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of the Eu111 aquo ion (EuCl3) illustrated in Figure 8 A, which is 
quasi-reversible. The reversible behavior gained upon complex-
ation by the macrocycle is also observed in the Eu[2.2.1]- and 
Eu[2.2.2]cryptates and in similar Eu macrocyclic amine com
plexes.26,27 The reduction potential of EuHAM is shifted ap
proximately -270 tnV relative to the potential for the aquo ion. 
This potential shift can be used to calculate the relative complex 
stability in the two oxidation states.26 The measured shift cor
responds to a stabilization by a factor of 104-6 of Eu(III) relative 
to Eu(II) in the macrocycle. This contrasts with the positive shifts 
of 200 and 420 mV observed for the Eu[2.2.1]- and Eu[2.2.2]-
cryptate complexes, respectively. These positive shifts were at
tributed largely to a better fit of Eu(II) in the cryptate cavities.26 

This suggests that the cavity size of the HAM ligand is much 
better suited to the +3 state than the +2 state. The ionic radius 
of Eu(II) is slightly larger (0.08 A for 10-coordinate complexes) 
than that of La(III).24 

Conclusion. The GdHAM complex shows significant promise 
as an MRI contrast agent because of its high relaxivity and kinetic 
stability. Both the GdHAM crystal structure and the EuHAM 
luminescent lifetime measurements indicate three to four open 
coordination sites for water. The hydrogen bonds to two coor
dinated acetate oxygens in the solid state provide an estimate for 
the closest approach of an outer-sphere water proton of 4.1-4.2 
A. The cavity size of the macrocycle appears to be slightly too 

(26) Yee, E. L.; Gansow, O. A.; Weaver, M. J. J. Am. Chem. Soc. 1980, 
102, 2278-2285. 

(27) Smith, P. H.; Reyes, Z. E.; Lee, C-W.; Raymond, K. N. Inorg. Chem. 
1988, 27, 4154. 

The epoxidation of alkenes remains an important synthetic 
process. Recent development of metal-catalyzed epoxidations has 
encouraged further attempts to develop more selective and more 
commercially attractive epoxidation reactions.1 

Among the transition-metal catalysts for oxygen transfer the 
metalloporphyrins offer some attractive advantages.2"9 They 

(1) (a) Sheldon, R. A.; Kochi, J. K. Metal Catalyzed Oxidations of Or
ganic Compounds; Academic Press: New York, 1981. (b) Srinavasan, K. 
Michaud, P.; Kochi, J. K. J. Am. Chem. Soc. 1986,108, 2309. (c) Samuelson, 
E. G.; Srinavasan, K.; Kochi, J. K. J. Am. Chem. Soc. 1985, 107, 7606. 

(2) (a) Groves, J. T.; Nemo, T. E.; Myers, R. S. J. Am. Chem. Soc. 1979, 
101, 1032. (b) Groves, J. T.; Kruper, W. J., Jr.; Haushalter, R. C. Ibid. 1980, 
102, 6375. (c) Groves, J. T.; Kruper, W. J.; Nemo, T. E.; Myers, R. S. J. 
MoI. Catal. 1980, 7, 169. 

large for Gd(III) based on a comparison of Ln-N bond lengths 
to acyclic analogues. This observation, in conjunction with the 
Eu(III)/Eu(II) redox potential, suggests that the optimum metal 
ion size for the HAM cavity is somewhere between the radii of 
Gd(III) and Eu(II). While the structural and dynamic properties 
responsible for the high relaxivity and stability of this complex 
need to be more completely defined, the concept of designing 
planar macrocyclic ligands for Gd(III) clearly shows potential 
for producing improved MRI contrast agents. 
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provide a strong four-coordinate ligand, which can be very stable 
toward destruction and has a potential for elaboration to provide 
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Abstract: The products of epoxidation of norbornene, cyclohexene, and adamantylideneadamantane with pentafluoroiodobenzene 
using as catalysts variously substituted tetraphenylporphyrin complexes of chloroiron(III), chloromanganese(III), and chlo-
rochromium(III) have been determined. All catalysts afforded the epoxide from adamantylideneadamantane, suggesting that 
the metallacycle intermediate, impossible in this case, is not required for epoxidation. The ratios of exo- to eflrfoepoxynorbornanes 
obtained from norbornene varied from about 103 for electropositively substituted Cr(III) complexes gradually through the 
Mn(III) and Fe(III) series to a value of about 6 for electronegatively substituted iron(III) porphyrins. Mechanisms ranging 
from limiting electrophilic addition to limiting electron transfer are proposed to account for these changes. The electronegatively 
substituted iron porphyrins show a greater tendency toward epoxidation rather than allylic oxidation and show more selectivity 
for m-alkenes. 

0002-7863/89/1511-7443S01.50/0 © 1989 American Chemical Society 



7444 J. Am. Chem. Soc, Vol. Ill, No. 19, 1989 Traylor and Miksztal 

chemo-, regio-, and stereoselectivity. It is therefore of some interest 
to study the mechanisms by which metalloporphyrins transfer an 
oxygen atom to an alkene, eq 1 and 2. Understanding this process 

M+POrDh 

RH+ XO -ROH + X (1) 

RCH=CHR' + XO ̂ 2S t | J > & < ^ + X (2) 

would not only aid in catalyst design but would provide mechanistic 
information, which would be valuable in understanding other 
metal-ligand systems carrying out oxygen transfer. 

In this paper we explore three aspects of the epoxidation re
action: (1) the effect of variation in the metal, Fe(III), Mn(III) , 
Cr ( I I I ) , on product ratios in epoxidation; (2) the effect of vari
ations in electronic and steric environment of the porphyrin on 
product ratios; (3) the effects of metal and porphyrin changes on 
the catalyst stability. The results provide some information that 
is helpful in designing specific synthetic oxidation processes and 
helps to further define the mechanisms of epoxidation. 

Experimental Section 
Materials. Norbornene (Aldrich, 99%) was twice distilled under ar

gon. Methylene chloride solutions of purified norbornene were passed 
twice through columns of activated neutral alumina and used immedi
ately. Analysis by gas chromatography showed that the purified nor
bornene solution was free of any oxidation products or impurities, exo-
2,3-Epoxynorbornane (98%), norcamphor (97%), cyclohexene-4-carbox-
aldehyde (99%), exo-norborneol (98%), and endo-norborneol (96%) were 
from Aldrich and used as received. endo-Epoxynorbornane was isolated 
from a hemin-catalyzed epoxidation by preparatory GLC and identified 
by NMR spectroscopy. Cyclohexene (Aldrich, 99%, stabilized with 
0.01% di-ferr-butyl-4-methylphenol) was purified by passing through 
activated alumina and used immediately. Analysis by gas chromatog
raphy showed that the purified cyclohexene was free of any oxidation 
products or impurities. Cyclohexene oxide (98%), cyclohexen-3-one 
(97%), and cyclohexen-3-ol (96%) were from Aldrich and used as re
ceived. Adamantylideneadamantane was a gift from Professor R. S. 
Brown10 and used as received. Pentafluoroiodobenzene (PFIB) was 
prepared in a manner similar to that for iodobenzene" by stirring finely 
ground perfluoroiodobenzene bis(trifluoromethyl)acetate12 with saturated 
aqueous sodium bicarbonate solution for 20 h. The powder was removed 
by filtration, washed with water, and dried over P2O5 under vacuum (<1 
Torr). (EXPLODES!13) m-Chloroperbenzoic acid (technical grade, 
Aldrich, MCPBA) was purified by literature methods14 and recrystallized 
from CH2Cl2. Titration by iodometric assay indicated >99% purity. 
Mesitaldehyde (98%), 2,6-dichlorobenzaldehyde (99%), 2-chloro-6-
nitrobenzaldehyde (99%), 2,4,6-trimethoxybenzaldehyde (98%), and 
4-tolualdehyde (97%) were from Aldrich and used as received. Pyrrole 
(Aldrich, 98%) was stirred over and distilled from CaH2 under argon and 
used immediately. 2,4,6-Collidine (Aldrich, 99%) was stirred over and 
distilled from CaH2 under reduced pressure. Zinc acetate dihydrate 
(Aldrich, 98%) was dehydrated under high vacuum at 120 0 C for 20 h. 
Iron(II) bromide (Alfa, anhydrous), manganese(II) chloride (Aldrich, 
99%), and chromium(II) chloride (Aldrich, 95%) were used as received. 
Alumina (E. Merck, neutral) was activated by heating to 400 0C for 20 
h. Methylene chloride (Fisher, ACS grade) was stirred over and distilled 
from CaH2. Dimethylformamide (DMF), methanol, and propionic acid 
(Fisher, ACS grade) were used as received. 

Porphyrins. Tetramesitylporphyrin15 (H2(2,4,6-CH3)PP) and tetra-
kis(2,6-dichlorophenyl)porphyrin16 (H2(2,6-C1)PP) were prepared by the 
Rothemund method,15 except that pyridine was replaced by 2,4,6-colli-
dine as solvent. Tetrakis(2-chloro-6-nitrophenyl)porphyrin17 (H2(2-

(9) Cytochrome P-450: Structure, Mechanism, and Biochemistry; Ortiz 
de Montellano, P. R., Ed.; Plenum: New York, 1986. 

(10) Slebocka-Tilk, H.; Ball, R. G.; Brown, R. S. J. Am. Chem. Soc. 1985, 
107, 4504. 

(11) Saltzman, H.; Sharefkin, J. G. Organic Syntheses; Wiley: New York, 
1973; Vol. V, pp 658-659. 

(12) Schmeisser, M.; Dahmen, K.; Sartori, P. Chem. Ber. 1967,100, 1663. 
(13) Collman, J. P. Chem. Eng. News 1985, 65(11), 2. 
(14) Schwartz, N. N.; Blumbergs, J. H. J. Org. Chem. 1964, 29, 1976. 
(15) Badger, G. M.; Jones, R. A.; Laslett, R. L. Aust. J. Chem. 1964, 17, 

1028. 
(16) (a) Traylor, P. S.; Dolphin, D.; Traylor, T. G. /. Chem. Soc, Chem. 

Commun. 1984, 279. (b) Kim, J. B.; Leonard, J. J.; Longo, F. R. / . Am. 
Chem. Soc. 1972, 94, 3986. 

(17) Miksztal, A. R., unpublished results. 

0,6-NO2)PP)16 was prepared by condensation of pyrrole and aldehyde 
with Zn(OAc)2 in refluxing 2,4,6-collidine with stirring under argon.18 

Tetrakis(2,4,6-trimethoxyphenyl)porphyrin (H2(2,4,6-OCH3)PP) and 
tetra-4-tolylporphyrin (H2(4-CH3)PP) were prepared by condensation of 
pyrrole and respective aldehyde in refluxing propionic acid.19 The above 
porphyrins were isolated and purified as previously described. Tetra-
phenylporphyrin (chlorin-free) (H2TPP), tetrakis(4-bromophenyl)-
porphyrin (H2(4-Br)PP), tetrakis(4-cyanophenyl)porphyrin (H2(4-C-
N)PP), tetrakis(4-methoxyphenyl)porphyrin (H2(4-OCH3)PP), tetra-
kis(2-bromophenyl)porphyrin (H2(2-Br)PP), tetrakis(2-nitrophenyl)-
porphyrin (H2(2-N02)PP), and tetra-2-tolylporphyrin (H2(2-CH3)PP) 
were from Mid-Century Chemicals and used as received. Tetrakis-
(pentafluorophenyl)porphyrin (H2(F5)PP) was from Aldrich and used as 
received. 

Metalation Reactions. The iron porphyrin chloride,20 manganese 
porphyrin chloride,21 and chromium porphyrin chloride22 complexes were 
prepared by refluxing the porphyrin with the respective metal salt in 
degassed DMF under argon.23 The reactions were determined to be 
complete when a diluted aliquot in CH2Cl2 indicated by visible spec
troscopy that there was no free porphyrin remaining. Isolation, purifi
cation, and conversion to the chloride complexes were by literature 
methods.20"22 

Instruments. Samples were analyzed on a Varian 3700 gas-liquid 
chromatograph equipped with a 10% Carbowax 2OM 80/100 Suppelco-
port column. In the temperature program, the initial temperature of 65 
°C was held for 3 min, ramped at 5 °C/min to a final temperature of 
195 0C, and held there for 25 min. Typical retention times were the 
following: norbornene, 1.5 min; emfo-epoxynorbornane, 8.7 min; exo-
epoxynorbornane, 10.1 min; cyclohexene-4-carboxaldehyde, 11.7 min; 
pentafluoroiodobenzene, 12.2 min; and norcamphor, 13.4 min. The 
Carbowax column used for GLC analysis was required to be in excellent 
condition to accurately and reproducibly quantitate the small amounts 
of enrfo-epoxynorbornane formed in the reactions catalyzed with me
talloporphyrins and in the reaction of norbornene with MCPBA. UV-
visible spectra were recorded on a Kontron Uvikon 810 spectrophotom
eter. 

Oxidation Procedures. The conditions for a typical oxidation reaction 
catalyzed by a metalloporphyrin were as follows: a CH2Cl2 solution of 
Fe(2,6-Cl)PPCl (110 ML of 1.0 mM) was added to a small test tube and 
carefully evaporated to dryness. Purified norbornene (or cyclohexene) 
(110 uL of 1 M in CH2Cl2) was added and the contents thoroughly 
mixed to redissolve the catalyst. An aliquot (10 jiL) was removed and 
diluted 50-fold with CH2Cl2, and its UV-visible spectrum was recorded. 
Freshly prepared PFIB (2.0 mg, 0.0064 mmol) was added in one portion 
to the remaining solution and the contents shaken until all the oxidant 
dissolved or the catalyst was bleached. At the end of reaction, aliquots 
were removed for GLC and UV-visible analyses. Each metallo-
porphyrin-catalyzed oxidation reaction was repreated at least two or three 
times. 

For the oxidation of norbornene with MCPBA the conditions were as 
follows: MCPBA (1.1 mg, 0.0064 mmol) was added to a CH2Cl2 solu
tion of norbornene (0.10 mL, 1.0 M, 0.1 mmol) in a small test tube, 
capped, and shaken for 1 min. The oxidant dissolved immediately. An 
aliquot was removed and analyzed by GLC. The average exo-epoxy-
norbornane/encfo-epoxynorbornane value for three runs was 690 ± 50. 
A similar procedure was used to prepare the epoxide from adamantyli
deneadamantane.24 

Cyclohexene Oxidations. The conditions for a typical oxidation re
action catalyzed by a metalloporphyrin were as follows: a CH2Cl2 so
lution of Fe(2,6-Cl)PPCl (1.0 mM) containing cyclohexene (1 M) was 
added to a small test tube. Freshly prepared PFIB (sufficient for 0.064 
M concentration if dissolved) was added in one portion to the solution, 
the test tube capped, and the contents shaken until the oxidant completely 
dissolved. At the end of reaction, aliquots were removed for GLC and 
UV-visible analyses. 

(18) Hill, C. L.; Williamson, M. M. J. Chem. Soc., Chem. Commun. 1985, 
1228. 

(19) (a) Adler, A. D.; Longo, F. R.; Finarelli, R. D.; Goldmacher, J.; 
Assour, J.; Korsakoff, L. J. Org. Chem. 1967, 32, 476. (b) Amundsen, A. R.; 
Vaska, L. Inorg. Chim. Acta 1975, 14, L49. 

(20) Kobayashi, H.; Higuchi, T.; Kaizu, Y.; Osada, H.; Aoki, M. Bull. 
Chem. Soc. Jpn. 1975, 48, 3137. 

(21) Hoffman, B. M.; Szymanski, T.; Brown, T. G.; Basolo, F. J. Am. 
Chem. Soc. 1978, 100, 7253. 

(22) Summerville, D. A.; Jones, R. D.; Hoffman, B. M.; Basolo, F. J. Am. 
Chem. Soc. 1977,99, 8195. 

(23) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim, J. J. Inorg. Nucl. Chem. 
1970, 32, 2443. 

(24) Wynberg, H.; Boelema, E.; Wieringa, J. H.; Strating, J. Tetrahedron 
Lett. 1970, 3613. 
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Table I. Yields of Products from the Oxidation of Norbornene with Pentafluoroiodobenzene Using Various Iron(III) Tetraphenylporphyrin 
Chlorides as Catalysts" 

substituent4 

4-OCH3 

4-CH3 

H 
4-Br 
4-CN 
2-CH3 

2-Br 
2-NO2 

2,4,6-CH3 

2,4,6-OCH3 

F5 
2,6-Cl 
2-Cl, 6-NO2 

/V-alkylhemin' 
[4-OCH3]" 
[4-CH3]" 
[H]" 
[4-Br]" 
[4-CN]" 

exo/endoc 

77(1) 
71 (2) 
55(1) 
44(2) 
35(1) 
17(1) 
15(1) 
15(1) 
24 
20(1) 
20(1) 

9 (0.5) 
6 (0.4) 
3.5 (0.1) 

86(2) 
72(1) 
56(2) 
46(2) 
43(2) 

epoxide1' 

28 
45 
54 
53 
51 
71 
75 
73 
77 
60 
70 
82 

~80 
77 
35 
50 
56 
60 
56 

yield, % 

aldehyde*" 

1.2 
2.4 
3.4 
3.6 
3.8 
2.8 
2.8 
2.9 
0.4 
4.0 
6.9 
1.0 
1.4 
0.8 
1.5 
3.2 
4.4 
4.5 
3.8 

ketone^ 

0.3 
0.4 
0.4 
0.6 
0.7 
0.6 
0.8 
0.8 
0.3 
0.6 
1.9 
0.6 

0.7 
0.3 
0.5 
0.6 
0.7 
0.8 

% Soret* 

0 
0 
0 

40 
70 

100 
100 
97 

100 
69 

100 
100 
100 
100 
40 
50 
40 
80 
60 

hemir remaining* 

/V-alkyl 
/V-alkyl 
/V-alkyl 
FeOH 
FeOH 
/V-alkyl 
/V-alkyl 
FeOH 
FeOH 
FeCl 
/V-alkyl 
/V-alkyl 
/V-alkyl 
/V-alkyl 
/V-alkyl 
W-alkyl 

"Conditions: norbornene, 1.0 M; catalyst, 10"3 M; PFIB, 0.064 M, insoluble in CH2Cl2. PFIB dissolved in 1-11 min depending upon hemin 
structure. The last five entries (substituents in brackets) were carried out with 0.016 M PFIB. 'The substitutents are Y in the TPP derivatives, 
[Y„C6H5-„]4PorphFeCl. 'These are the ratios of the GLC integrations for exo- and enrfo-epoxynorbornane, previously identified with authentic 
samples. Standard deviations are given in parentheses. ''Percent yields based upon integrations of the product vs that of F5PhI, corrected for 
response factors. For the epoxides the yields are the totals of exo and endo products. eCyclohexene-4-carboxaldehyde, identified previously. 
^Norcamphor, previously identified. * This is an estimate of the amount of hemin remaining after the reaction. It is somewhat inaccurate as a result 
of the changes in the hemin. *The structure of the remaining hemin was assigned (tentatively) based upon the UV-visible spectrum. 'This /V-al-
kylhemin was formed during the the oxidation of 4,4-dimethyl-l-pentene catalyzed by Fe(2,6-Cl)PPCl. See ref 25 for synthesis and isolation. 

Table II. Yields of Products from the Oxidation of Norbornene with 
Pentafluoroiodobenzene Catalyzed by Cr111Cl and Mn111Cl Complexes 
of Various Tetraphenylporphyrins" 

substituent* 

Cr(H) 
Cr(F5) 
Cr(2,6-Cl) 
Mn(4-OCH3) 
Mn(H) 
Mn(4-Br) 
Mn(2-CH3) 
Mn(2-Br) 
Mn(2-N02) 
Mn(F5) 
Mn(2,4,6-CH3) 
Mn(2,6-Cl) 

exo/endo 

~1000 
422 (41) 
362 (43) 
395 (26) 
351 (20) 
324(13) 
250 (5) 
126 (2) 
93(4) 

166 (6) 
53(3) 
35(2) 

epoxide 

32 
75 
74 
79 
82 
82 
77 
82 
76 
80 
82 
83 

yield, % 

aldehyde 

0.6 
2.4 
1.1 
0.3 
0.3 
0.3 
0.3 
0.5 
0.6 
1.2 
0.4 
0.4 

ketone 

0.2 
0.4 
0.3 
0.2 
0.2 
0.2 
0.2 
0.4 
0.7 
0.8 
0.3 
1.2 

% Soret 

0 
100 
83 
63 
69 
70 
83 
84 
89 

100 
84 
89 

"Conditions: exactly as in Table I, using 0.064 M PFIB (insoluble). 
See Table I for definitions of column readings. 'The metal and sub
stituents on the phenyl groups are given as in Table I. 

Adamantylideneadamantane Oxidation. The conditions for a typical 
adamantylideneadamantane oxidation reaction catalyzed by a metallo-
porphyrin were as follows: a CH2Cl2 solution of Fe(2,6-Cl)PPCl (1.5 
mM) containing adamantylideneadamantane (0.075 M) was added to a 
small test tube. Freshly prepared PFIB (sufficient for 0.032 M) was 
added in one portion to the solution, the test tube capped, and the con
tents shaken until the oxidant completely dissolved. At the end of re
action, aliquots were removed for GLC and UV-visible analyses. 

Results and Discussion 

The reactions with norbornene produced four products in nearly 
all cases as previously reported for iron porphyrins (eq 3).7 The 

(3) 

product distributions obtained with 0.001 M catalyst and the 
equivalent of 0.064 or 0.016 M oxidant (PFIB) as a suspension 
at room temperature along with approximate percentages of 
metalloporphyrin survival are shown in Table I. Table II gives 
the results for similar studies of the manganese and chromium 
porphyrins. 

As indicated in the last column and in our previous study,25 

the iron porphyrins reversibly form TV-alkylporphyrins, with the 
reversal to the iron porphyrin being slower for more electron-rich 
porphyrins (eq 4). We found no evidence for this TV-alkyl-

(4) 

porphyrin formation in the manganese or chromium porphyrins. 
The formation of /V-alkylmetalloporphyrins has some important 
consequences. First, it makes the estimate of porphyrin survival 
difficult to ascertain since the extinction coefficients are not known 
for most of the /V-alkylmetalloporphyrins. Second, the /V-al-
kylhemins seem to be more stable toward destruction than are 
the metalloporphyrins from which they are derived although hemin 
destruction is competitive with /V-alkylhemin formation early on.25 

It can be seen in Table I that a lower ratio of exoepoxide/ 
ewfo-epoxide is obtained with the 2,6-chloro-/V-alkylhemin than 
with the hemin itself. Because in most cases the hemin is converted 
essentially completely to the A'-alkylhemin early in the reaction 
and remains as such until the oxidant disappears,25 it is likely that 
the products are derived from catalysis by the /V-alkylhemin (eq 
6). This complicates comparisons between Fe and the other 
metals. If the hemin and /V-alkylhemins respond in similar ways 
to electronic and steric effects, then our comparisons are still valid. 

Another consequence of the /V-alkylation is a misleading es
timate of stabilities of the various hemins toward oxidative de
struction. For example, the survival of tetramesitylhemin shown 

(25) Traylor, T. G.; Nakano, T.; Miksztal, A. R.; Dunlap, B. E. J. Am. 
Chem. Soc. 1987, 109, 3625. 
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C + R I O — . (6) 

in Table I is probably a consequence of its being converted to 
/V-alkylhemin during the catalytic reaction, only to return to hemin 
at the end of the reaction. It is encouraging that, as the hemin 
is made even more electronegative by halogenation of the pyrrole 
positions, extent of N-alkylation decreases while the resistance 
of the porphyrin toward oxidative destruction increases.26 

With these reservations in mind we can examine the conse
quences of electronic and steric changes on the product distri
butions. Clearly the exo-epoxide/endo-epoxide ratio decreases 
as the electron density in the porphyrin decreases among the 
para-substituted hemins.27 The oxidation potential for the 
Fe"/ Fe1" couple has been shown to correlate with the Hammett 
oy in this series.28 We plot in Figure 1 the log (exo/endo) versus 
4<rY to obtain a reasonable linear correlation. We previously 
noticed that the approximately isosteric tetramesitylhemin and 
tetra-2,6-dichlorohemin also showed a marked electronic effect7 

(Table I). Interestingly, a similar plot for the manganese por
phyrins shows a similar correlation (Figure 2) even though the 
ratios are much larger. The chromium porphyrins also show an 
increase in the exo/endo ratio with electron donation from the 
porphyrin (Table II). 

The change of exo/endo ratio with the changes from Fe to Mn 
to Cr might also be explained in a qualitative way in terms of 
electron density at the metal centers. The oxidation potentials 
for the TPPMPyr2 species are in the range of -0.7, -0.3, +0.1 
V (vs SCE) for Cr(II), Mn(II), and Fe(II),28 indicating that the 
electron deficiency at the metal increases in that order for these 
species. This is in keeping with the results of the porphyrin 
variation studies. The exo/endo ratio increases markedly from 
the iron to manganese to chromium porphyrins and is at least as 
large for Crm(TPP)Cl as the ratio obtained in the MCPBA 
uncatalyzed oxidation. 

Both Tables I and II reveal an effect of ortho substituents, the 
exo/endo ratio decreasing with ortho substitution when the 
electronic effects do not vary much (e.g., phenyl vs mesityl sub
stituents on the porphyrin). 

The amounts of the two rearrangement products, norcamphor 
and cyclohexene-4-carboxaldehyde, do not correlate with the 
exo/endo ratios in any of these studies. The fact that small 
amounts of these products are found in MCPBA oxidations and 
that Lewis acids rearrange the exo-epoxide to these products29 

adds a further complexity of these results (eq 7). We have shown 

c*r (7) 

that this rearrangement is not catalyzed by the hemin or the 
oxidation intermediates by carrying out the catalytic epoxidation 
of cyclohexene in the presence of norbornene epoxide.30 Neither 
norcamphor nor cyclohexene-4-carboxaldehyde were produced. 
Therefore, at least in the metalloporphyrin-catalyzed reaction, 
the rearrangements appear to accompany epoxidation. 

We have suggested that the extraordinarily low (~6-9) exo-
epoxide/ ertdo-epoxide ratios compared to those of other electro-
philic or electrocyclic reactions on norbornene require a process 
involving fast bond formation, and we have adopted the elec
tron-transfer mechanism31 to accommodate these results. A 

(26) Traylor, T. G.; Tsuchiya, S. Inorg. Chem. 1987, 26, 1338. 
(27) (a) We have determined the exo/endo ratios using a variety of sol

vents and oxidants (RIO, H2O2, (-BuOOH) and found that the exo/endo ratio 
shows little sensitivity to these changes.7'27b (b) Fann, W. P., unpublished 
results. 

(28) Kadish, K. M. Prog. Inorg. Chem. 1986, 34, 498. 
(29) Rickborn, B.; Gerkin, R. M. J. Am. Chem. Soc. 1971, 93, 1693. 
(30) Miksztal, A. R., unpublished results. 
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Figure 1. Plot of log (exo/endo) versus the Hammett <rY constants for 
the iron(III) porphyrin catalyzed epoxidations of norbornene. The data 
are from Table I. 
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Figure 2. Plot of log (exo/endo) versus the Hammett aY constants for 
the Mn(III) porphyrin catalyzed epoxidation of norbornene. 

correlation of epoxidation rates with ionization potential agrees 
with, but does not confirm, this mechanism (eq 8 and 9).32 This 

+ M=O —> // + ^ (8) 

(9) 

mechanism could also be viewed as an early transition state for 
electrophilic attack in which little bond formation occurs at the 
transition state (eq 10 and 11). 

(10) 
K , 

Jl + O = M + — >• 
1 ^ y i 

/ 

cJ 
I 

, 0 — M 

b; ' 

V-̂ ""~~-̂  + 

(11) 

(31) Traylor, T. G.; Miksztal, A. R. J. Am. Chem. Soc. 1987,109, 2770. 
(32) Traylor, T. G.; Xu, F. J. Am. Chem. Soc. 1988, 110, 1953. 
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Table HI. Oxidation of Adamantylideneadamantane Catalyzed by 
Iron, Manganese, and Chromium 
Tetrakis(2,6-dichlorophenyl)porphyrin Chlorides with 
Pentafluoroiodobenzene0 

catalyst yield epoxide,4,1' % 

manganese 
chromium 

24 
10 
10 

"The reaction conditions were as follows: catalyst, 1.5 mM; adam
antylideneadamantane, 0.075 M; PFIB, 0.032 M, insoluble, in CH2Cl2. 
'Yields are based on pentafluoroiodobenzene produced. In the absence 
of catalyst no reaction occurs during the same time period. When cy-
clohexene was included, it was found to react 4 times faster than does 
adamantyladamantylidene. Response factors were experimentally de
termined. 'Other possible products were hydroxylated adamantylide
neadamantane. 

As the electron density increases in going through the series 
electronegative porphyriniron(III), electropositive porphyrin-
iron(III), electronegative porphyrinmanganese(III), electropositive 
porphyrinmanganese(III), electronegative porphyrinchromium-
(III), and electropositive porphyrinchromium(III), the extent of 
bond formation at the transition state increases (i.e., r* decreases) 
and the steric differentiation between the exo and endo faces 
(exo/endo ~ 1000) resembles that of the uncatalyzed MCPBA 
epoxidation (exo/endo = 690). 

This predicts that a proximal base on the metal should increase 
the exo/endo ratio. However, addition of 0.1 M 1-methylimidazole 
to the reaction using the Fe(III) 2,6-DCPP catalyst did not change 
the exo/endo ratio.27b This effect requires further study. 

Since the rearrangements occur after the C-O bond-making 
step, there is no reason for the extent of rearrangement to correlate 
with the exo/endo ratio according to this mechanism. It also 
follows that rearrangement does not require the electron-transfer 
step. 

We conclude that the iron(III) electronegative porphyrin 
catalyzed epoxidations of norbornene are "limiting"33 electron-
transfer processes, and the chromium(III) electropositive porphyrin 
catalyzed epoxidations are essentially limiting electrophilic addition 
mechanisms. Consistent with this change in transition-state ge
ometry is the observation (Tables I and II) that the iron porphyrins 
are more sensitive to electronic effects whereas the manganese 
porphyrins are more sensitive to steric effects. 

The iron(III)-catalyzed reactions, giving low exo/endo product 
ratios, cannot be explained by the electrocyclic mechanism shown 
in eq 12. All electrocyclic reactions give very large (>1000) 

\\ 
I + V+/ (12) 

exo/endo ratios of products with norbornene.7 The chromium(III) 
porphyrin and some of the manganese(III) porphyrin catalyzed 
reactions are not as clear. Large exo/endo ratios were obtained. 
For this reason we have investigated the epoxidation of adam
antylideneadamantane with which the formation of the oxa-
metallacycle intermediate is sterically impossible (eq 13). Table 

(13) 

(33) For a discussion of the "limiting" concept and references, see: 
Mechanism and Theory in Organic Chemistry, 3rd ed.; Lowry, T. H., Rich
ardson, K. S., Eds.; Harper and Row Publishing Co.: New York, p 328. 

Table IV. Oxidation Products Obtained upon Oxidation of 
Cyclohexene with Catalysis by Iron(III), Manganese(III), and 
Chromium(III) Complexes of Tetrakis(2,6-dichlorophenyl)porphyrin 
and Tetraphenylporphyrin" 

catalyst 

Fe(2,6-Cl)» 
Mn((2,6-Cl)4 

Cr(2,6-Cl)<> 
Fe(TPP)^ 
Mn(TPP)" 
Cr(TPP)^ 

epoxide 

76 
69 
23 
55 
40 

4 

yield, % 

alcohol 

2.8 
7.6 

27 
15 
23 
75 

ketone 

0.9 
6.2 

10 
0 
6 

21 

remaining 
Soret, % 

100 
80 

100 

time min 

0.8 
2.5 

12 

"All complexes were MPorphCl. 'Conditions: catalyst, 1 mM; cy
clohexene, 1 M; PFIB, 0.064 M, insoluble, in CH2Cl2. The yields are 
based upon pentafluoroiodobenzene obtained and are corrected for 
measured response factors. cIodobenzene was the oxidant, and yields 
were based on iodobenzene produced. ''Reference 2a. 'Reference 35. 
•̂ Reference 34. 

Ill lists the yields of epoxide with three catalysts. While a larger 
yield was obtained with the iron catalyst, it is clear that all three 
metalloporphyrins are capable of epoxidizing this alkene. The 
lower yields with Mn and Cr are understandable in terms of their 
greater tendency to hydroxylate, discussed below, as well as their 
requiring more productlike transition states. We therefore con
clude that iron, manganese, and chromium porphyrin catalyzed 
epoxidations of this alkene proceed through the carbocation 
mechanism (eq 8) rather than the oxametallacycle pathway8 (eq 
12). 

Hydroxylation versus Epoxidation. Groves et al.2a'34 and 
Fontecave and Mansuy35 have observed that metalloporphyrin-
catalyzed cyclohexene epoxidation is accompanied by large 
amounts of allylic hydroxylation and subsequent formation of 
ketone (eq 14). In order to determine the distribution of these 

Il -U* (14) 

products obtained with more electronegative metalloporphyrins, 
we have studied this epoxidation using the tetra-2,6-dichloro-
porphyrin. The results are compared with those reported for 
tetraphenylporphyrin in Table IV. It can be seen that the o-chloro 
substitution brings about greater selectivity toward epoxidation 
with all three metals while maintaining the greater selectivity of 
the iron porphyrin catalyst. 

These results are consistent with those reported for norbornene, 
the more electronegative metalloporphyrins giving better selectivity 
toward epoxidation. There are two possible rationales for these 
results, a single electron-transfer mechanism in which proton loss 
leads to cyclohexenyl radical (eq 15) or a competition between 
electron-transfer epoxidation (eq 16) and hydrogen atom ab
straction (eq 17). The competition between direct hydrogen 

(15) 

(16) 

(17) 

abstraction and direct (ET) epoxidation (eq 16) is more likely 
to show the dependence upon electron density at the metal than 
is the single mechanism. The radical abstraction is also more 

(34) Groves, J. T.; Kruper, W. J., Jr. J. Am. Chem. Soc. 1979,101, 7613. 
(35) Fontecave, M.; Mansuy, D. Tetrahedron 1984, 40, 4297. 
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consistent with the deuterium scrambling and isotope effects 
reported by Groves et al.36 Although this matter is not completely 
settled, our results are in agreement with the mechanism proposed 
by Groves37 for cyclohexene oxidation. 

Synthetic Applications. We have not discussed here the use 
of pyrrole-halogenated metalloporphyrins such as octabromo-
octachlorohemin.26 Being more electronegative than any of those 
discussed here, these types of metalloporphyrins further extend 
the selectivity for epoxidation, show mechanisms that are more 
ET limiting, and are more resistant to destruction than any of 
those discussed here. We can therefore select metalloporphyrin 
catalysts to obtain desired products. For example, to epoxidize 
cyclohexene and similar alkenes, we would use the most elec
tronegative iron(III) porphyrin available (Table I). To obtain 
cyclohexen-3-ol, we would use the most electropositive chromium 
porphyrin and carry the reaction to low conversion. At high 

(36) Groves, J. T.; Avaria-Neisser, G. E.; Fish, K. M.; Imachi, M.; Kuc-
zkowski, R. L. J. Am. Chem. Soc. 1986, 108, 3837. 

(37) Groves, J. T.; Subramanian, D. V. J. Am. Chem. Soc. 1984, 106, 
2177. 

Photoconversion processes based on the electron-transfer 
quenching of molecular excited states are well established.1"5 In 
this area a considerable effort has been expended in the search 
for molecules that have suitable excited-state lifetime and elec
tron-transfer properties. Among the most versatile examples are 
polypyridyl complexes such as [Ru(bpy)3]2+ (bpy is 2,2'-bi-
pyridine) where the ground-state electronic configuration is (dir)6 

and the relevant excited states are metal-to-ligand charge transfer 
(MLCT) in character.5"10 An example of a photoconversion 

(1) (a) Gafney, H. D.; Adamson, A. W. J. Am. Chem. Soc. 1972, 94, 8238. 
(b) Bock, C. R.; Meyer, T. J.; Whitten, D. F. /. Am. Chem. Soc. 1974, 96, 
4710. 

(2) (a) Photochemical Conversion and Storage of Chemical Energy; Co-
nolly, J. S., Ed.; Academic Press: New York, 1981. (b) Energy Resources 
Through Photochemistry and Catalysis; Gratzel, M., Ed.; Academic Press; 
New York, 1983. (c) Bolton, J. S. Science 1978, 202, 705. 

(3) (a) Sutin, N.; Creutz, C. Pure Appl. Chem. 1980, 52, 2717. (b) Sutin, 
N. J. Photochem. 1979, 10, 19. 

(4) (a) Kirch, M.; Lehn, J.-M.; Sauvage, J.-P. HeIv. Chim. Acta 1979, 62, 
1345. (b) Darwent, J. R.; Douglas, P.; Harriman, A. Coord. Chem. Rev. 1982, 
44, 83. 

(5) (a) Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159. (b) 
Meyer, T. J. Prog. Inorg. Chem. 1983, 30, 389-440. (c) Juris, A.; Barigelletti, 
; Campagna, S.; Balzani, V.; Belser, P.; Von Zelewsky, A. Coord. Chem. Rev. 
1988, 84, 85-277. 

(6) (a) Watts, R. J. J. Chem. Educ. 1983, 60, 834. (b) Seddon, E. A.; 
Seddon, K. R. The Chemistry of Ruthenium; Elsevier: Amsterdam, 1984; 
pp 1173-1316. 

conversion under these conditions almost pure cyclohexen-3-one 
would be obtained. 

To obtain pure exo-norbornene epoxide, the (TPP)Cr(III) 
catalyzed reaction (exo/endo > 1000) is preferable even to 
MCPBA epoxidation (exo/endo = 690). On the other hand, we 
can obtain 20% endo-epoxidt with the most electronegative iron 
porphyrins or electronegative ./V-alkyliron porphyrins. Although 
a separation is required, this one-step, high overall yield process 
is the easiest route to this epoxide. 

As we have previously indicated,32 the electronegative iron 
porphyrins also provide high selectivity for dienes over monoenes 
and for c/s-alkenes over r/ww-alkenes. We also see little loss of 
stereospecificity with electronegative iron porphyrins whereas other 
iron porphyrins and manganese porphyrin catalyzed epoxidations 
give some loss of stereospecificity. 

A comparison of kinetic properties of these metalloporphyrins 
that further delineates their differences will be reported elsewhere. 
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Scheme I 

^u(DPy)3
2+* + PQ2+ ; = ^ 3CRu(bpyl3

2+ ,PQ+ ] ^ 3r.Ru<bpy>3
 +, PQ+: 

KdrfW +(A)0 I l (d,r f<A>W! 
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Ru(bpy>3

2+ 1CRu(bpy)3
2+, PQ2+D Ru(bpy)3

 + + PQ 

(dr)6 KdT)6, ( A f t KdX)5A1,)
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sequence based on the oxidative quenching of [Ru(bpy)3]2+* by 
PQ2+ (PQ2+ is l,r-dimethyl-4,4'-bipyridinium dication) is shown 
in Scheme I.lb 

In the electronic configurations shown in Scheme I, ir*b and 
7T*p are the lowest lying IT* levels of bpy and PQ2+. The dominant 

(7) (a) Hager, G. D.; Crosby, G. A. /. Am. Chem. Soc. 197S, 97, 7031. 
(b) Lacky, D. E.; Pankuch, B. J.; Crosby, G. A. /. Phys. Chem. 1980, 84, 
2068. (c) Allsopp, S. R.; Cox, A.; Kemp, T. J.; Reed, W. J. /. Chem. Soc, 
Faraday Trans. 1974, 96, 629. 

(8) (a) Ferguson, J.; Herren, F.; Krausz, E. R.; Vrbanich, J. Coord. Chem. 
Rev. 1985, 64, 21. (b) Yersin, H.; Gallhuber, E. /. Am. Chem. Soc. 1984, 
106, 6582. 

(9) Meyer, T. J. Pure Appl. Chem. 1986, 50, 1293. 
(10) (a) Krause, R. A. Struct. Bonding 1987, 67, 1-52. (b) Krausz, E. 
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Abstract: Metal-to-ligand charge-transfer excitation of the complex [Ru(bpyCH2OCH2An)3]
2+ (bpyCH2OCH2An is 4-

[(9-anthrylmethoxy)methyl]-4'-methyl-2,2'-bipyridine is followed by rapid (<5 ns), efficient intramolecular energy transfer 
to one of the chemically attached anthryl groups, to give the anthryl triplet, -3An. It has a lifetime of 6 us in CH3CN at 
295 K. Oxidative quenching of [(bpyCH2OCH2An)2Ru"(bpyCH2OCH2

3 An)J2+* by PQ2+ (PQ2+ is paraquat) occurs initially 
at -3An with £(295 K, CH3CN) = 2.2 X 109 M"1 s"1. The oxidative quenching step is followed by rapid intramolecular electron 
transfer to give [(bpyCH2OCH2An)2Rum(bpyCH2OCH2An)]3+. 
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