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Figure 1. Aldehyde proton resonance (400 MHz) for RhCl(CO)(PPh3)2 
+ 13CO + PhCHO in C6D6 showing successive incorporation of 13C 
isotope into benzaldehyde. The resonance is at S 9.63 ppm with /(13C-H) 
of 173 Hz. Irradiation times: (a) t = 0; (b) 1 day; (c) 5 days; (d) 10 
days. 

which we calculate AG°298 = +1.7 kcal.9 The reverse reaction, 
PhCHO decarbonylation, has been studed in detail by others.10 

As a catalytic reaction using RhCl(CO)(PPh3)2, it is found to 
require temperatures greater than 170 0C. In contrast, we find 
that RhCl(CO)(PPh3)2 is a photochemical decarbonylation cat
alyst at ambient temperature, as shown by photolysis of a 7.2 mM 
solution of RhCl(CO) (PPh3) 2 (4 /tmol) containing 20 jimol of 
PhCHO. After 24 h of photolysis, the amount of PhCHO had 
decreased to 12 /xmol as determined by GC analysis. In an earlier 
report, Geoffroy et al. observed that treatment of photolyzed 
solutions of RhCl(CO)(PPh3)2 with PhCHO led to benzene 
formation, but they did not see direct photochemical decarbo
nylation using heptanal as substrate." 

In order to confirm that the low yields of PhCHO produced 
in the photolysis of benzene solutions of RhCl(CO) (PPh3)2 were 
indeed the result of thermodynamic limitations and not kinetic 
inactivity of the system, an experiment was performed using 13CO. 
A benzene-rf6 solution containing 3.0 mg of RhCl(CO)(PPh3)2 
(4.3 timo\) and 2.0 nL of PhCHO (19.6 /miol) was placed under 
1.2 atm of 13CO and irradiated at 22 0C through a Pyrex filter. 
Examination of the aldehyde resonance by 1H NMR (5 9.63,7C_H 
= 173 Hz) revealed significant incorporation of 13CO into ben
zaldehyde, confirming the occurrence of carbonylation/ decar
bonylation sequences. As shown in Figure 1, the 13C satellites 
of the aldehyde proton showed a steady increase in intensity over 
10 days at which time the extent of 13CO incorporation into 
PhCHO amounted to 38%. During this period, the PhCHO 
concentration decreased from 36 mM (5 equiv) to 21 mM (2.9 
equiv) as determined by GC analysis.8 

While this demonstrates the reversibility of photochemical 
carbonylation, it raises the question of whether there is a common 
intermediate for both the forward and reverse reactions or a 
photostationary state resulting from two independent photo-
reactions. To test this, three identical samples were prepared (7.5 
mM complex, 12 mM PhCHO, and 1.0 atm of CO) and irradiated 
through a Pyrex filter for 3 days. One tube was opened and GC 
analysis showed that the PhCHO concentration had decreased 
to 10.5 mM. The other two samples were placed at distances 4 
and 16 cm from the light source and irradiated for another day. 
Analysis of these two samples showed each to be 10.1 mM in 
PhCHO, indicating that carbonylation and decarbonylation 
proceed through a common intermediate and result eventually 
in an equilibrium mixture of PhCHO, CO, and benzene. 

To account for the incorporation of 13CO into PhCHO under 
photolysis, equivalence of 12CO and 13CO is required at some point 
in the catalysis. This may be achieved via free CO in solution 
or a dicarbonyl intermediate. The pathways leading to photo
chemical carbonylation and decarbonylation involve the same 
initial step which we believe is loss of a ligand to generate a 14-e" 
intermediate. While Ford and Wink have demonstrated efficient 

(9) Calculated with thermodynamic constants from "Handbook of Chem
istry and Physics", 62nd ed.; CRC Press: Boca Raton, FL, 1981. Benson, 
S. W. "Thermochemical Kinetics"; Wiley-Interscience: New York, 1976. 

(10) Doughty, D. H.; Pignolet, L. H. In "Homogeneous Catalysis with 
Metal Phosphine Complexes"; Pignolet, L. H., Ed.; Plenum Press: New York, 
1983; Chapter 11. 

(11) Geoffroy, G. L.; Denton, D. A.; Keeney, M. E.; Bucks, R. R. Inorg. 
Chem. 1976, 15, 2382. 

photochemical dissociation of CO from MCl(CO)(PPh3)2, they 
see no net reaction chemistry under the conditions of their ex
periment.1,2 The formation of benzaldehyde in the present study 
may result from either a relatively inefficient reaction of MCl-
(PPh3)2 with C6H6 leading to arene activation and carbonylation, 
or from a second photochemical process which occurs much less 
efficiently than CO photodissociation. This process could be 
phosphine dissociation to generate MCl(CO)(PPh3). 

Support for the notion of ligand dissociation as the photo
chemical step is obtained from photolyses carried out under 
different CO pressures and in the presence of added phosphine. 
Two 7.5 mM benzene solutions of RhCl(CO)(PPh3)2 under 36 
and 615 mm of CO were prepared. The samples were irradiated 
and monitored by 1H NMR spectroscopy7b for 20 h. Analysis 
by GC showed the samples to be 4.1 and 1.8 mM, respectively, 
in benzaldehyde. Thus the efficiency of benzene carbonylation 
is reduced as CO pressure is increased. The addition of PPh3 to 
a benzene solution of RhCl(CO) (PPh3)2 under CO causes rapid 
formation of RhCl(PPh3)3 upon irradiation in accord with the 
results of Ford1 and inhibition of benzaldehyde formation. 

While further mechanistic details remain to be elucidated, the 
key point of the present study is that Rh(I) and Ir(I) phosphine 
complexes do exhibit photochemical reactivity which leads to 
significant, new reaction chemistry. If the arene carbonylation 
reaction seen here can be driven to overcome its unfavorable 
thermodynamics such as by subsequent hydrogenation, this 
photochemical functionalization may prove useful as well as in
teresting. 
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The homogeneous catalytic oxygenation of saturated and un
saturated hydrocarbons has been one of the most active areas of 
chemical research in the last 5 years.1-12 Numerous metallo-

(1) Sheldon, R. A.; Kochi, J. K. "Metal-Catalyzed Oxidations of Organic 
Compounds"; Academic Press: New York, 1981. 

(2) (a) Smegal, J. A.; Schardt, B. C; Hill, C. L. J. Am. Chem. Soc. 1983, 
105, 3510. (b) Smegal, J. A.; Hill, C. L. Ibid. 1983, 105, 3515. (c) Hill, C. 
L.; Smegal, J. A.; Henly, T. J. / . Org. Chem. 1983, 48, 3277. (d) Smegal, 
J. A.; Hill, C. L. J. Am. Chem. Soc. 1983, 105, 2920 and references cited 
therein. 

(3) (a) Groves, J. T.; Quinn, R. J. Am. Chem. Soc. 1985, 107, 5790. (b) 
Groves, J. T.; Subramanian, D. V. Ibid. 1984, 106, 2177. (c) Groves, J. T.; 
Nemo, T. E. Ibid. 1983, 105, 5786. (d) Groves, J. T.; Takahashi, T. Ibid. 
1983, 105, 2073. (e) Groves, J. T.; Wantanabe, Y.; McMurry, T. J. Ibid. 
1983, 105, 4489 and references cited in each. 

(4) (a) Mashiko, T.; Dolphin, D.; Nakano, T.; Traylor, T. G. J. Am. Chem. 
Soc. 1985, 107, 3735. (b) Traylor, P. S.; Dolphin, D. H.; Traylor, T. G. J. 
Chem. Soc, Chem. Commun. 1984, 279. 

(5) (a) Powell, M. F.; Pai, E. F.; Bruice, T. C. J. Am. Chem. Soc. 1984, 
106, 3277. (b) Nee, M. W.; Bruice, T. C. Ibid. 1982,104, 6123 and references 
cited therein. 
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porphyrin-based systems for the catalytic epoxidation of olefins 
using sources of reduced oxygen such as iodosylbenzene, hypo
chlorite, amine JV-oxides, hydrogen/Pt plus oxygen, and others 
have been described recently.3-10 The investigation of these systems 
has furthered substantially our understanding not only of the 
mechanism of action of cytochrome P-450 and other heme en
zymes but also of homogeneous oxygenation and atom-transfer 
oxidation processes in general. A major obstacle in the devel
opment of metalloporphyrin-catalyzed oxidation processes into 
practical oxidation processes, however, is the instability of por
phyrin catalysts. The substitution of bulky groups into the ortho 
positions of tetraarylporphyrins has recently been shown to increase 
greatly the stability of the corresponding metalloporphyrins with 
regard to oxidative degradation,41*'10 but porphyrins are, never
theless, organic molecules and inherently unstable thermody-
namically in the presence of strong oxidizing agents. As a con
sequence, all metalloporphyrins succumb eventually to oxidative 
degradation when used as hydrocarbon oxidation catalysts. Some 
transition-metal-substituted bleomycins11 and transition-metal 
salts12 catalyze the epoxidation of olefins by iodosylbenzene es
tablishing that the presence of a porphyrin ligand is not essential 
for such atom-transfer oxidation processes. 

We report here that the transition metal substituted hetero-
polytungstates of C, point group symmetry, (H-Bu4N)4H(M)-
PW11O39, M = transition metal, 1-M, an accessible and soluble 
class of inorganic complexes,13"15 are, for M = Mn11 and Co", 
remarkably effective catalysts for atom-transfer oxidation from 
oxygen donors including aniline TV-oxide and iodosylarenes. Here 
we specifically address the homogeneous catalytic epoxidation of 
olefins by 1-Mn and 1-Co using iodosylbenzene (PhIO)16 or 
pentafluoroiodosylbenzene (PFIB)17 as oxygen donors. The 
product selectivities, reaction rates, and, most importantly, sta
bilities for these epoxidations compare favorably with those for 
all metalloporphyrin and related systems in the literature. The 
complexes, 1-M, are not as susceptible to oxidative degradation 
during epoxidations as metalloporphyrins nor susceptible to in-
activation by aggregation or other effects. Both complexes 1 and 
metalloporphyrins have high thermal stability and a well-defined 
active site situated in a ligand environment that is fairly rigid and 
chemically robust and exhibits a capacity for storing electrons. 
The transition metal active sites in complexes 1, unlike those in 
metalloporphyrins, however, reside in a completely inorganic ligand 

(6) (a) Collman, J. P.; Brauman, J. I.; Meunier, B.; Raybuck, S. A.; 
Kodadek, T. Proc. Natl. Acad. Sd. U.S.A. 1984,81, 3245. (b) Meunier, B.; 
Guilmet, E.; De Carvalho, M.-E.; Poilblanc, R. /. Am. Chem. Soc. 1984,106, 
6668. (c) Collman, J. P.; Kodadek, T.; Raybuck, S. A.; Meunier, B. Ibid. 
1983, 80, 7039 and references cited in each. 

(7) (a) Mansuy, D.; Battioni, P.; Renaud, J.-P.; Guerin, P. J. Chem. Soc., 
Chem. Commun. 1985,155. (b) Mansuy, D.; Battioni, P.; Renaud, J.-P. Ibid. 
1984, 1255. (c) Fontecave, M.; Mansuy, D. Ibid. 1984, 879. (d) Mansuy,, 
D.; Leclaire, J.; Fontecave, M.; Dansette, P. Tetrahedron 1984,40, 2847 and 
references cited therein. 

(8) Chang, C. K.; Kuo, M.-S. /. Am. Chem. Soc. 1979, 101, 3413. 
(9) (a) Tabushi, L; Morimitsu, K. /. Am. Chem. Soc. 1984,106,6871. (b) 

Tabushi, I.; Yazaki, A. Ibid. 1981,103, 7371. (c) Tabushi, I.; Koga, N. Ibid. 
1979, 101, 6456. 

(10) Chang, C. K.; Ebina, F. /. Chem. Soc., Chem. Commun. 1981, 778. 
(11) (a) Murugesan, N.; Hecht, S. M. /. Am. Chem Soc. 1985,107,493. 

(b) Ehrenfeld, G. M.; Murugesan, N.; Hecht, S. M. Inorg. Chem. 1984, 23, 
1496. 

(12) (a) VanAtta, R. B.; Franklin, C. C; Valentine, J. S. Inorg. Chem. 
1984, 23,4121. (b) Franklin, C. C; Van Atta, R. B.; Fan Tai, A.; Valentine, 
J. S. /. Am. Chem. Soc. 1984, 106, 814. 

(13) Pope, M. T. "Heteropoly and Isopoly Oxometalates"; Springer-Verlag: 
Berlin, 1983. 

(14) (a) Katsoulis, D. E.; Pope, M. T. J. Am. Chem. Soc. 1984,106, 2737. 
(b) Zonneville, F.; Tourne, C. M.; Tourne, G. F. Inorg. Chem. 1983, 22, 1198. 
(c) Zonneville, F.; Tourne, C. M.; Tourne, G. F. Inorg. Chem. 1982, 21, 2742 
and references cited therein. 

(15) The specific complexes, 1-M, used as catalysts in this work, were 
prepared by metathesis of Na5(M)PW11O39 with (/1-Bu4N)Br in water. 
Multiple recrystallizations from acetonitrile yielded the (H-Bu4N)4H(M)-
PWnO39 compounds. 
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Table I. Epoxidation of Olefins by Iodosylbenzene (PhIO) and 
Pentafluoroiodosylbenzene (PFIB) Catalyzed by 
Transition-Metal-Substituted Heteropolytungstates and Other 
Transition-Metal-Based Catalysts" 

A. Cyclohexene oxidation 

Prndnctt (Yields. % ,̂C 

Catalyst'1 
Aryl Iodide 

1-Mn 
1-Mn 
Mn(OTf)2 

Mn(OTf)2 

1-Co 
Co(OTf)2 

1-Fe 
1-Fe 
MnTPPQ 
FeTPPQ 
CoTPPQ 

1-Mn 
1-Mn 
Mn(OTf)2 

Mn(OTf)2 

FeTPPQ 
FeTPPQ 

PhIO 
PFIB 
PhIO 
PFIB 

PhIO 
PhIO 

PhIO 
PFIB 
PhIO 
PhIO 
PhIO 

B. 

PhIO 
PFTB 
PhIO 
PFTB 
PhIO 
PFIB 

FeTDCPPQ PhIO 
FeTDCPPCl PFIB 

67 
41 
24 
14 
82 
17 

<1 
l.l 
1.1 
1.3 
<1 
1.2 

no reaction 
14 
24 
50 
e 

e 
6 
12 
<2 

1-Hexene oxidation 

w < P 
58 
55 
18 
24 
28 
11 
65 
76 

2.5 
3.0 
1.8 
2.4 
2.0 
1.4 

e 
3 
3 
e 

vvC VNA 

, C<1 
<1 
? 
2 
9 
3 
i 

5 

3.5 
4 

<1 
10 
7 
3 

14 
16 

72 
90 
68 
90 
76 
59 

58 
70 
98 
e 

Aryl 
iodide 

81 
96 
77 
80 
77 
90 
96 
.98 

C. Norbornene oxidation 

^0^ 0 ^CH J^Z0 
Aryl Iodide 

1-Co PhIO 
CQfOTn2 Phio 

96* 97 

C. Cyclooctene oxidationS 

^ o 

1-Co PhIO 
Co(QTf)2 ™Q 

91 
_25_ 

Arvl Iodide 
60 
_54_ 

"All reactions run with an olefin:oxidant:catalyst mol ratio of 
500:10:1 at 24 0C under nitrogen or argon; solvent for metallo
porphyrin reactions was CH2Cl2, solvent for all other reactions was 
CH3CN; reaction times were 2 h for all PhIO reactions and 5 min for 
PFIB reactions; products identified and quantitated by GC and GC/ 
MS analysis. b Yields of aryl iodide based on iodosylarene added; other 
yields based on oxidant consumed. c Yields of allylic alcohol were low 
and variable in all cases due to rapid subsequent oxidation. 
''Abbreviations: OTf = triflate, TPP = tetraphenylporphyrin dianion, 
TDCPP = tetrakis(2,6-dichlorophenyl)porphyrin dianion. ' Below de
tectable limit (<0.1%). ^Approximately 3% enrfo-epoxide present. 
'Yields of other products not determined. 

environment containing only oxidatively stable oxide and d0 Wv l 

ions. 
Many epoxidation reactions by PhIO and PFIB catalyzed by 

1-Co and 1-Mn as well as by metalloporphyrins and metal triflates 
have been extensively examined in our laboratory. Direct com
parisons can be made between the 1-M/PFIB systems and the 
[tetrakis(2,6-dichlorophenyl)porphinato]iron(IH)/PFIB system 
examined by Traylor, Dolphin, and Traylor which exhibits rates, 
epoxide selectivites, and catalyst stability as high as any metal-
loporphyrin-based system in the literature.46 Representative re
actions under low to moderate turnover conditions are summarized 
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ArIO - PhIO, PFIB 
S - olefin 
SO - epoxide 

in Table I; exact reaction conditions are given in the table.18 The 
following points pertain to all reactions catalyzed by 1-M: (1) 
no reaction is seen in the absence of either 1-M or oxidant; (2) 
the reactivity order for 1-M is M = Mn" and Co11 (most reactive) 
> Cu" > Fe" ~ Cr111 (almost inactive at 25 0C); (3) f/ww-stilbene 
gives rrara-stilbene oxide and benzaldehyde only (6:1 mol ratio); 
m-stilbene gives partially isomerized olefin, cis- and trans-ep-
oxides, and benzaldehyde, products compatible with one or more 
freely rotating radical intermediates; (4) the selectivity for pro
duction of epoxide is higher in the reactions catalyzed by 1-M 
than in the reactions catalyzed by the metal triflates or metal-
loporphyrins (>90% for 1-M with all olefins examined);18 (5) 
intermediate alkyl radicals are sufficiently long-lived and kinet-
ically accessible to be scavenged by any dioxygen purposely added 
to the system producing typical autoxidation products (primarily 
allylic alcohol and allylic ketone vs. epoxide) but not by alkylated 
phenols, e.g., BHT; (6) the rates of epoxidation with PFIB, chosen 
as oxygen donor for its reactivity, follow the order 1-Co and 1-Mn 
(most reactive) > FeTDCPPCl > MTPPCl > M(OTf)2," M = 
Fe"1 or Mn111; (7) most importantly, epoxidations catalyzed by 
1-M continue far longer than for all other systems examined. 
Several epoxidations with all the catalysts in Table I and PFIB 
were examined under high turnover conditions (10000 equiv of 
PFIB per equiv of catalyst). The stability order of these homo
geneous catalysts, monitored by both the spectral properties of 
the catalysts and the rate of PFIB uptake with time, is clear: 
M(OTf)2 (least stable) < MTPPCl, M = Fe1" or Mn1", « 
FeTDCPPCl < 1-M, M = Co" or Mn" (most stable). Only the 
catalysts, 1-M, appear to be oxidatively stable in the absence of 
olefin substrate. 

It is clear from monitoring the electronic spectra of the ep
oxidations catalyzed by 1-Co or 1-Mn that the Mn ion undergoes 
redox changes during catalysis, while the Co atom may not. These 
observations coupled with the known difficulty of obtaining Co 
in the 4+ oxidation state favors paths involving high-valent Mn 
species (e.g., oxomanganese (IV), 3 in Scheme I) in the processes 
catalyzed by 1-Mn but paths not involving oxocobalt species (i.e., 
1-M —• 2 -*• 1-M in Scheme I) in the processes catalyzed by 1-Co. 

Studies are in progress that address the energetic and mech
anistic features of these sustained epoxidation processes. At this 
stage it is apparent that 1-M and related species may combine 
the stability of heterogeneous inorganic oxidation catalysts such 
as metal oxides with the experimental tractability of homogeneous 
oxidation catalysts containing organic ligands such as metallo-
porphyrins. 
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(18) Reaction rates and catalyst stabilities were monitored directly and 
most effectively by gravimetric analysis of unreacted iodosylarene and by gas 
chromatographic analysis of iodoarene. Selectivities are defined as yield of 
epoxide/total yields of other volatile or chromatographically detectable 
products. Product mixtures were not analyzed for carboxylates or other 
nonvolatile materials which may be present. 

(19) Abbreviations in Table I. 
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Data on alkyllithium-Lewis base (B) interaction obtained so 
far1"5 pertain to mixtures of rapidly equilibrating complexes 
R4Li4Bn (« = 1-4) and B and, consequently, depend upon con
centrations and on the ratio RLi:B. For primary alkyllithiums, 
the gross calorimetric3'4 and thermodynamic5 data cannot be 
dissected into the separate contributions of the (free) energy of 
transfer of RLi from the hexameric state (predominating in hy
drocarbons) to the tetrameric state (prevailing in solutions when 
the mole ratio of B to n-alkyllithium hexamer is about l)2b and 
the (free) energy of complexation in the latter. In order to obtain 
data on specific complexes we have studied the lithium compounds 
I,6 II,7 III7'8 and IV.7 I and II crystallize as V (a-C = CHCH3, 

OxMe 

Ae l^~-J Li 
ff 

I I It ISL 2E 2IE 

Y = OMe)6 and VI (a-C = CH2, Y = OMe).9 In hydrocarbon 

O-Y o-a-C ..Li 

solutions VII is present as V (a-C = CH2, Y = OMe) exclusively, 
as indicated by molecular weight and diastereotopic C-methyl 
groups and CH2Li protons,10 while VIII occurs as a mixture of 
V (a-C = CH2, Y = NMe2) and VI (a-C = CH2, Y = NMe2).

11 

By analogy complexes V and/or VI most likely are the exclusive 
species present in hydrocarbon solutions of I-IV.12'13 They are 
taken as models for corresponding, more ephemeral, intermolecular 
complexes R4Li4(OR'2)4. 

Heats of reaction [&HriS.BuOH(25 0C)] of ca. 10"3 M benzene 
solutions of I-IV and of the methoxy-free reference compounds 

(1) (a) Lindman, B.; Forsen, S. "NMR and the Periodic Table"; Harris, 
R. K., Mann, B. E.; Eds.; Academic Press: London, New York, San Fran
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Organomet. Chem. 1979, 170, 151. (c) Waak, R.; Doran, M. A. J. Am. 
Chem. Soc. 1963, 85, 1651. Screttas, C. G.; Eastham, J. F. Ibid. 1966, 88, 
5668. Holm, T. Acta Chem. Scand. (B) 1978, 32, 162. 

(2) (a) West, P.; Waak, R. J. Am. Chem. Soc. 1967, 89, 4395. (b) Lewis, 
H. L.; Brown, T. L. Ibid. 1970, 92, 4664. 

(3) Quirk, R. P.; Kester, D. E. J. Organomet. Chem. 1977, 127, 111. 
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ill. 

(7) Prepared in the same way as I.6 
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1975, 3347. (b) Boerhorst, E. Thesis, Vrije Universiteit Amsterdam, 1978. 
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(10) Klumpp, G. W.; Vos, M.; Dorlas, R.; de Kanter, F. J. J., unpublished 

results. 
(11) Klumpp, G. W.; Vos, M.; de Kanter, F. J. J.; Slob, C; Krabbendam, 

H.; Spek, A. L. J. Am. Chem. Soc., in press. 
(12) Since several diastereomeric tetramers seem to be present, unequivocal 

interpretation of the temperature-dependent NMR spectra of I has not yet 
been possible. The NMR spectra of II suggest the exclusive presence of 
tetramers of type VI. 
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