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Abstract: A ferric complex, (Et3HN)Fe111CbPb)Cl2, has been synthesized, and its structure has been determined by X-ray 
crystallography. This complex and its triflate derivative, (Et3HN)Fem(bpb)(OT02 , are found to catalyze the epoxidation 
of a variety of olefins by iodosylbenzene, OIPh. These reactions give little allylic oxidation of cyclohexene and stereochemical 
retention with cw-stilbene. Al(OTO3, a nonredox metal salt, has also been found to catalyze the epoxidation of cyclohexene 
by iodosylbenzene, and the reactivity is quite similar to that of Fe(OTf)3, which we studied previously. In addition to epoxides, 
other products were observed. For the reactions containing Fe(OTf)3, Al(OTO3, or (Et3HN)Fe ln(bpb)(OTO2. cis-1,2-
cyclohexanediol ditriflate and 3-acetamidocyclohexene were found. The amide oxygen in 3-acetamidocyclohexene was derived 
from iodosylbenzene as verified by isotopic labeling using 18OIPh. For the reactions containing (Et3HN)Fem(bpb)Cl2, FeCl3, 
or AlCl3, trans- 1,2-dichlorocyclohexane and 3-chlorocyclohexene were observed. 1,4-Diiodobenzene was found in all of the 
reactions. The presence of these products suggests strongly that the mechanisms of these reactions are related to those occurring 
between soluble iodine(III)-containing compounds and olefins in the absence of any metal catalysts. A new mechanism that 
accounts for all of the products is proposed which involves electrophilic attack on the olefin by the iodine(III) center in a 
metal-iodosylbenzene complex. The reactions of PhI(OAc)2 with norbornenecarboxylic acid or norbornene in different solvents 
were also investigated. The products isolated were shown to be 5-(acetyloxy)-3,3a,4,5,6,6a-hexahydro-
[30,3aa,5a,6/S,6aa]-3,6-methano-2i/-cyclopenta[2>]furan-2-one (1) , 5-acetamido-3,3a,4,5,6,6a-hexahydro-
[3#,3aa,5a,6/J,6aa]-3,6-methano-2#-cyclopenta[6]furan-2-one (2), and exo-2-acetoxy-.y/i-7-acetamidonorbornane (3). The 
structures of 1 and 3 were determined by X-ray crystallography. The formation of these products provides additional evidence 
for the electrophilic character of iodine(III) compounds. 

Introduction 

Iodosylbenzene, OIPh, has been widely used as an oxygen atom 
donor in mechanistic studies of cytochrome P-450, a heme-con-
taining monooxygenase enzyme, and its metalloporphyrin models.1 

It has been concluded from such studies that a high-valent iron(IV) 
oxo cation radical species is involved as an intermediate.1 Less 
is known about intermediates formed in reactions of the non-heme 
iron containing monooxygenase enzymes, for example, the hy­
drocarbon monooxygenase system from Pseudomonas oleovorans 
(POM),2 methane monooxygenase (MMO), 3 and phenylalanine 
hydroxylase (PAH),4 which catalyze reactions analogous to those 
observed for their heme-containing counterparts. Our laboratory5 

and others6 have studied the reactions of iodosylbenzene with 
olefins catalyzed by non-porphyrin metal complexes in the hope 
of gaining some understanding of the nature of possible inter­
mediates in the non-heme enzymatic reactions and of the process 
of oxygen atom transfer to organic substrates. 

Iodosylbenzene is a polymeric substance with the proposed 
structure shown below. 

I P / ^ V V ) 
It is obviously related to a large number of !'"-containing com­
pounds of the forms PhI(X)Y and 0[IPh(X)] 2 : 

X = OH1Y = OTs; X = OTf, NO3, 0OCCF3, etc. 
X = Y = OAc, etc. 

The chemistry of such iodine(III) compounds with organic sub­
strates has been investigated since they show promise as reagents 
for use in organic synthesis.7'8 For example, reactions of alkenes 
with hydroxy(tosyloxy)iodobenzene [PhI(OH)(OTs)] or other 

f This work constitutes part of the Ph.D. thesis of Y. Yang, University of 
California, Los Angeles, 1990. A portion of this work was communicated 
previously: Yang, Y.; Diederich, F.; Valentine, J. S. J. Am. Chem. Soc. 1990, 
//2,7826-7828. 

iodine(III) compounds yield c('s-l,2-substituted alkanes,7 and 
PhI(OH)(OTs) reacts with various alkynes to afford stable 
phenyl[(/3-tosyloxy)vinyl]iodonium tosylates,7"5 suggesting that 

(1) McMurry, T. J.; Groves, J. T. In Cytochrome P-450: Structure, 
Mechanism and Biochemistry; Ortiz de Montellano, P. R., Ed.; Plenum Press: 
New York, 1986; pp 1-28 and references therein. 

(2) (a) Ruettinger, R. T.; Griffith, G. R.; Coon, M. J. Arch. Biochem. 
Biophys. 1977, 183, 528-537. (b) May, S. W.; Abbott, B. J. Biochem. 
Biophys. Res. Commun. 1972, 48, 1230-1234. (c) May, S. W.; Abbott, B. 
J. J. Biol. Chem. 1973, 248, 1725-1730. (d) May, S. W.; Schwartz, R. D. 
J. Am. Chem. Soc. 1974, 96, 4031-4032. (e) May, S. W.; Steltenkamp, M. 
S.; Schwartz, R. D.; McCoy, C. J. J. Am. Chem. Soc. 1976, 98, 7856-7858. 
(f) May, S. W.; Gordon, S. L.; Steltenkamp, M. S. / . Am. Chem. Soc. 1977, 
99, 2017-2024. (g) Katopodis, A. G.; Wimalasena, K.; Lee, J.; May, S. W. 
J. Am. Chem. Soc. 1984,106, 7928-7935. (h) May, S. W.; Padgette, S. R. 
Bio/Technology 1983, /, 677-86. (i) May, S. W.; Katopodis, A. G. Enzyme 
Microb. Technol. 1986, 8, 17-21. 

(3) (a) Colby, J.; Stirling, D. I.; Dalton, H. Biochem. J. 1977, 165, 
395-402. (b) Lund, J.; Woodland, M. W.; Dalton, H. Eur. J. Biochem. 1985, 
147, 297-305. (c) Green, J.; Dalton, H. / . Biol. Chem. 1985, 260, 
15795-15801. (d) Woodland, M. P.; Dalton, H. J. Biol. Chem. 1984, 259, 
53-59. (e) Woodland, M. P.; Dalton, H. Anal. Biochem. 1984,139,459-462. 

(4) (a) Kaufman, S.; Fisher, D. B. In Molecular Mechanisms of Oxygen 
Activation; Hayaishi, 0., Ed.; Academic: New York, 1974; pp 285-369. (b) 
Dix, T. A.; Benkovic, S. J. Ace. Chem. Res. 1988, 21, 101-107. 

(5) (a) VanAtta, R. B.; Franklin, C. C; Valentine, J. S. Inorg. Chem. 
1984, 23, 4121-4123. (b) Valentine, J. S.; VanAtta, R. B.; Margerum, L. 
D.; Yang, Y. In Activation of Dioxygen and Homogeneous Catalytic Oxi­
dations; Ando, W., Ed.; Elsevier: New York, 1988; pp 175-184. (c) Nam, 
W.; Valentine, J. S. J. Am. Chem. Soc. 1990, 112, 4977-4979. 

(6) (a) Samsel, E. G.; Srinivasan, K.; Kochi, J. K. /. Am. Chem. Soc. 1985, 
107, 7606-7617. (b) Koola, J. D.; Kochi, J. K. J. Org. Chem. 1987, 52, 
4545-4553. (c) Srinivasan, K.; Michaud, P.; Kochi, J. K. J. Am. Chem. Soc. 
1986,108, 2309-2320. (d) Koola, J. D.; Kochi, J. K. Inorg. Chem. 1987, 26, 
908-916. (e) Kinneary, J. F.; Albert, J. S.; Burrows, C. J. J. Am. Chem. Soc. 
1988,//0,6124-6129. 

(7) (a) Rebrovic, L.; Koser, G. F. J. Org. Chem. 1984,49, 2462-2472. (b) 
Koser, G. F.; Rebrovic, L.; Wettach, R. H. J. Org. Chem. 1981, 46, 
4324-4326. (c) Zefirov, N. S.; Zhdankin, V. V.; Dan'kov, Y. V.; Sorokin, 
V. D.; Semerikov, V. N.; Koz'min, A. S.; Caple, R.; Berglund, B. A. Tetra­
hedron Lett. 1986, 27, 3971-3974. (d) Zefiroy, N. S.; Zhdankin, V. V.; 
Dan'kov, Y. V.; Koz'min, A. S. J. Org. Chem. USSR (Engl. Transl.) 1984, 
20, 401-402. (e) Zhdankin, V. V.; Tykwinski, R.; Berglund, B.; Mullikin, M.; 
Caple, R.; Zefirov, N. S.; Koz'min, A. S. /. Org. Chem. 1989, 54, 2609-2612. 
(f) Hembre, R. T.; Scott, C. P.; Norton, J. R. / . Org. Chem. 1987, 52, 
3650-3654. 

(8) (a) Shah, M.; Taschner, M. J.; Koser, G. F.; Rach, N. L. Tetrahedron 
Lett. 1986,27,4557-4560. (b) Shah, M.; Taschner, M. J.; Koser, G. F.; Rach, 
N. L.; Jenkins, T. E.; Cyr, P.; Powers, D. Tetrahedron Lett. 1986, 27, 
5437-5440. 
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iodine(III) in these compounds acts as an electrophilic center. 
Koser and co-workers have proposed a mechanism involving 
electrophilic addition of iodine(III) to the double bond of alkenes 
in the first step.7* Interestingly, in addition to these products, stable 
iodine-substituted compounds have been formed in some cases.7c 

For example, in the reaction of C3F7I(OH)(OTs) with cyclo-
hexene, ttwts-l-iodo-2-(tosyloxy)cyclohexane has been observed.70 

The formation of this iodine compound provides direct evidence 
of addition of iodine to the double bond of alkenes and strongly 
supports the assignment of electrophilic character to iodine(III). 
Moriarty et al. have proposed that the mechanism in the met­
al-catalyzed oxygenation reactions with iodosylbenzene may be 
related to that in these organic reactions.9 Our recent discovery50 

that nonredox metals can catalyze olefin epoxidation by iodo­
sylbenzene have led us to investigate this possibility further. 

We have synthesized a new iron complex, (Et3HN)Fe(bpb)X2 

(H2bpb = 1,2-bis(2-pyridinecarboxamido)benzene; X = Cl, OTO, 
and have found that it can catalyze the epoxidation of olefins by 
iodosylbenzene. In addition to epoxides, we noted the formation 
of other products whose presence suggests strongly that the 
mechanisms of these reactions are related to those occurring 
between olefins and soluble !'"-containing compounds in the 
absence of any metal catalyst. We therefore examined a nonredox 
metal salt, Al(OTO3, as a catalyst for olefin epoxidation reactions 
and reinvestigated the reaction of Fe(OTO3. We find that Al-
(OTO3 can catalyze olefin epoxidation with iodosylbenzene, giving 
yields and product distributions similar to those obtained with 
Fe(OTO3. The new products found in the (Et3HN)Fe(bpb)(OT02 

reactions were also observed in the case of Fe(OTO3 and Al(OTO3-
On the basis of these results, we propose a mechanism involving 
metal complex catalyzed electrophilic attack of I"1 on alkenes. 

Experimental Section 
Materials. Unless otherwise stated, all chemicals were purchased from 

Aldrich and used without further purification. cw-Stilbene, trans-0-
methylstyrene, and styrene were distilled under reduced pressure. 
rra/w-Stilbene was sublimed. cw-l,2-Dichlorocyclohexane (Frinton 
Laboratory) and 3-chlorocyclohexene (K & K Rare & Fine Chemicals) 
were purified by distillation before use. Bicyclo[2.2.1]-5-heptene-2-
carboxylic acid (or norbornenecarboxylic acid, 98%, predominantly endo 
isomer, Lancaster) was used as received. HPLC grade solvents were 
purchased from Fisher. Acetonitrile was distilled from calcium hydride 
and then passed through Woelm Super I active grade alumina. Ethanol 
was distilled from magnesium ethoxide before use. Iodosylbenzene was 
prepared by literature methods10 and stored at -30 0C in the dark. 
>i-Oxobis[(triflato)(phenyl)iodine] [0(IPh(OTO)2] was prepared by 
literature methods.7' 

Instrumentation, Infrared spectra were recorded on a Beckman 4260 
spectrophotometer. Visible spectra were obtained by using a Beckman 
5270 spectrophotometer. 1H and 13C NMR spectra were measured in 
CDCl3 against TMS as an internal standard on a Bruker AF 200 spec­
trometer. EPR spectra were determined by using a Bruker 200D spec­
trometer equipped with a liquid nitrogen dewar. Low-resolution electron 
impact mass spectra were performed on a MS 902 spectrometer. 

Organic products from the reactions of olefins with iodosylbenzene 
catalyzed by iron complex were analyzed by GC/MS or HPLC. The 
GC/MS analysis was performed on a Hewlett-Packard 5890 gas chro-
matograph with a 0.2-mm 5% phenyl methyl silicone capillary column 
(25 m in length), interfaced to a Hewlett-Packard 5970 mass selective 
detector. The HPLC analysis was performed on a Beckman 344 high-
performance liquid chromatograph system with an UV detector. Alltech 
Econosphere Cl8 columns were used to separate reaction mixtures. 

(Et3HN)Feln(bpb)CI2. The ligand 1,2-bis(2-pyridinecarboxamido)-
benzene (H2bpb) was prepared by the method of Barnes et al." An­
hydrous FeCl3 (162 mg, 1 mmol) was added to a solution of H2bpb (318 
mg, 1 mmol) and 300 nL of Et3N in 30 mL of dry acetonitrile in a 
Vacuum Atmospheres glovebox under a helium atmosphere. The solution 
turned dark green immediately. The solution was stirred for approxi­
mately 2 h and cooled at -30 0C overnight. A small amount of brown 
precipitate was removed by filtration. After reducing the volume of the 

(9) Moriarty, R. M.; Penmasta, R.; Prakash, I. Tetrahedron Lett. 1985, 
26, 4699-4702. 

(10) Lucas, H. J.; Kennedy, E. R.; Formo, M. W. Organic Syntheses; 
Wiley: New York, 1955; Collect. Vol. Ill, pp 483-484. 

(11) Barnes, D. J.; Chapman, R. L.; Vagg, R. S.; Watton, E. C. J. Chem. 
Eng. Data 1978, 23, 349-350. 

solution, it was cooled at -30 0C for 2 days. A mixture of dark green 
crystals of (Et3HN)Feln(bpb)Cl2 and white crystals of Et3N-HCl was 
formed and isolated by filtration. The mixture was separated by taking 
advantage of solubility differences in ethanol. Stirring the solid mixture 
in dry ethanol followed by quick filtration removed Et3N-HCl and gave 
(EtjHN)Fen,(bpb)Cl2 as a crystalline solid in 50% yield: IR (KBr) v 
(amide) 1620 cm"' and no N-H stretch. Anal. Calcd for (Et3HN)-
Fem(bpb)Cl2-CH3CN (FeC26N6O2Cl2H31): Fe, 9.52; C, 53.25; H, 5.34; 
N, 14.33; Cl, 12.09. Found Fe, 9.80; C, 53.01; H, 5.13; N, 14.05; Cl, 
12.91. The EPR spectra were taken for both solution and solid samples 
at 90 K. The visible spectrum of a 1 X 10"3 M solution of (Et3HN)-
Fem(bpb)Cl2 in acetonitrile was recorded in a 1-cm cell. 

(Et3HN)Fe"'(bpb)(OT02 Solutions. Ag(OTO (2 equiv) was added 
to solutions of (Et3HN)Fe'"(bpb)Cl2 in acetonitrile, and AgCl was re­
moved by filtration. The dark brown solutions were used for reactions. 

Al(OTO3 Solutions. Ag(OTO (3 equiv) was added to a solution of 
AlCl3 in acetonitrile, and AgCl was removed by filtration. The colorless 
solutions were used for reactions. By removal of the solvent under vac­
uum, a white solid was obtained and sent for analysis. Anal. Calcd for 
A1(OT03-3CH3CN (AlC9H9N3O9F9S3): AI, 4.52; C, 18.09; H, 1.52; N, 
7.04; S, 16.10; Cl, 0.00. Found: Al, 4.32; C, 17.15; H, 1.50; N, 6.12; 
S, 16.01; Cl, 0.023. 

General Procedure for Reactions of Olefins with Iodosylbenzene in the 
Presence of Metal Catalysts. AU reactions were carried out in a Vacuum 
Atmospheres glovebox under a helium atmosphere. In a typical ep­
oxidation reaction, (Et3HN)Fe'"(bpb)Cl2 (0.005 mmol) was dissolved in 
5 mL of acetonitrile, and olefin (0.5 mmol) was added. Iodosylbenzene 
(0.1-0.2 mmol) was then added all at once to the solution with constant 
stirring. The reaction mixture was filtered through a Gelman Acrodisc 
0.45-M filter to eliminate unreacted iodosylbenzene. Aliquots were taken 
at timed intervals and analyzed by GC/MS or HPLC. An internal 
standard (rt-decane, n-nonane, or chlorobenzene) was used in analysis by 
GC/MS. 

For observation of other products, different concentrations of sub­
stances were used. In the cases of (Et3HN)Feln(bpb)(OTp2, Fe(OTO3, 
or Al(OTO3, iodosylbenzene (0.8 mmol) was added to solutions consisting 
of 4 mL of acetonitrile, 1 mL of cyclohexene, and metal complexes (0.025 
mmol) (plus 0.4 mmol of Li(OTO when indicated). In the cases of 
(Et3HN)Fem(bpb)Cl2, FeCl3, or AlCl3, iodosylbenzene (0.4 mmol) was 
added to 5-mL acetonitrile solutions containing cyclohexene (0.5 mmol) 
and metal complexes (0.025 mmol). The reaction mixtures were filtered 
and analyzed by GC/MS. 

Effect of Cyclohexene Concentration. In order to assay the effect of 
substrate concentration on epoxide formation, the reaction with different 
concentrations of cyclohexene (50 mM to 2 M) was carried out. 

Relative Reactivity of Olefins in the Epoxidation Catalyzed by Fe-
(OTO2. The relative reactivities of substituted styrenes to styrene, 
measured by intermolecular competition, were calculated by eq 1, where 

V * y = log (XfZXi)Z]Og(YtZYJ (1) 

X1 and Y1 are the initial concentrations of the olefins X (substituted 
styrenes) and Y (styrene), and X, and Y, are the final concentrations of 
these olefins. The olefins used in this study included styrene, 4-meth-
oxystyrene, 4-methylstyrene, 4-chlorostyrene, and 3-chlorostyrene. In a 
typical competition reaction, styrene and substituted styrene (0.45 mmol 
each) were mixed in an acetonitrile (15 mL) solution containing Fe-
(OTO2 (0.03 mmol) and the internal standard chlorobenzene (0.45 
mmol). The solution was divided into three parts of 5 mL each. Iodo­
sylbenzene (0.08 mmol) was added to each solution, and the mixtures 
were stirred for 30 min. Aliquots were taken before addition of the 
iodosylbenzene and 30 min after it was added. The amounts of olefins 
were determined by GC/MS. The relative reactivities were calculated 
by the above equation. 

c/5-l,2-Cyclohexanediol Ditriflate. The product was isolated from the 
reaction of cyclohexene with iodosylbenzene and Al(OTO3 in acetonitrile 
and purified on a silica gel column as an oil. It was identified by com­
parison with published 1H NMR data.7' This product from reactions 
containing other metal complexes was identified by GC/MS. Quanti­
tative analysis was performed by GC/MS using the above purified com­
pound as a standard. 

3-Acetamidocyclohexene. This product was isolated from the reaction 
of cyclohexene with iodosylbenzene and Zn(OTO2 and purified on a silica 
gel column as a white solid: mp 78.5-80.5 0C (lit.12 mp 78 0C); IR 
(KBr) v (NH) 3260, (CONH) 1633, 1539 cm"1; 1H NMR 6 5.75-5.85 
(m, 1 H, CH=), 5.59 (br, 1 H, NH), 5.45-5.55 (m, 1 H, CH=), 
4.35-4.4 (m, 1 H, CHN), 1.91 (s, 3 H, CH3), 1.35-2.05 (m, 6 H, CH2); 
13C NMR 6 169.3 (C=O)1 130.9, 12.7 (CH=CH), 44.7 (CHN), 23.5 

(12) Shono, T.; Ikeda, A. J. Am. Chem. Soc. 1972, 94, 7892-7898. 
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Table I. Crystal and Refinement Data for (Et3HN)Fe(bpb)Cl2-CH3CN, 1, and 3 

formula 
formula weight 
crystal syst 
space group 
crystal color 
crystal habit 
a, A 
b, A 
c, A 
a, deg 
/3, deg 
T. deg 
Z 
v, A3 

p(calcd), g cm"3 

radiation, X 
F(OOO), e 
temperature, K 
diffractometer 
scan mode, speed (deg/min) 
20 range, deg 
data collected 
total data collected 
unique data used (/ > 3<r(/)) 
no. of params refined 
final shift/error, max and av 
max resid density, e/A3 

R 
Rw 

(Et3HN)Fe(bpb)Cl2.CH3CN 

FeC26N6O2Cl2H3, 
586.32 
monoclinic 
C2/c 
dark green 
diamond 
32.06 (1) 
12.802 (3) 
15.613 (4) 
90.00 (0) 
115.89(1) 
90.00 (0) 
8 
5764.14 
1.35 
Mo Ka 0.7107 
2440 
298 
Picker 
8-26, 3.0 
1-45 
h, k, ±1 
7576 
4937 
289 
0.022, 0.002 
0.52 
0.082 
0.081 

1 

C10O4H12 

196.20 
monoclinic 
P2\/c 
colorless 
rectangular 
5.614(1) 
8.252(1) 
20.228 (1) 
90.00 
97.03 (1) 
90.00 
4 
930.05 
1.40 
Mo Ka 0.7107 
416 
298 
Picker 
0-26, 3.0 
1-50 
h, k, ± / 
1928 
1198 
127 
0.044, 0.009 
0.56 
0.048 
0.066 

3 

C22H34O6N2 

422.52 
triclinic 
P\ 
colorless 
rectangular 
9.734 (0) 
11.608 (1) 
10.671 (1) 
98.72 (0) 
90.53 (0) 
99.56 (0) 
2 
1174.50 
1.19 
Mo Ka 0.7107 
456 
298 
Picker 
6-26, 3.0 
1-45 
h, ±k, ±/ 
3551 
1020 
271 
0.012,0.002 
0.43 
0.075 
0.082 

(CH3), 29.4, 24.8, 19.7 (CH2); MS m/z (relative intensity) 139 (100, 
M+), 97 (13, M+ - O=C=CH2). This same product was identified by 
GC/MS in the case of reactions containing other metal complexes. 
Quantitative analysis was performed by GC/MS using the purified 
compound as a standard. It was important for the column to be very 
clean in order to detect this compound. 

Reaction of Cyclohexene with M-Oxobis[(triflato)(phenyl)iodine]. M-
Oxobis[(triflato)(phenyl)iodine] [0(IPh(OTO)2] dimer \% soluble in 
acetonitrile and forms a yellow solution. When cyclohexene (1 mL, 10 
mmol) was added to an acetonitrile (4 mL) solution of 0[IPh(OTQ]2 
(18.1 mg, 0.025 mmol), the yellow color disappeared immediately. The 
reaction was also carried out in an acetonitrile solution (5 mL) of cy­
clohexene (200 mM, 100 mL) and 0[IPh(OTO]2 (5 mM). The amounts 
of c/i-l,2-cyclohexanediol ditriflate formed in these reactions were de­
termined by GC/MS. 

18OIPh Labeling Studies. 18OIPh was made from 97.5 atom % H2
18O 

by the method of Schardt and Hill13 and checked by IR. 18O incorpo­
ration into products was determined by analysis of mass spectra from 
GC/MS. 18O incorporation into cyclohexene oxide was determined on 
the basis of the 85:83 fragment ratio. 18O incorporation into 3-acet-
amidocyclohexene was determined on the basis of the 141:139 parent 
peak ratio. 

3,6-Methano-2//-cyclopenta[A ]furan-2-one, 5-(Acetyloxy)-
3,3a,4,5,6,6a-hexahydro-[3#,3aa,5a,6/9,6aa]- (I)- Iodobenzene diacetate 
(6.3 g, 19.6 mmol) and bicyclo[2.2.1]-5-heptene-2-carboxylic acid (2.7 
g, 19.6 mmol) were placed in a 300-mL round-bottom flask, and glacial 
acetic acid (approximately 100 mL) was added. The reaction was stirred 
for 3 days at room temperature and filtered to remove unreacted iodo­
benzene diacetate. Water was added to the reaction mixture, which was 
then extracted with ethyl ether. The ether layer was washed twice with 
distilled water, once with 10% NaOH, and twice more with distilled 
water. Subsequent drying (magnesium sulfate, MgSO4), filtration, and 
evaporation of the solvent gave a liquid. Addition of petroleum ether 
caused a white solid to precipitate. Compound 1 was then purified by 
silica gel column chromatography (60-200 mesh) using hexanes and then 
chloroform as eluents. The product was finally obtained in a low yield 
(50 mg, 1.3%): mp 109-110 0C (lit.14b mp 116-116.5 0C); IR (KBr) 
c (C=O, lactone) 1795, (C=O, acetate) 1730 cm"1; 1H NMR (for 
numbering, see eq 5; assignments are based on 1H-13C heteronuclear 2D 
COSY spectrum) h 5.00 (s, br, 1 H, 7-H), 4.85-4.9 (m, 1 H, 2-H), 

(13) Schardt, B. C; Hill, C. L. Inorg. Chem. 1983, 22, 1563-1565. 
(14) (a) Moriarty, R. M.; Walsh, H. G.; Gopal, H. Tetrahedron Lett. 

1966,4363-4367. (b) Moriarty, R. M.; Gopal, H.; Walsh, H. G. Tetrahedron 
Lett. 1966, 4369-4374. (c) Moriarty, R. M.; Gopal, H. Tetrahedron Lett. 
1972, 347-350. (d) Moriarty, R. M.; Gopal, H.; Flippen, J. L.; Karle, J. 
Tetrahedron Lett. 1972, 331-354. 

2.75-2.8 (m, 1 H, 4-H), 2.65-2.7 (m, 1 H, 5-H), 2.6-2.65 (m, 1 H, 1-H), 
2.05 (s, 3 H, CH3), 2.0-2.1 (m, 1 H, 3-Hen00), 1.75-1.8 (m, 1 H, 6-H010), 
1.65-1.7 (m, 1 H, 3-H„„), 1.4-1.55 (m, 1 H, 6-Hendo);

 13C NMR (as­
signments are based on 1H-13C heteronuclear 2D COSY spectrum) & 
178.0 (C=O), 169.9 (C=O), 83.9 (C-7), 75.6 (C-2), 45.7 (C-4), 43.2 
(C-5), 42.2 (C-I), 29.3 (C-3), 24.9 (C-6), 21.0 (CH3); MS m/z (relative 
intensity) 196 (0.6, M+), 136 (97, M+ - CH3COOH), 108 (100, M+ -
CH3COOH - CO). The control reaction of norbornenecarboxylie acid 
in acetic acid in the absence of iodobenzene diacetate was carried out, 
and the product 1 was not observed. 

3,6-Methano-2f/-cyclopenta[A ]furan-2-one, 5-Acetamido-
3,3a,4,5,6,6a-hexahydro-[3/8,3aa,5a,60,6aa]- (2). Iodobenzene diacetate 
(0.86 g, 6.2 mmol) and bicyclo[2.2.1]-5-heptene-2-carboxylic acid (2.0 
g, 6.2 mmol) were placed in a 300-mL round-bottom flask. Acetonitrile 
was added until all of the iodobenzene diacetate dissolved completely 
(approximately 100 mL). The reaction was stirred for 3 days at room 
temperature. A thick liquid was obtained after the solvent was removed 
under vacuum. An off-white solid precipitated after addition of ethyl 
ether to the liquid. Compound 2 was obtained in 0.22 g (18%) after 
filtration: mp 168-169 0C; IR (KBr) i/ (N-H) 3275, (C=O, lactone) 
1810, (CONH) 1635, 1555 cm"1; 1H NMR (for numbering, see eq 6) 
b 5.99 (s, br, 1 H, NH), 4.91 (s, 1 H, 7-H), 4.05 (m, 1 H, 2-H), 2.6-2.9 
(m, 3 H, 1,4,5-H), 1.6-2.3 (m, 4 H, 3,6-H), 1.97 (s, 3 H, CH3);

 13C 
NMR & 178.5 (C=O), 169.9 (C=O), 84.1 (C-7), 53.3 (C-2), 46.3 
(C-4), 43.8 (C-5), 42.7 (C-I), 29.3 (C-3), 26.8 (C-6), 23.1 (CH3); MS 
m/z (relative intensity) 195 (100, M+), 153 (68, M+ - O=C=CH2). 
The control experiment demonstrates that reaction of norbornene­
carboxylie acid in acetonitrile in the absence of iodobenzene diacetate 
does not occur. 

Isotopic Labeling Studies. The above reaction was carried out in 
deuterated acetonitrile (CD3CN) solvent. The solid CD3CONH deriv­
ative was obtained by the same method used in isolating compound 2. 

Mo-2-Acetoxy-syn-7-acetamidonorbornane (3). Iodobenzene di­
acetate (15.4 g, 47 mmol) was added to a solution of norbornene (4.5 g, 
47 mmol) in acetonitrile (50 mL) and glacial acetic acid (20 mL). The 
mixture was heated at 55 0C for 3 days. The acetonitrile was removed 
under vacuum. An aqueous solution of sodium hydrogen carbonate 
(NaHCO3) was added to the residue, and the mixture was extracted with 
chloroform to remove acetic acid. The organic layer was washed with 
distilled water and dried with magnesium sulfate. The products were 
separated by silica gel column chromatography (60-200 mesh). Iodo­
benzene was washed out with hexanes. A white product mixture con­
sisting of 3 and other isomers was obtained in approximately 2.4 g (24%) 
by elution with chloroform. Crystals of 3 for X-ray analysis were ob­
tained from the first fraction eluted with chloroform: IR (KBr) v (N— 
H) 3320, (C=O, acetate) 1740, 1645, (CONH) 1545 cm"1; MS m/z 
(relative intensity) 211 (6, M+), 151 (100, M+ - CH3COOH). 
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Figure 1. ORTEP diagram for Fe(bpb)Cl2". 

X-ray Crystallographic Determination of Structures of (Et3HN)-
Fe'"(bpb)Cl2.CH3CN, 1, and 3. A summary of crystallographic param­
eters for (Et3HN)Fe11HbPb)Cl2-CH3CN, 1, and 3 is given in Table I. 
Single crystals of (Et3HN)Fem(bpb)Cl2-CH3CN with dark green color 
were grown from acetonitrile at -30 0C in the glovebox freezer. Single 
crystals of 1 were grown from chloroform in a NMR tube at room 
temperature. Single crystals of 3 were grown when a saturated warm 
chloroform solution was cooled to room temperature. Both crystals of 
1 and 3 were colorless. All data were collected on a Picker diffractometer 
at room temperature. The structure of the iron complex was solved in 
the monoclinic space group C2/c by conventional heavy-atom methods. 
The position of the Fe atom was determined from a Patterson map, while 
the remaining non-hydrogen atoms were located from subsequent dif­
ference-Fourier maps. This was followed by several cycles of full-matrix 
least-squares refinement. At least one hydrogen on methyl and methy­
lene groups was found in a difference electron density map. The other 
positions of hydrogen atoms were calculated on the basis of idealized 
bond lengths and angles for sp3 and sp2 hybridized carbons. Neither the 
positions nor the temperature factors were refined for the hydrogen 
atoms. A final least-squares refinement led to R = 0.082 and Rw = 
0.081. Both structures of 1 and 3 were solved by direct methods 
(MULTAN80), 1 in the monoclinic space group Pl\ and 3 in the triclinic 
space group Pl. The positions of non-hydrogen atoms were located from 
difference electron density maps. This was followed by several cycles of 
full-matrix least-squares refinement. For 3, the positions of the amide 
nitrogen atom and the acetate oxygen atom were determined by refining 
the occupation of the two atoms. Since nitrogen atoms should have 
hydrogen atoms attached while oxygen atoms should not, location of the 
hydrogen atom in a difference map around nitrogen was also helpful in 
distinguishing acetamide and acetate groups. The positions of hydrogen 
atoms were located by the same method as described for the iron com­
plex. Final least-squares refinements led to R = 0.048 and /?w = 0.066 
for 1 and R = 0.075 and Rw = 0.086 for 3. Tables of the fractional 
coordinates, bond distances, bond angles, and isotropic and anisotropic 
temperature factors for all three compounds are listed in the supple­
mentary material. 

Isomerization of c/s-Stilbene. PhI(OH)(OTs) (0.025 mmol) was 
added to an acetonitrile (5 mL) solution of ck-stilbene (100 mM). 
Aliquots were taken before and after addition of PhI(OH)(OTs), and the 
reaction was stirred for 30 min. These samples were diluted and analyzed 
by HPLC. 

Results 
I. Synthesis and Structure of (Et3HN)Fe11HbDb)Q2. The ferric 

complex used in this study was synthesized from the reaction of 
anhydrous FeCl3 with H2bpb in the presence of triethylamine in 
acetonitrile. The (Et3HN)Fen,(bpb)Cl2 complex has dark green 
color. It is sensitive to moisture and slowly decomposes after 

EtHN 

o^-o 
rE%KNjft""(bpb)q, 

exposure to air for several days. The ORTEP diagram from the 
X-ray crystallography for the complex is shown in Figure 1. The 

Table II. Selected Bond Distances (A) and Angles (deg) for 
(Et3HN)Fe(bpb)Cl2-CH3CN° 

bond distance 

Fe-Nl 
Fe-N 2 
Fe-N 3 
Fe-N4 
Fe-CIl 
Fe-C12 

2.178 (5) 
2.037 (4) 
2.047 (4) 
2.173 (5) 
2.350 (2) 
2.340 (2) 

bond angle 

Nl -Fe-N2 
N2-Fe-N3 
N3-Fe-N4 
N 4 _ F e _ N l 
Cll-Fe-C12 
Nl-Fe-CIl 
Nl-Fe-C12 
N2-Fe-Cll 
N2-Fe-C12 

76.8 (2) 
77.6 (2) 
77.1 (2) 

128.5(2) 
152.3 (1) 
84.2(1) 
84.9 (1) 

100.1 (1) 
102.1 (1) 

"Estimated standard deviations in parentheses. 

Table III. Olefin Epoxidation with OIPh Catalyzed by 
(Et3HN)Fe(bpb)Cl2° 

turnover 
substrate product yield (%) based on PhI formed number 

OH O 

O 0̂ ° 15 O,race O 

Ph A. Ph 

Ph P h ^ P . 
SCH3 NjH3 

1-octene 1,2-epoxyoctane 7 

7 PhCHO 1 

9 PhCHO 3 

2.5 

2.5 

2.2 

1 

1.6 

2 

1.2 

0OIPh (0.1-0.2 mmol) was added to a 5-mL acetonitrile solution of 
0.005 mmol (1 mM) of (Et3HN)Fe(bpb)Cl2 and 0.5 mmol (100 mM) 
of substrate. The mixture was stirred at room temperature under an 
inert atmosphere. The reaction mixture was filtered and analyzed by 
GC/MS or HPLC. 'Turnover number is amount (mmol) of epoxide 
formed per millimoles of catalyst. c0.5-h reactions. dA-\\ reactions. 

Table IV. Effect of Concentration of Cyclohexene on the Formation 
of Epoxide for (Et3HN) Fem(bpb)Cl2-Catalyzed Reaction by OIPh" 

C-C6H12 

(mM) 
epoxide 
(mM) 

IPh 
(mM) 

% yield based 
on IPh formed 

turnover 
number 

50 
100 

2000* 

1.4 
1.9 
2.0 

10 
13 
11 

13 
15 

1.4 
1.9 
2.0 

"Reaction conditions: 0.005 mmol (1 mM) of iron catalyst, 0.1 
mmol of OIPh with cyclohexene in 5 mL of acetonitrile for 30 min. 
4 0.2 mmol of OIPh was used. 

metal ion is located in the bpb ligand plane. Selective bond 
distances and angles are listed in Table II. The dark green 
solution of the (Et3HN)Fe'"(bpb)Cl2 complex in acetonitrile shows 
an absorption band at 680 nm with molar extinction coefficient 
(«) 1.0 X 103 M"1 cm"1, which is probably due to a charge transfer 
transition. EPR study of the solution and solid indicates the 
complex is high spin and rhombic with g = 4.3. 

II, Catalytic Epoxidation of Olefins. Reactions of iodosyl-
benzene with a variety of olefins in the presence of the 
(Et3HN)Fem(bpb)Cl2 complex in acetonitrile at room temperature 
resulted predominantly in epoxides (eq 2). The color of the 

\ / (Et3HN)Fe111IbPb)Cl2 
C = C + PhIO •" 

/ \ CH3CN 

O 
, C — C , + PhI (2) 

reaction solution changed from dark green to yellow during the 
reaction. The olefins used in this study included cyclohexene, cis-
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Table V. Relative Reactivity of Substituted Styrenes in Epoxidation 
Catalyzed by Fe(OTO2" 

styrene 
log 

(^subs-atyr/ *styr/ 

4-MeO-styrene 
4-Me-styrene 
4-Cl-styrene 
3-Cl-styrene 

0.787 
0.269 

-0.168 
-0.479 

-0.78 
-0.31 
0.11 
0.40 

"Reaction conditions: 0.01 mmol (2 mM) of Fe(OTO2. 0.15 mmol 
(30 mM) of olefins, and 0.08 mmol of OIPh in 5 mL of acetonitrile for 
30 min. 

and fra/w-stilbene, styrene, fron.y-/3-methylstyrene, norbornene, 
and 1-octene. The results of the epoxidation of olefins catalyzed 
by (Et3HN)Fem(bpb)Cl2 are listed in Table III. The results with 
variation of cyclohexene concentration are listed in Table IV. The 
yield of cyclohexene oxide obtained after 30 min did not increase 
significantly when the concentration of cyclohexene was varied 
from 50 mM to 2 M. The control experiments in all the cases 
demonstrated that the iron complex is required for the epoxidation 
reactions. Addition of more iodosylbenzene at the end of the 
reaction did not give additional epoxide, indicating that the catalyst 
had either decomposed or been modified during the course of the 
reaction. Use of 18OIPh with cyclohexene as a substrate gave more 
than 90% 18O incorporation to cyclohexene oxide. Attempts to 
observe intermediates spectroscopically at either room temperature 
or low temperature were not successful. At room temperature, 
the reaction occurred too fast; at lower temperature, no reaction 
occurred between (Et3HN)Fe11HbPb)Cl2 and OIPh. When a 
solution of (Et3HN)Feni(bpb)Cl2 in acetonitrile was treated with 
iodosylbenzene in the absence of substrates, the solution also turned 
to yellow, and iodobenzene was formed in high yield. 

The relative reactivities of substituted styrenes in epoxidation 
catalyzed by Fe(OTf)2 and their <r+ values, are listed in Table 
V. A Hammett plot of log (fcsub8tiluted styrene/kaynm) vs <r+ (Figure 
2) gives the p value -1.1 according to the Hammett equation. The 
negative p value suggests the involvement of a positive charged 
species in the transition state. 

log (k/k0) = pa (3) 

The results of epoxidation of cyclohexene catalyzed by some 
metal complexes and the identities and yields of other products 
are given in Table VI. The reaction conditions were chosen to 
optimize yields of products other than epoxide. Decreasing the 
concentration of catalysts led to higher turnover numbers for 
epoxide formation since the catalysts caused epoxide decompo­
sition, especially at high concentration. We also know, from earlier 

Figure 2. Hammett plot for the reaction of iodosylbenzene with sub­
stituted styrenes catalyzed by Fe(OTO2. 

work,5b that slow addition of small amounts of iodosylbenzene 
tends to give higher yields in these reactions and that too rapid 
addition results in formation of an iodine-containing iron complex 
that is ineffective as a catalyst.5b Epoxidation of other olefins with 
iodosylbenzene catalyzed by Fe(OTf)3 and other triflates has also 
been previously reported by our laboratory.5a'b 

III. Difunctionalization of Cyclohexene. In the case of cy­
clohexene as a substrate, the observation of cyclohexanediol di-
triflate or dichloride as products in addition to cyclohexene oxide 
was striking. Table VI lists the results of the reactions of cy­
clohexene with iodosylbenzene in the presence of Fe(OTf)3, Al-
(OTO3 or (Et3HN)Fe(bpb)(OTO2- The reaction with metal 
triflates gave cw-l,2-cyclohexanediol ditriflate as a major product, 
and only a trace amount of the trans isomer was found. The yield 
was enhanced when an extra source of triflate, i.e., Li(OTf), was 
added. Li(OTf) itself reacting with cyclohexene and iodosyl­
benzene did not produce ditriflate. No 1,2-cyclohexanediol di­
triflate was detected in control reactions of metal complexes with 
cyclohexene in the absence of iodosylbenzene, suggesting an I m 

compound was required for the formation of the ditriflate. 
Table VI also lists the results of the reaction of cyclohexene 

with iodosylbenzene in the presence of (Et3HN)Fe(bpb)Cl2, FeCl3, 
or AlCl3 under a variety of conditions. Dichlorination of cyclo­
hexene gave rra/w-l,2-dichlorocyclohexane as a major product, 
and only a trace amount of the cis isomer was found. The control 
reactions in the absence of iodosylbenzene showed no or trace 
amounts of 1,2-disubstituted cyclohexane. Substantial amounts 

Table Vl. Products Observed in Reactions of Cyclohexene with OIPh Catalyzed by Metal Complexes in CH3CN 
product (mM) 

OH O NHCOCH3 Cl 1 I 

o»66 6 a; a: 6 6 c> 
metal complex 

Fe(OTO3" 
Fe(OTO3 + Li(OTO" 
Al(OTO3" 
Al(OTO3 + Li(OTO" 
(Et3HN)Fe(bpb)(OT02" 
(Et3HN)Fe(bpb)(OT02 + Li(OTO" 
(Et3HN) Fe(bpb)Cl2* 
(Et3HN)Fe(bpb)Cl2 + O2' 
FeCl3* 
AlCl3* 
0[IPh(OTO]2'' 

28 
34 
28 
14 
15 
20 
10 
8.5 
trace 
trace 
ndc 

1 
3 
3 
3 
3 
5 
2.6 
1.7 
trace 
trace 
nd 

3 
5 
3 
3 
2 
5 
0.9 
1.5 
trace 
trace 
nd 

U 
9 
13 
3 
4 
10 

nd 

0.4 
1.3 
0.2 
0.3 
trace 
0.1 

0.2-0.3 

1.0 
0.15 
1.4 
3.0 

1.7 
0.4 
0.4 
0.5 

116 
122 
120 
77 
60 
88 
67 
58 
18 
13 
10 

I 

0.6 
0.6 
0.6 
0.3 
0.4 
0.6 
0.3 
0.3 
0.09 
0.09 
0.02 

"OIPh (0.8 mmol) was added to a 5-mL acetonitrile solution of 0.025 mmol (5 mM) of metal complex (and 0.4 mmol (80 mM) of Li(OTO when 
indicated) and 10 mmol (2 M) of cyclohexene. The mixture was stirred for 2 h at room temperature under an inert atmosphere. The reaction 
mixture was filtered and analyzed by GC/MS. 'OIPh (0.4 mmol) was added to a 5-mL acetonitrile solution of 0.025 mmol (5 mM) of metal 
complex and 0.5 mmol (100 mM) of cyclohexene. The mixture was stirred for 4 h. cThe reaction was carried out by continuously bubbling oxygen 
through the solution. ''Reaction was carried out by using 0.025 mmol (5 mM) of 0[IPh(OTO]2, 0.5 mmol (100 mM) or 10 mmol (2 M) of 
cyclohexene in 5 mL of acetonitrile. Even in the presence of 0.4 mmol (80 mM) of 0[IPh(OTO]2, no 3-acetamidocyclohexene was detected. «nd 
refers to not detected. 
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OfI) 
C<10> 

C(3) C(6) 

Figure 3. ORTEP diagram for 1. 

0(3) 

of /rarw-l,2-dichlorocyclohexane were also found in the presence 
of FeCl3 or AlCl3, although there were no significant amounts 
of epoxide produced. 3-Chlorocyclohexene was formed in these 
reactions especially when (Et3HN) Fe(bpb)Cl2 was used. Dioxygen 
has been used as a radical trap in such reactions to assay if 
dichlorination proceeds via a radical mechanism.'5 We therefore 
carried out a reaction of (Et3HN)Fe(bpb)Cl2 with cyclohexene 
and iodosylbenzene while dioxygen was bubbled through the so­
lution. The results (see Table VI) demonstrate that dioxygen 
inhibits the formation of dichloride and 3-chlorocyclohexene but 
does not significantly affect epoxide formation. 

IV. Formation of 3-Acetamidocyclohexene. Substantial 
amounts of 3-acetamidocyclohexene were produced in the reactions 
of cyclohexene with iodosylbenzene in the presence of Fe(OTQ3, 
Al(OTO3, or (Et3HN)Fe(bpb)(OTf)2 as shown in Table VI. The 
reactions were catalytic. Control reactions in the absence of metal 
complexes or iodosylbenzene gave no 3-acetamidocyclohexene. 

The formation of this amide is analogous to the product formed 
in the Ritter reaction.16 In the Ritter reaction, the amide oxygen 
is derived from H2O.16 Our reactions were carried out in dry 
acetonitrile, however, and we doubted that sufficient water was 
present to account for the product. We therefore carried out an 
isotopic labeling study using 18OIPh to ascertain the source of 
oxygen. The results indicate that oxygen was derived from io­
dosylbenzene: 18O incorporation into the amide group in more 
than 87%, and 18O incorporation into the epoxide in more than 
90% (eq 4). 

FeCOTf)3 

Al(OTf)3 

O "OIPh 
CHjCN 

NHCCH3 

- o*o+ 6 + 

>90* 11O >87* " 0 

(4) 

V. Formation of 1,4-Diiodobenzene. One additional product, 
1,4-diiodobenzene was observed in all of the reactions as shown 
in Table VI. This product was found whether or not cyclohexene 
was present. Trace amounts of 1,2-diiodobenzene were also de­
tected. Control reactions of iodosylbenzene with iodobenzene in 
acetonitrile gave only trace amounts of 1,4-diiodobenzene. 

VI. Reactions of Iodobenzene Diacetate (PhI(OAc)2) with 
Bicyclo[2.2.1]-5-heptene-2-carboxylic Acid or Norbornene. Iod-
ine(III) compounds are known to react with olefins in the absence 
of metal catalysts although epoxides have previously never been 
reported as products.7 Our growing suspicion that the mechanism 
of metal-catalyzed reactions of iodosylbenzene in the case of 
non-porphyrin systems might be related to the I'" chemistry led 
us to investigate the chemistry of a typical I1" reagent, PhI(OAc)2, 
with norbornenecarboxylic acid and norbornene, seeking clues to 
the mechanism of the reaction. Norbornenecarboxylic acid and 
norbornene have been used by Moriarty et al. in lead(IV) and 
thallium(III) acetate oxidation of olefins.14 Electrophilic addition 
of these metal ions to the double bond of olefins has been proposed 
as the mechanism on the basis that acetoxylactones and 7-acet-
oxynorbornene were formed as products. The reactions with 
PhI(OH)(OTs) yielded a (tosyloxy)lactone in the case of nor­
bornenecarboxylic acid,8* and 2,7- and 2,3-bis(tosyloxy)norbornane 
in the case of norbornene.7* 

(15) Tanner, D. D.; Gidley, G. C. J. Org. Chem. 1968, 33, 38-43. 
(16) Cota, D. J. In Organic Reactions; Wiley Inc.: New York, 1969; Vol. 

17, pp 213-325. 

Figure 4. ORTEP diagram for 3. 

The reactions of iodobenzene diacetate with norbornene­
carboxylic acid in acetic acid or acetonitrile yielded compounds 
1 or 2 respectively (eqs 5 and 6). 

-C -^7 PhKOAe)J 

HQAc O 

S days 
r.t. 

COOH 

+ TPh (5) 

PhKOAt)2 

CHjCN 

S days 
r.t. 

COOH 
-~&ZA.: IPh (6) 

2 

The products were identified by IR, 1H and 13C NMR, and 
mass spectra. The structure of 1 was determined by X-ray 
crystallography, and its ORTEP diagram is presented in Figure 3. 
The structure of 2 was assigned by comparison of its 1H and 13C 
NMR data with those of 1. It has been demonstrated that the 
amide group in 2 is derived from acetonitrile by carrying out the 
reaction in isotopically labeled acetonitrile, CD3CN (eq 7), and 
analyzing the 1H NMR spectrum of the product. 

+n»h (?) 

COOH 

*-a, 
The reaction of iodobenzene diacetate with norbornene in the 

solvent mixtures of acetic acid and acetonitrile, where no internal 
carboxylic acid existed, resulted in compound 3 and other products 
(eq 8). 

/6 PhI(OAc)] 

CH1CWHOAc 

8 days 
BS0C 

+ IPh (8) 

dl 

8 

others 

The structure of 3 was determined by X-ray crystallography, 
and Figure 4 shows its ORTEP diagram. 

VII. Isomerization of c/s-Stilbene by Hydroxy(tosyloxy)-
iodobenzene (PhI(OH)(OTs)). When PhI(OH)(OTs) (5 mM) 
reacted with c/j-stilbene (100 mM) in acetonitrile, 90% of cis-
stilbene isomerized to f/wu-stilbene in 30 min. No stilbene oxide 
was detected under the same condition or at higher concentration 
of PhI(OH)(OTs) (80 mM) and longer reaction time (2 h). The 
reactions of c/5-stilbene with iodosylbenzene in the presence of 
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Scheme I Scheme II 

C—cC + HlI(OHXTTs 

HO^ 

TsÔ  V 
B R* R] 

/ \ 
TsO OTs 

H0V + ,Ph 
N , / OTs 

« s / \ and/or 

Rf R; 

I 

R * < ^ P-TsOH K l y . / 

' T / > 

+ TPh 

i t 

OTs 
+ H2O 

cobalt, manganese, or copper triflate also resulted in isomerization 
of cis- to /rtJMJ-stilbene,5" although this isomerization did not occur 
with iron triflate58 or (Et3HN)Fe111CbPb)Cl2 present. 

Discussion 
Reactions of Organoiodine(III) Compounds with Olefins. The 

reactions of PhI(OH)(OTs) with olefins were reported initially 
by Koser and co-workers.7b Since that time, several studies of 
a variety of !'"-containing compounds have been reported by his 
group and others.7 On the basis of their studies, Koser and 
co-workers proposed a mechanism of electrophilic attack of I1" 
on olefins occurring via two possible intermediates (I and/or II) 
(see Scheme I).7a Two steps of nucleophilic addition of tosylate 
to intermediate I yield cw-l,2-bis(tosyloxy)alkanes III. O-I bond 
cleavage in II followed by nucleophilic addition of tosylate and 
loss of iodobenzene leads to trans-l-hydroxy-2-(tosyloxy)alkane 
IV. Both of these products have been observed in the reaction 
of PhI(OH)(OTs) with cyclohexene.7" 

In order to demonstrate further the electrophilic character of 
I1" and relate it to metal-catalyzed oxygenation reactions, we have 
studied the reactions of iodobenzene diacetate with norbornene-
carboxylic acid or norbornene in different solvents. The formation 
of the amides 2 and 3 when acetonitrile was used as a solvent (eqs 
6 and 8) is particularly significant and gives insight into the 
probable mechanism of the reaction. The formation of amides 
is reminiscent of the products formed in the Ritter reaction.16 The 
mechanism of the Ritter reaction is believed to proceed via a 
carbocation intermediate.16 The formation of amides in the io­
dobenzene diacetate reactions suggests strongly that the reactions 
involve carbocations as intermediates. We also found that nor-
bornane rings in all of three products have been rearranged during 
the reactions. This skeletal rearrangement is also indicative of 
the involvement of carbocations. In these reactions, the only 
reagent present capable of generating such intermediates is the 
iodine(III) reagent. Indeed, the control experiment shows that 
no reaction occurs in the absence of iodobenzene diacetate. The 
carbocations thus must be generated by iodine(III) in iodobenzene 
diacetate. The formation of carbocations by iodine(III) and 
skeletal rearrangement of the norbornane ring strongly demon­
strate the electrophilic character of iodine(III)-containing com­
pounds. 

On the basis of the above discussions, we propose the mechanism 
shown in Scheme II. Electrophilic attack of iodine(III) on the 
double bond of norbornenecarboxylic acid generates an inter­
mediate (4 and/or 5). An internal nucleophilic addition of 
carboxylate forms a lactone (6) with an iodine(III) species at­
tached to carbon. Dissociation of iodobenzene and acetate gives 
a carbocation (7) that can rearrange to another carbocation (8). 
A similar reaction mechanism that involves electrophilic attack 
of metal ions in Pb(OAc)4 or Tl(OAc)3 on the double bond 
followed by dissociation of metal acetates in the reaction of these 
metal acetates with norbornenecarboxylic acid has been previously 
postulated.14 In the case of the reaction (eq 5) in acetic acid, 
addition of acetate gives 1, while in acetonitrile (eq 6), addition 
of acetonitrile yields compound 2. A possible mechanism for 
formation of 3 is quite similar to that of 1 and 2 and involves 
intermediates similar to 4 and/or 5 formed by electrophilic attack 

of iodine(III) on the double bond of norbornene. 
Metal-Catalyzed Reactions of OIPh with Olefins. Che et al. 

have reported that manganese(III) amide complexes (Mn111-
(bpb)Cl, Mnni(bpb)N3, and Mnni(bpcb)Cl, where H2bpcb = 
l,2-bis(pyridine-2-carboxamido)-4,5-dichlorobenzene) are efficient 
catalysts for alkene epoxidation by iodosylbenzene (OIPh) in 
acetonitrile solvent.17 A similar osmium complex, Os'"(bpb)-
(PPh3)Cl, has also been reported to catalyze the epoxidation of 
cyclohexene by iodosylbenzene, although the yield is not as high.18 

Although no mechanistic studies were reported, the results of these 
studies for manganese and osmium-bpb complexes were promising. 
We were interested in examining iron complexes with the bpb 
ligand as potential catalysts for oxidations of organic substrates 
in the hope that we could obtain some mechanistic insight con­
cerning iron-catalyzed oxidation reactions. The dianionic ligand 
bpb seemed to be a good candidate ligand for oxidation studies. 
The bpb ligand is oxidation resistant, and therefore ligand de­
struction by oxidant during the reaction could be minimized. Since 
this ligand is tetradentate, there are still two coordination positions 
left on iron for reaction with potential oxidants. In addition, 
nitrogen atom coordination is very common for metalloenzymes, 
and the pyridine ligands resemble imidazole, which is one of the 
most common amino acid residues bound to metal in this type 
of enzyme. We therefore chose iron-bpb complexes as catalysts 
for oxidation studies of organic compounds. 

We find that (Et3HN)Fem(bpb)Cl2, catalyzes a variety of olefin 
epoxidations by iodosylbenzene in acetonitrile (see Table III). 
Epoxides are the predominant products in all of the reactions, and 
the epoxide oxygen is derived from iodosylbenzene as verified by 
18OIPh labeling studies using cyclohexene as a model substrate. 
The fact that the reaction with cyclohexene forms mainly cy­
clohexene oxide and only trace amounts of 2-cyclohexen-l-one 
and 2-cyclohexen-l-ol indicates that typical free radical pathways 
are not involved. The reactivity does not vary much among these 
different olefins even for two extreme examples, norbornene and 
1-octene. For many epoxidation reactions, the former is very 
reactive, and the latter, a terminal olefin, is relatively unreactive. 

(17) Che, C-M.; Cheng, W.-K. J. Chem. Soc, Chem. Commun. 1986, 
1443-1444. 

(18) Che, C-M.; Cheng, W.-K.; Mak, T. C. W. / . Chem. Soc, Chem. 
Commun. 1986, 200-202. 
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We conclude that the rate-determining step in the reaction cat­
alyzed by (Et3HN)Fe'"(bpb)Cl2 is not a reaction with substrate. 
This conclusion was substantiated by our observation that the yield 
of epoxide formation was relatively insensitive to the olefin con­
centration (see Table IV). It is likely that the rate-limiting step 
is reaction of the complex with the insoluble OIPh polymer and 
that subsequent reactions are faster. cw-Stilbene is used as a probe 
in this study to assay the stereochemistry of the reaction since 
oxygen atom transfer from various oxygen donors to c/s-stilbene 
often leads to a significant amount of //-afls-stilbene oxide. Our 
results show that c/j-stilbene oxide is the major product when 
m-stilbene is used as a substrate in the (Et3HN)Fe'"(bpb)-
Cl2-catalyzed reactions, indicating that the catalytic epoxidation 
occurs with stereochemical retention. (Et3HN)Fe'"(bpb)Cl2 reacts 
with iodosylbenzene in the absence of substrates, giving iodo-
benzene. The fate of the oxygen in iodosylbenzene is unknown. 
This reaction competes with the epoxidation reaction with the 
result that yields of epoxide based on iodobenzene formed are not 
high. 

Replacement of the chloride ligand by triflate gave 
(Et3HN)FeIU(bpb)(OTf)2, which proved to be a better catalyst 
than (Et3HN)Fe11HbPb)Cl2 (see Table VI). Addition of excess 
triflate to (Et3HN)Fem(bpb)(OTf)2 further increased the yield 
of epoxide, suggesting strongly that triflate plays a role in the 
mechanism of this reaction. This conclusion is discussed further 
below. 

Having established that the non-porphyrinic ferric complexes 
(Et3HN)FeMI(bpb)X2 could catalyze olefin epoxidation by OIPh, 
we turned our attention to the question of the possible involvement 
of a high-valent metal oxo intermediate in the reaction. It had 
been recently found in our laboratory that nonredox metal com­
plexes could catalyze the epoxidation of olefins by iodosylbenzene.* 
We therefore extended our studies to examination of the reactivity 
of Al(OTf)3, which we found to be very similar to that of Fe-
(OTf)3- In addition, we found evidence for the presence of other 
organic products, which turned out to be present in reactions of 
all three catalysts, i.e., (Et3HN)Fe'"(bpb)(OT02, Al(OTf)3, and 
Fe(0Tf)3 (see Table VI). The strong resemblance of the product 
distributions in the presence of these three catalysts strongly 
suggests that these reaction mechanisms are related. The similarity 
of Al(OTO3 as a catalyst implied that the Lewis acidity rather 
than the redox character was important for these reactions, and 
therefore that a high-valent metal oxo intermediate was not in­
volved. 

We find that cyclohexene oxide is the major product in our 
iron-catalyzed reactions of iodosylbenzene with cyclohexene. In 
addition, however, we find substantial amounts of 3-acetamido-
cyclohexene, cis-l, 2-cyclohexanediol ditriflate, dichlorocyclo-
hexane, and small amounts of diiodobenzene produced in these 
reactions. Each of these products is discussed below. 

Difunctionalization by Triflates. c/.s-1,2-Cyclohexanediol di­
triflate was formed in the reactions of cyclohexene with iodo­
sylbenzene and metal complexes containing triflate (see Table VI). 
The reactions gave the cis isomer nearly stereospecifically, i.e., 
only trace amounts of the trans isomer were observed. The fact 
that the reaction in the absence of iodosylbenzene did not give 
ditriflate indicates that an !'"-containing species is required to 
form this product. The same product has also been found in the 
reaction of cyclohexene with /u-oxobis[(triflato)(phenyl)iodine] 
in ethylene chloride.7d Stereospecific formation of «5-1,2-
cyclohexanediol ditriflate in our reaction is analogous to cis-
1,2-difunctionalization of olefins by a variety of I1" compounds,7 

suggesting that this product is the result of electrophilic attack 
of I1" on olefins followed by nucleophilic addition of triflate. 

The formation of the same product in the reaction of cyclo­
hexene with 0[IPh(OTO]2 raises the question whether the product 
actually resulted from the reaction of cyclohexene with 0[IPh-
(OTO]2, which might have been formed by the reaction of io­
dosylbenzene with Fe(OTO3. We therefore carried out a reaction 
OfO[IPh(OTO]2 with cyclohexene. Our results indicate that the 
formation of cw-1,2-cyclohexanediol ditriflate from 0[IPh(OTO]2 
in acetonitrile is independent of the concentration of cyclohexene. 

We attribute this finding to rate-determining dissociation of the 
M-oxo dimer prior to reaction with olefin. By contrast, the reaction 
of cyclohexene with iodosylbenzene catalyzed by Fe(OTO3 shows 
a dependence of the rate of formation of both epoxide and cis-
1,2-cyclohexanediol ditriflate on cyclohexene concentration. These 
results suggest that cis-l,2-cyclohexanediol ditriflate is not pro­
duced from 0[IPh(OTO]2 in our reaction. 

The observation that the same ditriflate product was formed 
in the system of iodosylbenzene plus metal complex and in a 
soluble !'"-containing compound leads us to believe that the re­
action mechanisms are similar. We therefore conclude that a 
metal complex with an !'"-containing ligand is responsible for the 
product formation and the mechanism involves electrophilic attack 
of iodine(III) on the double bond of olefin. 

Dichlorination. rra«,s-l,2-Dichlorocyclohexaneand 3-chloro-
cyclohexene are observed in the reactions of cyclohexene with 
iodosylbenzene and metal complexes containing chloride (see Table 
VI). Although it has been reported that halogenations of olefins 
with copper(II) halides give trans-1,2-dihalogenated alkanes,19 

our control experiments in the absence of iodosylbenzene indicate 
no or trace amounts of dichlorocyclohexane and 3-chlorocyclo-
hexene are formed. The results suggest that iodine(III) is required 
for the product formation. Similar dichlorination of olefins by 
iodobenzene dichloride (PhICl2) has also been reported in early 
papers.15 Mechanistic studies have suggested that the reaction 
can proceed by a radical or an ionic mechanism.15 The distribution 
of the products from these two pathways should be different. In 
a radical reaction, one would expect most of the product to be 
the trans isomer because of its greater thermodynamic stability. 
In an ionic reaction, if the reaction proceeds via electrophilic attack 
of iodine(III) on olefins, similar to the mechanism proposed by 
Koser et al., the cis isomer would be the major product. The fact 
that the trans isomer is the major product in our reactions and 
that f7ww-l,2-dichlorocyclohexane and 3-chlorocyclohexene are 
significantly inhibited in the presence of dioxygen suggests that 
dichlorination may go through a radical mechanism. By contrast, 
the epoxide yield is not significantly affected by the presence of 
dioxygen, suggesting that the mechanism for epoxidation is dif­
ferent from that of dichlorination. 

Formation of 3-Acetamidocyclohexene. Substantial amounts 
of 3-acetamidocyclohexene are produced in the reactions of cy­
clohexene with iodosylbenzene in the presence of Fe(OTOs, Al-
(OTO3, or (Et3HN)Fe(bpb)'"(OT02 in acetonitrile solvent. 
Control experiments demonstrate that both iodosylbenzene and 
metal complexes are needed in order to produce this product. The 
formation of these amides is reminiscent of products formed in 
the Ritter reaction16 and strongly implies that carbocation in­
termediates are involved. Unlike the Ritter reaction where the 
amide oxygen is derived from water, the amide oxygen in our 
reactions carried out in dry acetonitrile is derived from iodosyl­
benzene as evidenced by isotopic labeling studies using 18OIPh. 
The reaction of cyclohexene with 0[IPh(OTO]2

 in acetonitrile 
does not produce 3-acetamidocyclohexene, indicating clearly that 
the species responsible for the product is not 0[IPh(OTf)]2. 

Similar amides have been found in metal-catalyzed reactions 
with alkanes in acetonitrile. Hill and co-workers have observed 
the formation of TV-alkylacetamides from adamantane in poly-
oxometalate complex catalyzed reactions with tert-butyl hydro­
peroxide.20 Their studies suggest that the products are likely 
formed from carbocations generated by oxidation of intermediate 
alkyl radicals under the reaction conditions. Kochi and co-workers 
have reported that a substantial amount of ./V-cyclohexylacetamide 
is formed from the reaction of cyclohexane with iodosylbenzene 
and manganese complexes.60 They have suggested that the cy-
clohexyl cation is formed by oxidation of cyclohexyl radical by 
high-valent manganese oxo species (Mnv^O).6e However, this 
mechanism is not reasonable for our reaction because AKOTO3, 

(19) (a) Baird, Jr., W. C; Surridge, J. H.; Buza, M. / . Org. Chem. 1971, 
36, 3324-3330. (b) Gamlen, P. H.; Henty, M. S.; Roberts, H. L. J. Chem. 
Soc, Dalton Trans. 1983, 1373-1376. 

(20) Faraj, M.; Lin, C-H.; Hill, C. L. New J. Chem. 1988,12, 745-749. 



Lewis Acidic Catalysts for Olefin Epoxidation J. Am. Chem. Soc, Vol. 113, No. 19, 1991 7203 

Scheme III 

HO-I-OTt 

cleavage -PM . a: 
Mi 

» O H 

OTs 

rv 

M111L 
cleavage 

i i 

which is incapable of generating high-valent metal oxo species, 
catalyzes 3-acetamidocyclohexene formation. We have also found 
similar amides (2 and 3) from the reactions of iodobenzene di-
acetate with norbornene or norbornenecarboxylic acid and dem­
onstrated the reactions involve carbocations that are generated 
by iodine(III). Furthermore, l-acetamido-2-iodocyclohexanehas 
been reported to be formed from the reaction of cyclohexene with 
1(Py)2BF4 in acetonitrile,21 which strongly supports a mechanism 
in which a carbocation is generated by iodine species. Therefore 
we believe that, in our reactions, the carbocations are generated 
by iodine(III) species in a metal-iodosylbenzene complex. 

Formation of 1,4-Diiodobenzene. Small amounts of 1,4-di­
iodobenzene are found in all of the reactions of cyclohexene with 
iodosylbenzene and metal complexes. The same amounts of the 
products are formed in the absence of cyclohexene. Products 
similar to 1,4-diiodobenzene have been found in reactions of 
iodonium ions.22 Iodonium ions such as Ar I + Ar decompose to 
form mono- or disubstituted benzene in the presence of some 
nucleophiles, e.g. 

I C 6 H 4 I + C 6 H 5 + Cl" — 
C 6H 5 I + IC 6 H 4 I + C 6 H 5 C l + IC 6 H 4 Cl (9) 

Iodonium ion IC 6 H 4 I + C 6 H 5 in our reactions could be generated 
from an electrophilic substitution reaction of the iron-iodosyl-
benzene complex with iodobenzene, which is a product of the 
reaction (eq 10). The low yields of 1,4- or 1,2-diiodobenzene 

LMOIC6H5 + C6H5I 

OTf 

IC6H4I+C6H5 (OTf") + LMOH (10) 

para or ortho 

are expected because I deactivates the benzene ring; therefore, 
the formation of IC 6 H 4 I + C 6 H 5 is expected to be slow. The for­
mation of diiodobenzene should be independent of the presence 
of cyclohexene, which is in agreement with our results. 

Proposed Mechanism. The mechanism of cytochrome P450 
and porphyrin models is believed to go through a high-valent 
i ron(IV)-oxo porphyrin cation radical species.1 In the cases of 
non-heme monooxygenases, similar high-valent iron(IV)-oxo or 
i ron(V)-oxo species have not been demonstrated. If a similar 
high-valent iron-oxo species does exist in mononuclear non-heme 
iron-containing enzyme, it would be F e ( V ) = O or F e ( I V ) = O with 
oxidation of some group on the protein. We had hoped that the 
complexes (E t 3 HN)Fe(bpb)X 2 would be good candidates for 
stabilization of high-valent metal-oxo species. We found, however, 
that they were inferior to the simple ferric triflate salt Fe(OTf)3 . 
which we found to have a reactivity virtually identical with that 
OfAI(OTO3- We therefore abandoned the high-valent iron-oxo 
hypothesis for these reactions. On the other hand, electrophilic 
properties of iodine(III)-containing compounds had previously been 
demonstrated in reactions of olefins. Our observation of products 
other than epoxides and their similarity to products resulting from 

(21) Barluenga, J.; Gonzalez, J. M.; Campos, P. J.; Asensio, G. Angew. 
Chem., Int. Ed. Engl. 1985, 24, 319-320. 

(22) Koser, G. F. In 7"Ae Chemistry of Functional Groups, Supplement 
D; Patai, S., Rappoport, Z., Eds.; John Wiley & Sons Ltd: New York, 1983; 
Chapter 25, pp 1265-1351. 
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I111 chemistry leads us to propose the mechanism discussed below 
that can account for all of the observed products. 

We believe that 9a is the first species formed in these reactions 
where the metal complex reacts with the insoluble OIPh polymer. 
Related complexes have been isolated and spectroscopically 
characterized by Hill and his co-workers from reaction of man­
ganese porphyrins with iodosylbenzene.23 On the basis of the 
work of Koser7" and Zefirov,7c we expect that I1" in 9a will be 
electrophilic. We therefore propose that 9a or 9b reacts with the 
double bond of cyclohexene, forming 10, which resembles the 
intermediate proposed by Koser and co-workers in their reactions.7* 
This intermediate can then react by several pathways, each leading 
to a different product. 

LM111X + OIPh -*• LM111OIX JS=: LM111OI+ + X~ 

Ph Ph 
9a 

O - C X 
9b 

,0-W11L 

( 1 1 ) 

(12) 

10 

In pathway a, 10 rearranges to give 11, which then forms 12 
by 0 - 1 bond cleavage. Nucleophilic addition of the anion X - and 
loss of PhI followed by oxygen-carbon bond formation yield 
epoxide. Participation of the anion in the reactions may explain 
why the amount of epoxide increases when an excess of triflate 
is added. Compared to chloride, triflate is a poorer ligand and 
weaker nucleophile; therefore, the complex with triflate as a ligand 
is expected to form 9 more easily in the first step of the reaction 
and to leave more quickly in the last step of the reaction to give 
epoxide. It is interesting to compare this pathway with that 

W1L 

10 (•) rvf x- — 
<S~*\ Ph 

11 

-PhI CC 
^ M 1 1 1 L 

. . » 0 ' .M111LX t> (13 ) 

13 

proposed by Koser et al.7* for the reaction of cyclohexene with 
PhI (OH)(OTs) (see Scheme III) . Comparing intermediate 11 
with II, we notice that the only difference is that, in 11, a metal 
binds to oxygen while in II a proton binds to oxygen. After 
formation of 13, epoxide forms because one would expect 13 to 
be unstable. However, if a proton binds to oxygen in 13, a stable 
trans-1 -hydroxy-2-(tosyloxy)cyclohexane, IV, forms. Therefore, 

(23) (a) Smegal, J. A.; Schardt, B. C; Hill, C. L. / . Am. Chem. Soc. 1983, 
105, 3510-3515. (b) Smegal, J. A.; Hill, C. L. J. Am. Chem. Soc. 1983,105, 
2920-2922. 
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no epoxide is produced in the reaction of PhI(OH)(OTs) with 
cyclohexene. 

In pathway b, 10 is attacked by a nucleophile, triflate, and 
c/s-l,2-cyclohexanediol ditriflate is formed by two steps of nu-
cleophilic substitution of triflates. This mechanism is further 
supported by the fact that the amount of c«-l,2-cyclohexanediol 
ditriflate increases when extra source of triflate such as Li(OTf) 
is added. 

Scheme IV 

10 

X-OTf" ' v / ' v j 

iOTf + OTf- OTf 

Pb 
/ ^0-M0L 

-PU 
. LM0CO2-) 

a. (14) 

In pathway c, in order to achieve the postulated loss of IPh to 
give 3-acetamidocyclohexene as shown in eq 15,15 is formed either 
by attack of acetonitrile on cyclic 10 or by trans attack on the 
carbocation 14 of which one face is sterically protected by the 
bulk !'"-substituted species. This step of the reaction is analogous 
to the Ritter reaction. Under the conditions of our reaction in 
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(15) 

dry acetonitrile solvent, the oxygen originating from iodosylbenzene 
attacks the immonium center in 15 to form the six-membered-ring 
intermediate 16. As shown in eq 15, when the intermediate then 
formed is in the diaxial conformation, this same oxygen atom can 
act as an internal base, and intramolecular proton abstraction will 
give the final product 3-acetamidocyclohexene. 

To account for the formation of diiodobenzene, the reactive I1" 
species % could react with iodobenzene, a product formed in these 
reactions, to form an iodonium ion, IC6H4I

+C6H5 as shown in eq 
10. This iodonium ion then decomposes to diiodobenzene etc. This 
reaction does not involve olefin, and therefore should proceed 
whether or not cyclohexene is present, which is consistent with 
our results. 

Previous studies with metal triflates demonstrated that Fe(OTf)2 
and Fe(OTO3 show similar reactivity for olefin epoxidation.5" Also, 
cis- 1,2-cyclohexanediol ditriflate and 3-acetamidocyclohexene are 
found in the reaction with Fe(OTO2- The negative p value from 
the Hammett equation for the competition reaction of substituted 
styrenes catalyzed by Fe(OTO2 suggests development of positive 
charge in the transition state. This observation is in agreement 
with our proposed mechanism. 

The observation that epoxidation of norbornene by iodosyl­
benzene catalyzed by (Et3HN)Fe(bpb)Cl2 gave exo epoxide only 
(see Table III) also is in agreement with our proposal that the 
mechanism involves electrophilic attack on norbornene.24 

Isomerization by cis-Stilbene. The metal triflate catalyzed 
epoxidation of cis-stilbene by iodosylbenzene has been reported.58 

It was found that franj-stilbene oxide is the major product and 
that large amounts of cw-stilbene isomerize to fra/w-stilbene when 
Co, Mn, and Cu triflates are used.5" In contrast, m-stilbene is 
produced as the major product and no isomerization of ci's-stilbene 
to fra/w-stilbene is found in the reactions of Fe(III) triflate5* and 
(Et3HN)Fe(bpb)Cl2. Small amounts of isomerization of cis-
stilbene to frans-stilbene have also been found in Fe(BLM),25 

(24)Traylor, T. G.; Miksztal, A. R. J. Am. Chem. Soc. 1989, / / / , 
7443-7448. 

(25) Heimbrook, D. C; Mulholland, R. L., Jr.; Hecht, S. M. J. Am. Chem. 
Soc. 1986, 108, 7839-7840. 
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Ni(cyclam),6e and Fe-porphyrin26 catalyzed reactions with io­
dosylbenzene. Castellino and Bruice have used m-stilbene as a 
mechanistic probe in iron porphyrin catalyzed epoxidation studies 
and suggested the isomerization is caused by a carbocation radical 
intermediate.26 We have found a large amount of isomerization 
of c/s-stilbene to trans-stilbene catalyzed by PhI(OH)(OTs) in 
acetonitrile. This observation suggests that electrophilic addition 
of Ph(OH)(OTs) to ci'5-stilbene could form the carbocation 17 
(Scheme IV), similar to 14 in eq 15, which is also capable of 
leading to rra«5-stilbene, the thermodynamically favored isomer. 
Therefore, the isomerization of m-stilbene in metal-catalyzed 
reactions with iodosylbenzene can also be explained by the in­
termediate 17 in the proposed mechanism. If the oxygen-carbon 
bond forms quickly, e.g., in the conversion of the iron derivative 
10 to 11 (eq 13), isomerization of m-stilbene does not occur. If 
the oxygen-carbon bond-forming reactions are slow, however, the 
carbon-carbon bond in 17 has enough time to rotate, and isom­
erization occurs. 

The "Lost Oxygen" Reaction. A reaction that we term the "lost 
oxygen" reaction occurs in many of the oxidation studies using 
iodosylbenzene as an oxygen donor. This term refers to the 
unknown reaction that consumes iodosylbenzene and gives iodo­
benzene but does not give oxygenated substrate. For example, 
in the reaction of cyclohexene with iodosylbenzene catalyzed by 
Fe(OTO3 (see Table VI), the yield of epoxide is 24% based on 
iodobenzene formed, and 76% of oxygen goes by unknown 
pathways. (Some of the oxygen may be lost by iodosylbenzene 
disporportionation to give iodobenzene and iodoxybenzene, PhIO2, 
but the high yield of PhI (see Table VI) indicates that such a 
reaction could only account for a minor portion of the lost oxygen.) 
This discrepancy has also been observed by other investigators 
studying iodosylbenzene reactions who have tentatively attributed 
it to solvent oxidation.6"1 Kochi and co-workers have suggested 
that acetonitrile is oxidized to hydrogen cyanide and formaldehyde 
in the nickel catalysis of olefin epoxidation by iodosylbenzene." 

CH3CN + PhIO - ^ * PhI + HOCH2CN -^* 
HCN + CH2O (16) 

Our observation of formation of 3-acetamidocyclohexene where 
the amide oxygen is derived from iodosylbenzene accounts for only 
a small part of lost oxygen. However, its occurrence suggests an 
alternative explanation for the lost oxygen reaction. Coordination 
of the acetonitrile nitrogen atom to metal ion would be expected 
to weaken the N=C triple bond. As a result, acetamide might 
be formed by inter- or intramolecular transfer of oxygen originated 
from the iodosylbenzene in the iron-iodosylbenzene complex. 
However, acetamide is likely to be unstable under the reaction 
conditions due to its further reaction with iodosylbenzene or other 
I1" species in the solution. Primary amides are known to react 
with several iodine(III) compounds such as PhI(OOCCF3)2,

27 

PhI(OH)(OTs),28 and PhIO with formic acid29 and finally convert 
to amines or ammonium salts through the Hofmann rearrange-

(26) Castellino, A. J.; Bruice, T. C. J. Am. Chem. Soc. 1988, 110, 
158-162. 

(27) (a) Radhakrishna, A. S.; Parham, M. E.; Riggs, R. M.; Loudon, G. 
M. J. Org. Chem. 1979, 44, 1746-1747. (b) Loudon, G. M.; Radhakrishna, 
A. S.; Almond, M. R.; Blodgett, J. K.; Boutin, R. H. J. Org. Chem. 1984, 49, 
4272-4276. (c) Boutin, R. H.; Loudon, G. M. J. Org. Chem. 1984, 49, 
4277-4284. 

(28) (a) Lazbin, I. M.; Koser, G. F. / . Org. Chem. 1986,51, 2669-2671. 
(b) Lazbin, I. M.; Koser, G. F. J. Org. Chem. 1987, 52, 476-477. (c) Va-
sudevan, A.; Koser, G. F. J. Org. Chem. 1988, 53, 5158-5160. 

(29) Radhakrishna, A. S.; Rao, C. G.; Varma, R. K.; Singh, B. B.; 
Bhatnagar, S. P. Synthesis 1983, 538. 
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ment. A mechanism for the reaction with PhI(OH)(OTs), 

O 

R J N H 2
 I ( m ) r 9 a 9 9 n " » . RNH2 ^ RN + H 3 X ' (17) 

-CO2 

X " = Ots, 0OCCF3, Cl 

analogous to the Hofmann rearrangement, was proposed by Koser 
and co-workers.28a 

0 O 
Il Il • -

RCNH2 + HOIOTs - * - RCNHI+,OTs + H2O 
Ph Ph 

O 
Il + _ 

RCNHI1OTs - * - RN=C=O + PhI + p-TsOH 

Ph 
RN=C=O + H2O - " - RNHCOOH — RNH2 + CO2 

RNH2 + p-TsOH - * - RN+H3 OTs" (18) 

We have found that iodosylbenzene reacts with neat formamide 
immediately, releasing gas as the iodosylbenzene becomes solu-
bilized. The reaction of iodosylbenzene with acetamide in ace-
tonitrile resulted in slow release of gas and uptake of iodosyl­
benzene into the solution. 

Conclusions 
We have found new iron complexes, (Et3HN)Fe11HbPb)X2 (X 

= Cl, OTQ, capable of catalyzing the olefin epoxidation by io­
dosylbenzene. Although the yields of epoxide are not high due 
to iodosylbenzene-consuming competition reaction that also occurs 
in the absence of substrate, epoxides are found to be the pre­
dominant products. The epoxidation reaction occurs with ste­
reochemical retention. We have also found that a nonredox metal 
salt, Al(OTf)3, can catalyze the same reaction, suggesting strongly 
that high-valent metal oxo intermediates are not involved. In 
addition to epoxide, other products have also been observed in all 

Introduction 
Basic research on crystalline semiconductors has played a key 

role in the development of solid-state devices.1 GaAs and HI/V 
semiconductors2 are important for electronic and optoelectronic 
applications such as quantum devices,lb high-speed computers,10 

and photovoltaics.ld A large group of materials that may have 

* To whom correspondence should be addressed. 

of the reactions. The presence of these products suggests that 
the mechanisms of these reactions are related to those occurring 
between olefins and soluble iodine(III) compounds, and this leads 
us to propose a new mechanism. Iodine(III) species are found 
to be capable of isomerizing c/s-stilbene in the absence of metal 
catalyst, which can explain cw-stilbene isomerization and loss of 
stereochemistry in some metal-catalyzed reactions by iodosyl­
benzene. All of our observations are consistent with a mechanism 
that does not require changes in oxidation state of the metal ion 
and that involves electrophilic attack of I1" at the olefin. 

Acknowledgment. We thank Dr. Saeed I. Khan for assistance 
in solving the crystal structures. Financial support from the 
National Science Foundation (J.S.V.) and the Office of Naval 
Research (F.D.) is gratefully acknowledged. 

Registry No. 1, 135270-98-3; 2, 135225-28-4; 3, 135225-27-3; 
(Et3HN)Fe11HbPb)Cl2, 135225-30-8; (Et3HN)Fe11HbPb)Cl2, 135271-
00-0; Al(OTf)3, 74974-61-1; Fe(OTf)2, 59163-91-6; Fe(OTQ3, 63295-
48-7; (Et3HN)Fe11HbPb)Cl2-CH3CN, 135225-31-9; 0[IPh(OTf)I2, 
88016-29-9; Li(OTf), 33454-82-9; iodosylbenzene, 536-80-1; cyclo-
hexene, 110-83-8; «ms-stilbene, 103-30-0; a>stilbene, 645-49-8; styrene, 
100-42-5; /ww-0-methylstyrene, 873-66-5; norbornene, 498-66-8; l-
octene, 111-66-0; cyclohexene oxide, 286-20-4; f/wis-2,3-diphenyloxirane, 
1439-07-2; cw-2,3-diphenyloxirane, 1689-71-0; phenyloxirane, 96-09-3; 
rra/is-2-methyl-3-phenyloxirane, 23355-97-7; exo-l,2-epoxynorbornane, 
3146-39-2; 1,2-epoxyoctane, 2984-50-1; 4-methoxystyrene, 637-69-4; 
4-methylstyrene, 622-97-9; 4-chlorostyrene, 1073-67-2; 3-chlorostyrene, 
2039-85-2; 3-acetamidocyclohexene, 39819-72-2; bicyclo[2.2.1]-5-hept-
ene-2-carboxylic acid, 67999-50-2; iodobenzene diacetate, 3240-34-4; 
norbornene, 498-66-8; 1,4-diiodobenzene, 624-38-4; iodobenzene, 591-
50-4; c«-l,2-cyclohexanediol ditriflate, 91146-10-0. 

Supplementary Material Available: Tables of the fractional 
coordinates, bond distances, bond angles, and isotropic and an­
isotropic temperature factors for (Et3HN)Fem(bpb)Cl2-CH3CN, 
1 and 3(19 pages); listing of calculated and observed structure 
factors for (Et3HN)Fe11HbPb)Cl2-CH3CN, 1 and 3 (33 pages). 
Ordering information is given on any current masthead page. 

unique semiconductor properties are the so called ternary Zintl 
phases.3 This class of materials contains ternary I—III—V and 

(1) See for example: (a) Crystalline Semiconducting Materials and De­
vices; Butcher, P. N., March, N. H., Tosi, M. P., Eds.; Plenum Press: New 
York 1986. (b) Bate, R. T. Sci. Am. 1988,258,96. (c) Seitz, C. L.; Matisoo, 
J. Phys. Today 1984, 38. (d) Hamakawa, Y. Sci. Am. 1987, 256, 87. 

(2) According to the recent IUPAC convention, groups III and V are 
groups 13 and 15, respectively; groups I and II are groups 1 and 2, respectively. 
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Abstract: In the course of investigating the synthesis and properties of several ternary Ga-As Zintl compounds, a new Zintl 
compound has been prepared: Ca14GaAsn. This compound has been prepared in high yield from the stoichiometric combination 
of the elements in a sealed Nb tube, sealed in an evacuated quartz ampule, at 1100 0C for 4 days. It crystallizes in the tetragonal 
space group /4,/acrf with lattice parameters a - 15.642 (2) A and c = 21.175 (4) A (room temperature). Single-crystal X-ray 
diffraction data were collected at 130 K (14JaCd, Z = i,a=\ 5.620 (3) A, and c = 21.138 (4) A). Its structure is composed 
of isolated GaAs4 tetrahedra that are separated by As3 linear units, As and Ca. The As3 units are situated between the tetrahedra 
and alternate by 90° down the c axis. Although the As-As distance in the As3 unit is rather long (2.956 (2) A), it is consistent 
with the long 1-1 distance observed in the isoelectronic, hypervalent I3" anion and therefore is considered to be formally an 
As3

7" anion. Optical data are consistent with a semiconducting compound, indicating an optical band gap of about 1.49 eV, 
slightly higher in energy than that observed for GaAs. The synthesis, structure, and bonding in this compound will be discussed. 
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