant com-
plex is stable to air when pure. Fe(TPP)CI (360 mg,
0.5 mmol) was reacted with 1,1-bis(chlorophenyl)-
2.2,2-trichloroethane (DDT, 350mg, 1.0mmol) in the
presence of iron powder as above. The reaction solution
was then filtered, the solvent removed, and the product
recrystallized three times from CHCl,-CH;OH under
argon. Excess DDT was removed from the microcrys-
talline product by washing generously with hot
petroleum ether to produce the pure vinylidene iron
porphyrin in 37% yield.
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2.2. Photolysis studies

Dilute solutions of the above carbenes and vinyli-
denes (ca. 1X 107> M) were used to examine their
photochemical behavior. These solutions were made up
in benzene (Fisher Scientific, distilled over CaH,,
freeze—pump—thaw degassed, and purged with argon) in
ground glass sealed optical cells in an inert atmosphere
box. Photolyses were carried out using a 300 W xenon
arc lamp (Eimac, 300LF) using both IR and less than
360nm long pass filters. During excitation, the optical
cells were thermostated to an internal cell temperature
of ca. 20°C using a circulating constant temperature
bath. The photochemical reactions were monitored by a
Hitachi 3300 UV-visible double monochromator spec-
trophotometer

Photolyses were also conducted in the presence of
substrates to detect the formation of cyclopropanes.
These benzene solutions were 25 wt.% alkene, and had
a higher porphyrin concentration (ca. 2.5 X 10™* M).
These solutions were also monitored by UV-visible
absorption, with optical characterization of the Q-band
spectral region (500-700nm) used to determine reactant
and product concentrations. Cyclopropane formation was
quantitatively determined by FID detection gas chro-
matography.

2.3. Base-induced cyclopropane formation

Standards for GC analysis of cyclopropane formation
were synthesized using base /haloform procedures found
in the literature in conjunction with microscale tech-
niques [14]. The product oils were purified by chro-
matography and characterized by GC and GCMS.
Base /haloform reactions were conducted at the same
temperature as the photolyses (ca. 20°C) in order to
compare the free carbene mechanism of base /haloform
reactions with that found in the iron porphyrin photoly-
ses.

3. Results and discussion

Upon irradiation in non-coordinating solvents, three
of the iron porphyrin carbenes (L = CCl,, CBr,, and
CCIF) and the vinylidene complex cleanly produced the
four-coordinate Fe(TPP) (A, = 419, 442, 537nm), as
shown in Eq. (1). The spectrophotometry of this reac-
tion is shown in Fig. 2 for Fe(TPP)CCl,. Both the Soret
and Q-bands of the parent compounds are photoactive,
and selective irradiation of either of these bands gives
the same photochemistry. These photolyses demonstrate
isosbestic behavior, eliminating the possibility of a
long-lived porphyrinic intermediate in this reaction. The
production of Fe(TPP) in this reaction is indicative of
homolytic cleavage of the metal-carbon double bond
and production of a free carbene. The formation of

Fe(TPP) was confirmed by addition of pyridine after
photolysis of the carbene or vinylidene complexes,
vielding the bispyridine complex, Fe(TPP)(py),. Also,
as expected, exposure of photolyzed solutions to oxygen
resulted in the formation of the w-oxo dimer species,
[Fe(TPP)],O. While this is a new photochemical reac-
tion for metallocarbene complexes, the photoreductive
loss of the axial ligand is not uncommon in porphyrin
photochemistry, as can be seen in the photochemical
reaction of Fe(TPP)X (where X is a halide) to form
unligated Fe(TPP) [13].

Fe(TPP)CX, = Fe(TPP) + :CX, (1)

While the UV-visible spectrum clearly shows the
fate of the porphyrin in this reaction, the fate of the
organic fragment must be determined by other means.
Free carbenes or carbenoid intermediates are unstable
and will rapidly react with a variety of substrates. The
most common substrates for carbene additions are
olefins [15], which can be used to trap the reactive
intermediates in these photolyses.

A number of alkenes were selected to confirm the
release of carbenes from the photolysis of the metallo-
porphyrin carbene complexes, as shown in Table 1.
Irradiation of Fe(TPP)CCl,, Fe(TPP)CBr,, or
Fe(TPP)CCIF in the presence of alkenes produced the
corresponding dihalocyclopropanes. In dilute solution
these reactions occurred in high yield, but the yield
diminished with increasing porphyrin concentration. At
higher porphyrin concentrations but low alkene concen-
tration, photolysis initiated the formation of Fe(TPP)X
in addition to Fe(TPP) and dihalocyclopropanes. The
production of Fe(TPP)X in solution probably results
from halocarbene or carbenoid attack on unreacted
Fe(TPP)CX,; this is inhibited by photolysis in the
presence of higher alkene concentrations. It is important
to note that the relative yields from the three complexes
reflect the relative reactivity of the three free carbene
fragments in solution.

Although the loss of the axial ligand and relative
yields from the above three compounds implies the
release of a free carbene, its actual production cannot be
conclusively determined from the above data alone. For
example, an excited state Fe(TPP)CCI, could react with
alkene in solution, for example, in a [2 + 1] cycloaddi-
tion. Such reactions are not uncommon for transition
metal carbene species, as can be seen in the stabilized
carbene cycloadditions catalyzed by metals such as Cu,
Pd. Ni, Co, and Rh [16]. Thus, loss of the carbene from
irradiation might occur through two possible pathways:
direct photoinduced lysis of the metal-carbon double
bond to produce the reduced iron porphyrin and a free
carbene that would then react with substrates, or through
a metal mediated addition to a substrate, analogous to
the Simmons—Smith-type zinc carbenoid reaction [17].
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Fig. 2. Photolysis of Fe(TPP)CCI, in benzene under Ar.

Fortunately, substrate reactivity studies can clearly
determine which mechanism is present in these photoly-
ses. Free carbenes and carbenoid reactions have dis-
tinctly different selectivities towards alkenes. In the
case of free singlet carbenes, the long-lived diradical
will selectively react with the alkene with the greatest
electron density. The reactivity of free carbenes with
alkene substrates has been thoroughly investigated, and
the selectivity of product formation can be used as a test

Table 1
Photolysis of Fe(TPP)CX, in the presence of alkene substrates

of the formation of free carbenes [14,18]. It is well
established that the reactivity of free singlet carbenes
are independent of the mechanism of production (pyrol-
ysis, photolysis, base-induced, etc.). In a metal-media-
ted carbenoid reaction, the steric bulk of the ligands
about the metal will restrict the approach of the alkene
to the metal and thus alter the observed selectivity. This
effect would even manifest itself in a relatively unbulky
porphyrin like Fe(TPP)CCI,. In addition, bulky olefins
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Table 2

Photolysis of Fe(TPP)CX, under competitive conditions
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Fig. 3. Photolysis of Fe( TPPXC=C( p-C H ,CD),) in benzene under Ar.
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generally will have higher electron density (e.g. have
more alkyl substituents), so there should be a distinct
difference between the selectivity of a free carbene and
a metal-mediated process. Both intra- and inter-molecu-
lar competitions can be used to probe this selectivity.
With metalloporphyrin catalytic oxidations, a similar
approach has been used to determine the mechanism of
epoxide formation [19].

In the photochemical reaction of Fe(TPP)CCl, with
alkenes, both the selectivity of an intramolecular com-
petition, ((5)-(—)-limonene; entry 1 in Table 2), and of
an intermolecular competition (cyclohexene vs. 1-
hexene; entry 2 in Table 2) were examined. We com-
pared these reactions with a known free carbene reac-
tion, base-induced carbenes from haloforms. In both
cases, the product ratios from the photochemical reac-
tion matched exactly that of free CCl, produced from
the reaction of base with CHCI, conducted at the same
temperature (20 °C). In addition, photolysis of
Fe(TPP)CCIF with alkene substrates produced both
syn-fluoro and syn-chloro products (entries 3, 4, and 5
in Table 2), whose ratios could also be compared with
the reaction of CHCIL, F with base. Again, no significant
difference in product ratios was found between the
metalloporphyrin complex photolysis and the free car-
bene reactions. This similarity in selectivity indicates
that upon photoactivation, the metalloporphyrin carbene
complexes undergo homolytic dissociation with the for-
mation of free carbene. A metal-mediated reaction would
demonstrate a much different selectivity owing to the
steric constraints of the substrate molecules.

The photolysis of the vinylidene complex,
Fe(TPPXC=C( p-C4H ,Cl),), also produced the four-
coordinate Fe(TPP) species in solution, as can be seen
in Fig. 3. However, the fate of the resulting organic
fragment is not identical to those from the carbene
complexes: the vinylidene complex Fe(TPPXC=C( p-
C¢H,CD),) did not liberate a reactive fragment that
added to alkenes. Instead, upon photolysis the vinyli-
dene complex produced di( p-chlorophenyl)acetylene, as
shown in Eq. (2). We presume that the vinylidene
[:C=C(( p-C(H,C1),] rapidly rearranges to form the
more stable diarylacetylene. The yield of this acetylene,
confirmed by GCMS of photolyzed solutions of the
parent porphyrin, occurred quantitatively (ca. 99%).
Such rearrangements are not uncommon for these or-
ganic fragments, and phenyl migration has been seen
before in organic reactions that produce the vinylidene
diradical [20].

hy
Fe(TPP) (C=C( p-C¢H Cl),) = Fe(TPP)

+( p-C¢H, CI)C=C( p-C,H,Cl) (2)

In contrast to the photoactivity of the previous car-
bene complexes, Fe(TPP)CCICN is surprisingly unreac-
tive to photolysis. The complex does react slowly to

form the unligated Fe(TPP), but does not go to comple-
tion even after extended irradiation (several hours). In
addition, we were unable to detect any cycloalkane
product formation even when the porphyrin was pho-
tolyzed in neat alkene. The lack of formation of a clean
cyclopropane adduct was corroborated by the fact that
we could not synthesize chlorocyanocyclopropanes us-
ing the base /haloform free carbene methodology. The
lack of observed free carbene reactivity of the CICCN
fragment is not inconsistent with what is known about
the electronic structure and reactivity of cyanocarbenes
in general [21]. The anti-bonding orbitals of the cyano
group contribute to the instability of the singlet ground
state of the molecule. Singlet carbenes are stabilized by
7 donation into the carbon orbitals, and thus halocar-
benes have singlet ground states. Thus, even though
CICCN has a halide functionality, the CN group may
induce a triplet ground state, or at least minimize the
singlet—triplet gap. To the best of our knowledge, there
has been no ab initio calculation to date of the singlet—
triplet gap in CICCN, but such calculations on FCCN
predict a triplet ground state [22]. In addition to the
questions concerning its singlet—triplet character, the
actual geometry of the molecule is also unresolved.
There has been an extended debate on the linearity of
the fragment HCCN and whether it forms a discrete
carbene or has an allene-like structure {23}, as shown in
Eq. (3).

| ///N
N -—

c ClGC=N (3)

The allene structure has a diradical character and its
stability and reactivity would be much different from
that of a free singlet carbene.

Perhaps owing to the instability of the resultant
carbene fragments, the quantum yields for the iron
porphyrin carbenes are significantly lower than those of
iron porphyrin carbonyl complexes, which can approach
unity, but similar to the quantum yields of other metal-
loporphyrin systems that produce radical species. The
quantum yields for photochemical reactions of five
carbene complexes, listed in Table 3, were measured by
irradiating by laser at the Soret band (406.7nm). A

Table 3
Quantum yields of photolysis of iron porphyrin carbene and vinyli-
dene complexes

Porphyrin Quantum yield
Fe(TPP)CCICN 40x107°
Fe(TPP)CBr, Lixto?
Fe(TPP)CCI, 20x10°°
Fe(TPPXC=C(C¢H ,CD),) LIx107°
Fe(TPP)CCIF 42%x10°°
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similar trend was seen earlier in the relative yields of
the cyclopropanation reactions, and these numbers may
also reflect the relative stabilities of the fragments.

The source of the photoactivity of these complexes is
significantly different from the previous porphyrins we
have examined. The Cr(IlI), Mn(III), and Fe(IID) sys-
tems that have been previously studied all have d-type
hyper spectra according to the classification system of
Gouterman [12,24]. These porphyrins have additional
bands in the Q-band region of the visible spectrum.
Low lying 7 to 7" transitions on the porphyrin ring
do not produce photochemical behavior in these
molecules. Instead, only irradiation into high energy
porphyrin to metal or axial ligand to metal charge
transfer transitions induce the homolytic bond cleavage
observed [12,13].

The metalloporphyrin carbene complexes, however,
belong to a different class and have hypso spectra
[12,23], where the Q-band is shifted to a wavelength of
less than 570nm. In these porphyrins, the d,_and d .
orbitals overlap with the empty 7 * levels of the por-
phyrin, which are therefore pushed up in energy. This
creates a hypsochromic shift in the porphyrin 7 to 7~
transitions with respect to the normal porphyrin spec-
trum. Both the d,. and d,_ orbitals are involved in 7
bonding with axial ligands such as CO or carbene
fragments, which presumably explains the photodisso-
ciative behavior of these complexes.

As well-known examples of photolabile hypso com-
plex, six-coordinate Fe(porph)(LXCO) species demon-
strate axial ligand photodissociation, as do the CO
complexes of myoglobin and hemoglobin (which was
first noted by Haldane and Lorraine-Smith in 1895
[25]). Hoffman and coworkers determined that CO can
labilize at an energy as low as 14300cm™' and con-
cluded that this occurred directly from (7—m ") config-
urations [26]). Much of the Fe—~CO bond stabilization
occurs from 7-back-bonding from the (d, ., d,.) of the
iron, and these d orbitals in turn back-bond with the
highest filled porphyrin 7 levels [27]). Therefore, an
excitation in these porphyrin 7 orbitals would signifi-
cantly decrease the strength of the Fe—CO bond. There
are distinct similarities between the bonding proposed
for CO and carbene complexes of iron porphyrins [28].
The large difference in quantum yield between iron
porphyrin carbonyl compounds (which can be as high as
ca. 1) and iron porphyrin carbene complexes can be
partially explained by considering the relative stabilities
of the resulting fragments, as well as the decrease in
back bonding.

4, Conclusions

Photolysis in the visible or UV of iron porphyrin
carbene complexes liberates free carbenes into solution,
which can react with olefins to form cyclopropanes. To

the best of our knowledge, the photochemical genera-
tion of a free carbene fragment from a transition metal
carbene complex has not been previously observed
[1,8—11]. Although the photochemistry of both Fischer
and Schrock-type carbene complexes has been investi-
gated, no examples of homolytic carbene dissociation
have yet been found. In the case of the metallopor-
phyrin carbene complexes, which we refer to as
*Mansuy-type’ carbene complexes, the lack of other
coordinatively labile species and the stability of the
resulting fragment both contribute to the reactivity of
the iron—carbon double bond.

References

[1] (a) K.H. Détz, H. Fischer, P. Hofmann, F.R. Kreissl, U. Schu-
bert and K. Weiss, Transition Metal Carbene Complexes, Ver-
lag Chemie, Weinheim, 1983. (b) R.H. Crabtree, Organometal-
lic Chemistry of the Transition Metals, Wiley, New York, 2nd
edn. 1994.

[2] D. Mansuy, M. Lange, J.-C. Chottard, P. Guerin, P. Morliere,
D. Brault and M. Rougee, J. Chem. Soc. Chem. Commun.,
(1977) 648.

[3] P.J. Brothers and J.P. Collman, Acc. Chem. Res., 19 (1986)
209.

[4] (a) D. Mansuy, M. Lange, J.-C. Chottard, J.-F. Bartoli, B.
Chevrier and R. Weiss, Angew. Chem. Int. Ed. Engl., 17 (1978)
780. (b) D. Mansuy, Pure Appl. Chem., 52 (1980) 681. (¢) D.
Mansuy, M. Lange and J.-C. Chottard, J. Am. Chem. Soc., 100
(1978) 3214. (d) D. Mansuy, P. Guerin and J.-C. Chottard, J.
Organomer. Chem., 171 (1979) 195. (e) P. Guerin, J.-P. Bat-
tiont, J.-C. Chottard and D. Mansuy, J. Orgunomet. Chem., 218
(1981) 201.

[5] (a) D. Mansuy and M. Fontecave, Biochem. Pharmacol., 32
(1983) 1871. (b) H. Uehleke, K.H. Hellmer and S. Tabarelli,
Naunyn-Schmeiedebery’ s Arch. Pharmacol., 279 (1973) 39. (c)
D. Mansuy, M. Fontecave and J.-P. Battioni, J. Chem. Soc.
Chem. Commun., (1982) 317. (d) D. Mansuy and J.-P. Battioni,
J. Chem. Soc. Chem. Commun.. (1982) 638. (e) R. Guilard and
K. Kadish, Chem. Rev., 88 (1988) 1121; (f) J.I. Setsune and D.
Dolphin, Can. J. Chem., 65 (1987) 459.

[6] C.R. Wolf, D. Mansuy, W. Nastainczyk, G. Deutschmann and
V. Ullrich, Mol. Pharmacol., (1977) 698.

[7] D. Mansuy, M. Lange and J.-C. Chottard, J. Am. Chem. Soc.,
100 (1978) 3213.

[8] D.B. Pourreau and G.L. Geoffroy, Photochemistry of alkyl,
alkylidene and alkylidyne complexes of the transition metals, in
Advances in Organometallic Chemistry, Vol. 24, Academic
Press, New York, 1985, pp. 326-340.

[9] (a) M.A. McGuire and L.S. Hegedus, J. Am. Chem. Soc., 104
(1982) 5538. (b) L.S. Hegedus, M.A. McGuire, L.M. Schultze,
C. Yujin and O.P. Anderson, J. Am. Chem. Soc., 106 (1984)
2680. (c) C. Borel, L.S. Hegedus, J. Krebs and Y. Satoh, J. Am.
Chem. Soc., 109 (1987) 1101. (d) L.S. Hegedus, G. deWeck and
S. D'Andrea, J. Am. Chem. Soc., 110 (1988) 2122, (e) E. Lastra
and L.S. Hegedus, J. Am. Chem. Soc., 115 (1993) 87. (f) L.S.
Hegedus, Acc. Chem. Res., 28 (1995) 299.

[10} (a) H.C. Foley, L.M. Strubinger, T.S. Targos and G.L. Geof-
froy. J. Am. Chem. Soc., 105 (1983) 3064. (b) L.K. Fong and
N.J. Cooper, J. Am. Chem. Soc., 106 (1984) 2595. (¢) K. Ofele,
E. Roos and M. Herberhold, Z. Naturforsch. Teil B:, 31 (1976)
1070. (d) R.D. Rieke, H. Kojima and K. Ofele, J. Am. Chem.
Soc.. 98 (1976) 6735. (e) C.P. Casey, A.J. Shusterman, N.W.



90 C.J. Ziegler, K.S. Suslick / Journal of Organometallic Chemistry 528 (1997) 8390

Vollendorf and K.J. Haller, J. Am. Chem. Soc.. 104 (1982)
2417.

[11] (a) A.D. Rooney, JJ. McGarvey and K.C. Gordon,
Organometallics, 14 (1995) 107. (b) F.B. McCormick. W.A.
Kiel and J.A. Gladysz, Organomerallics, 1 (1982) 405.

[12] (a) K.S. Suslick and R.A. Watson, New J. Chem.. 16 (1992)
633. (b) K. Kalyanasundaram (ed.), Photochemistry of Polypyri-
dine und Porphyrin Complexes. Academic, New York, 1992. (¢)

G. Blauer and H. Sund, Oprical Properties and Structure of

Tetrapyrroles, De Gruyter, Berlin, 1985. (d) D. Mauzerall, in D.
Dolphin (ed.), The Porphyrins, Vol. 5. Academic Press. New
York, 1979, p. 29 ff.

[13} (a) T. Imamura. T. Jin, T. Suzuki and M. Fujimoto, Chem. Letr.,
(1985) 847. (b) D.N. Hendrickson, M.G. Kinnaird and K.S.
Suslick. J. Am. Chem. Soc.. 109 (1987) 1243. (¢) T. Jin, T.
Suzuki, T. Imamura and M. Fujimoto, /norg. Chem., 26 (1987)
1280. (d) K.S. Suslick and R.A. Watson, Inorg. Chem., 30
(1991) 912. (e) K.S. Suslick, R.A. Watson and S.R. Wilson,
Inorg. Chem., 30 (1991) 2311. (f) L.M. Proniewicz, K. Bajdor
and K. Nakamoto. J. Phys. Chem.. 90 (1986) 1760. (g) K.S.
Suslick, F.A. Acholla and B.R. Cook, J. Am. Chem. Soc., 109
(1987) 2818.

[14] (a) W. von E. Doering and W.A. Henderson, J. Am. Chem.
Soc., 80 (1958) 5274. (b} P.S. Skell and A.Y. Garner, J. Am.
Chem. Soc.. 78 (1956) 5430. (c) R.A. Moss, J.R. Whittle and P.
Freidenreich, Tetrahedron Lett., (1968) 3425. (d) A.C. Cope, S.
Mood and C.H. Park, J. Am. Chem. Soc., 84 (1962) 4843. (e)
W.D. Kumler, R. Boikess, P. Bruck and S. Winstein, J. Am.
Chem. Soc.. 86 (1964) 3126. (f) J.J. Sims and V.K. Honwad, J.
Org. Chem., 34 (1969) 496. {(g) J. Graefe and M. Muhlstadt,
Tetrahedron Letr., (1969) 3431, (h) W. von E. Doering and P.
La Flamme, J. Am. Chem. Soc., 78 (1956) 5447. (i} M.
Schlosser and G. Heinz, Angew. Chem. Int. Ed. Engl., 6 (1967)
629.

[15] W. Kirmse, Carbene Chemistry, Academic, New York., 2nd
edn., 1971. p. 267.

[16] (a) M. Lautens, W. Klute and W. Tam. Chem. Rev.. 96 (1996)
49. (b) D.F. Harvey and D.M. Sigano, Chem. Rev., 96 (1996)
271.

[17] H.E. Simmons and R.D. Smith. J. Am. Chem. Soc.. 81 (1959)
4256. (b) H.E. Simmons, T.L. Cairns, S.A. Vladuchick and
C.M. Hoiness. Org. React., 20 (1973) 1.

[18] (a) P.S. Skell and M.S. Cholod, J. Am. Chem. Soc., 91 (1969)

6035; (b) P.S. Skell and M.S. Cholod, J. Am. Chem. Soc., 91

(1969) 7131 (¢) W.E. Parham and E.E. Schweizer, Org. Reacr.,

13 (1963) 55.

(a) B.R. Cook, T.J. Reinert and K.S. Suslick, J. Am. Chem.

Soc., 108 (1986) 7281. (b) K.S. Suslick and B.R. Cook, J.

Chem. Soc. Chem. Commun., (1987) 200. (c¢) K.S. Suslick, in

C.L. Hill (ed.), Activation and Functionalization of Alkanes,

Wiley, New York, 1989, pp. 219-241. (d) J.P. Collman, X.

Zhang, V.J. Lee, E.S. Uffelman and J.1. Brauman, Science, 261

(1993) 1404. (e) K.S. Suslick and S. Van Deusen-Jeffries, in

JM. Lehn (ed.), Comprehensive Supramolecular Chemistry,

Vol. 5, Elsevier, London, 1996, in press.

[20] H.D. Hartzler, J. Am. Chem. Soc., 86 (1964) 526.

[21] (a) E.R. Davidson, in W.T. Borden (ed.), Diradicals, Wiley,
New York, 1982, p. 73. (b) E. Ciganek, J. Am. Chem. Soc., 87
(1965) 652. (¢) E. Ciganek, J. Am. Chem. Soc., 88 (1966) 1979.

[22] P.H. Mueller, N.G. Rondan, K.N. Houk, J.F.Harrison, D.
Hooper, B.H. Willen and J.F. Liebman, J. Am. Chem. Soc., 103
(1981) 5049.

[23] (a) ].F. Harrison, A. Dendramis and G.E. Leroi, J. Am. Chem.
Soc.. 100 (1978) 4352. (b) M.E. Zandler, J.D. Goddard and H.F.
Schaefer, J. Am. Chem. Soc., 101 (1979) 1072. (c) K.S. Kim,
H.F. Schaefer, L. Radom, J.A. Pople and J.S. Binkley, J. Am.
Chem. Soc.. 105 (1983) 4148. (d) S. Saito, Y. Endo and E.
Hirota, J. Chem. Phys., 80 (1984) 1427. (e) J.E. Rice and H.F.
Schaefer, J. Chem. Phys., 8 (1987) 7051. (f) F.X. Brown, S.
Saito and S. Yamamoto. J. Mol. Spectrosc., 143 (1990) 203. (g)
E.T. Seidl and H.F. Schaefer, J. Chem. Phys., 96 (1992) 4449,

[24) M. Goutermann, in D. Dolphin (ed.), The Porphyrins, Vol. 3,
Academic, New York, 1978, p. 1.

[25] 1.S. Haldane and J. Lorraine-Smith, J. Physiol (London), 20
(1895) 497.

[26] (a) B.M. Hoffman and Q.H. Gibson, Proc. Natl. Acad. Sci.
[/SA. 75 (1978) 21. (b) M.A. Stanford and B.M. Hoffman, J.
Am. Chem. Soc.. 103 (1981) 4104,

[27] (a) W.A. Eaton, L.K. Hanson, P.J. Stephens, J.C. Sutherland
and J.B.R. Dunn. J. Am. Chem. Soc., 100 (1978) 4991. (b) M.
Zerner, M. Gouterman and H. Kobayashi, Theor. Chim. Acta, 6
(1966) 363. (c) R.F. Kirchner and G.H. Loew, J. Am. Chem.
Soc., 99 (1977) 4639.

[28]) K. Tatsumi and R, Hoffmann, Inorg. Chem., 20 (1981) 3771.

[19

—=



