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While the short Ga-P bond distance and the yellow color of 2 
are suggestive of a p,-pT interaction, this cannot be extensive since 
the P atoms remain pyramidal (sum of angles = 314.7°). In
terestingly, the Ga atoms are also slightly nonplanar. Overall, 
the bonding description for 2 is closer to form B than to form A. 
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Note Added in Proof. The trimer [(2,4,6-Ph3C6H2)GaP-
(C6Hn)J3 has been reported very recently by Power et al. (Hope, 
H.; Pestana, D. C; Power, P. P. Angew. Chem., Int. Ed. Engl. 
1991, 30, 691). The Ga3P3 system is not planar and little der
ealization is apparent. 
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and 2 (8 pages); listings of observed and calculated structure 
factors for 1 and 2 (26 pages). Ordering information is given on 
any current masthead page. 
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In recent years, several non-porphyrin iron-containing catalysts 
of alkane hydroxylation by dioxygen and/or peroxides have been 
reported that appear to react via nonradical pathways.1"7 In this 
respect, their reactions resemble those of non-heme iron containing 
monooxygenase enzymes and iron bleomycin, but unlike the bi
ological systems,8"11 only a few of these non-porphyrin iron com
plexes are reported to catalyze olefin epoxidation.4,,b'5a'12 Here 
we report that iron complexes of cyclam (1,4,8,11-tetraazacy-

(1) (a) Barton, D. H. R.; Ozbalik, N. In Activation and Functionalization 
ofAlkanes; Hill, C. L., Ed.; Wiley: New York, 1989; pp 281-301. (b) 
Barton, D. H. R.; Csuhai, E.; Doller, D.; Ozbalik, N.; Balavoine, G. Proc. 
Natl. Acad. Sci. U.S.A. 1990, 87, 3401. 

(2) Groves, J. T.; Van Der Puy, M. J. Am. Chem. Soc. 1974, 96, 5274. 
(3) Tabushi, I.; Nakajima, T.; Seto, K. Tetrahedron Lett. 1980, 21, 2565. 
(4) (a) Sugimoto, H.; Sawyer, D. T. / . Org. Chem. 1985,50, 1784-1786. 

(b) Sugimoto, H.; Spencer, L.; Sawyer, D. T. Proc. Natl. Acad. Sci. U.S.A. 
1987, 84, 1731-1733. (c) Sheu, C ; Sobkowiak, A.; Jeon, S.; Sawyer, D. T. 
J. Am. Chem. Soc. 1990,112, 879. (d) Sheu, C ; Richert, S. A.; Cofri, P.; 
Ross, B., Jr.; Sobkowiak, A.; Sawyer, D. T.; Kanofsky, J. R. / . Am. Chem. 
Soc. 1990, 112. 1936. (e) Sheu, C ; Sawyer, D. T. / . Am. Chem. Soc. 1990, 
112. 8212. 

(5) (a) Murch, B. P.; Bradley, F. C ; Que, L., Jr. J. Am. Chem. Soc. 1986, 
108, 5027. (b) Leising, R. A.; Norman, R. E.; Que, L., Jr. Inorg. Chem. 1990, 
29, 2553. 

(6) Kitajima, N.; Fukui, H.; Moro-oka, Y. J. Chem. Soc., Chem. Commun. 
1988, 485. 

(7) Vincent, J. B.; Huffman, J. C ; Christou, G.; Li, Q.; Nanny, M. A.; 
Hendrickson, D. N.; Fong, R. H.; Fish, R. H. J. Am. Chem. Soc. 1988,110, 
6898. 

(8) (a) Colby, J.; Stirling, D. I.; Dalton, H. Biochem. J. 1977, 165, 395. 
(b) Green, J.; Dalton, H. J. Biol. Chem. 1989, 264, 17698. 

(9) (a) May, S. W.; Abbott, B. J. Biochem. Biophys. Res. Commun. 1972, 
48. 1230. (b) May, S. W.; Abbott, B. J. J. Biol. Chem. 1973, 248, 1725. (c) 
Katopodis, A. G,; Wimalasena, K.; Lee, J.; May, S. W. J. Am. Chem. Soc. 
1984, 106. 7928. 
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Table I. Products Obtained from Reaction of H 2O 2 with Olefins in 
the Presence of Fe(cyclam)(CF 3S0 3) 2° 

Substrate Products Yield (mmol) Tumoverb 

Ph Ph A 
Ph Ph 

Ph 

0.40c 

0.14 

0.26 

0.017 

0.039 

0.36 

0.02 

20 

13 

18 

" Reactions were quenched after 8 min for cyclohexene and 20 min 
for other substrates. See text for experimental conditions. * (Milli-
moles of epoxide)/(millimoles of iron catalyst). 'See Table II for 
amounts of allylic oxidation products. ''Reaction was run in the sol
vent mixture of acetonitrile (4 mL) and toluene (1 mL). 

clotetradecane) and related ligands are highly effective catalysts 
for olefin epoxidations by aqueous 30% hydrogen peroxide in 
acetonitrile or methanol and that, unlike previously reported 
systems, we observe (1) high turnovers based on the iron complex, 
(2) high percent yields based on H2O2, (3) tolerance for at least 
small amounts of water, (4) stereospecificity, and (5) only small 
amounts of allylic oxidation products. 

Hydrogen peroxide (1 mmol, 30% aqueous) was slowly added 
under an inert atmosphere over a period of 1 min to a solution 
of the Fe" complexes of ligands 1-6 (0.02 mmol) and cyclohexene 
(1 mmol) in 5 mL of acetonitrile.13 The reaction mixture was 
quenched after 8 min by addition of sodium sulfite, filtered through 
a 0.45-Mm filter, and then analyzed by GC/MS or HPLC. The 
results were as follows: Fe(I)2+ (ferrous cyclam) gave 0.40 mmol 
of cyclohexene oxide (40% yield based on H2O2,20 turnovers based 
on Fe). Fe(2)2+ gave 0.20 mmol, Fe(3)2+ gave 0.10 mmol, and 
Fe(4)2+ gave 0.04 mmol of cyclohexene oxide. The Fe" complexes 
of 5 and 6 gave no epoxidation of cyclohexene. Only small 
amounts of allylic oxidation products were observed in any case, 
suggesting that typical radical reactions were not involved. Fe(I)2+ 

in methanol under the same conditions but at 4 0 C" gave the same 

(13) The complexes Fe(2)(CF3S03)2
14 and Fe(4)(PF6)2

15 and the ligand 
S16 were prepared by literature methods. Ligands 1,3, and 6 were purchased 
from Aldrich. The complexes FeL(CF3SO3J2, L = 1 ,3 ,5 , 6, were prepared 
by stirring equimolar quantities of Fe(CF3SOj)2 and ligand in anhydrous 
acetonitrile followed by filtration, reduction of volume by evaporation, and 
addition of Et2O to induce crystallization. The resulting solid was filtered, 
washed with Et2O, and dried in vacuo. AU manipulations were carried out 
under an inert atmosphere. Satisfactory elemental analyses were obtained for 
each complex. 

(14) Tait, A. M.; Busch, D. H. Inorg. Synth. 1978, 18, 2. 
(15) Reichgott, D. W.; Rose, N. J. J. Am. Chem. Soc. 1977, 99, 1813. 
(16) Barnes, D. J.; Chapman, R. L.; Vagg, R. S.; Watton, E. C. J. Chem. 

Eng. Data 1978, 23, 349. 
(17) Alcoholysis of cyclohexene oxide takes place in methanol under our 

reaction conditions at room temperature. Therefore the reaction was carried 
out at 4 0 C, where the rate of alcoholysis was slow. Posner, G. H.; Rogers, 
D. Z. J. Am. Chem. Soc. 1977, 99, 8208. 
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T»M« II. Cyclohexene Oxidation by Various Oxidants Catalyzed by Fe(cyclam)(CF,SOj)2° 

oxidants 

r-BuOOH 
EtOOH 
PhIO 

solvent 

CHjCN 
CHjOH' 
CHjCN 
C H J C N 
C H J C N 

reactn 
time, min 

8 
20 

120 
120 
15 

O 
40 
41 

I 
0 

38 

products (yields, %)» 

OH 

6 
I 
6 
7 
0 

O 

6 
0.4 
I 
9 
l 
0 

mass 
balance/ % 

96 
e 
9.V 
95 
88 

"Reactions were run in a solution containing cyclohexene (1 mmol) and iron catalyst (0.02 mmol). Oxidant (I mmol for H2O2, f-BuOOH, and 
ElOOH) was added to the reaction solution, and the reaction was quenched after the time indicated. In the case of PhIO, 0.4 mmol was added, and 
no sodium sulfite was added prior to filtration. See text for experimental conditions. 'Percent yields based on oxidant added. ' Percent of the sum 
of unreacted cyclohexene and products based on starting cyclohexene, ±3%. 'Reaction was carried out at 4 ° C 'Not determined. /|-(rwi-Bu-
tylperoxy)-2-cyclohexene (15%) was formed. 

yield of cyclohexene oxide as in acetonitrile. Several other olefins 
were also epoxidized by H 2 O 2 in acetonitrile in the presence of 
Fe(I) 2 + (see Table I). Particularly significant is the case of 
cw-stilbene, which gave a 26% yield of m-stilbene oxide and less 
than 2% of rra/is-stilbcne oxide. Formation of epoxides was not 
detected in the absence of the iron catalyst. Cyclam complexes 
of Mn(II), Co(II), Ni(II), and Cu(II) were ineffective as catalysts 
of either cyclohexene or m-stilbenc epoxidation by hydrogen 
peroxide. 

p 
C1JH H N - 1 

NH HN-I 

C
N H N - 1 

NH N-I 

p 
CNH H N ^ 

NH H N ^ 

3 

&A£ N N-

' U 
NH-f L N J 

O 7 ^ 
Replacement of hydrogen peroxide by other oxidants, i.e., 

fev-r-butyl hydroperoxide, ethyl hydroperoxide, and iodosylbenzene, 
was also studied (see Table II). In contrast to the hydrogen 
peroxide reactions, alkyl hydroperoxides gave only allylic oxidation 
products in acetonitrile or methanol. When /wi-butyl hydro
peroxide was used as an oxidant, a moderate amount of 1-
(im-butylperoxy)-2-cyclohexene was also formed, indicating that 
the i-BuOO" radical was generated.18 By contrast, iodosylbenzene 
was found to give high yields of epoxide in the iron cyclam cat
alyzed reaction. 

Oxidation of 2,4,6-tri-ieri-butylphenol (TBPH)"-2 0 was also 
studied under the same conditions in both acetonitrile and 
methanol. In the case of this substrate, as in the case of the olefins, 
little or no oxidation of substrate was observed in the absence of 
the iron catalyst. In the presence of ferrous cyclam, hydrogen 
peroxide, ethyl hydroperoxide, and rerr-butyl hydroperoxide, all 
reacted rapidly with TBPH to give the highly colored 2,4,6-tri-
fevr-butylphenoxy radical. 

The iron cyclam catalyzed oxidation of methanol by hydrogen 
peroxide and levr-butyl hydroperoxide in methanol was also 
studied. Once again, little or no oxidation was observed in the 
absence of catalyst. When ferrous cyclam (0.002 mmol) was 
added to 4 mL of a solution of the peroxide (0.10 mmol) in 
methanol, leri-butyl hydroperoxide was observed to give 0.09 mmol 

(18) Srinivasan. K.; Perrier. S.; Kochi, J. K. J. MoI. Catal. 1986, 36. 297. 
(19) Traylor, T. G.; Xu, F. /, Am Chem. Soc. 1990. 112. 178. 
(20) (a) Balasubramanian, P. N.; Bruice, T. C. J. Am. Chem. Soc. 1986, 

108. 5495. (b) Balasubramanian. P. N.; Bruice, T. C. Proc. Natl. Acad. Sci. 
VSA 1987. S*. 1734. 

Figure I, Computer drawing of an iron cyclam hydroperoxide complex 
illustrating favorable geometry for hydrogen bonding between the HOO" 
ligand and the N-H of the cyclam ligand. The trans conformation of 
the cyclam ligand was optimized by using the MM2 program.24 

of formaldehyde in 10 min while hydrogen peroxide reacted more 
slowly, giving 0.04 mmol in 10 min.21 Thus the iron cyclam 
catalyst resembles the ferric EDTA complex in its ability to 
catalyze oxidation of methanol by peroxides.20* 

The observation that both H2O2 and ROOH oxidized TBPH 
and methanol in the presence of iron-cyclam complexes but that 
only H2O2 and not ROOH gave epoxidation of cyclohexene under 
the same conditions leads us to conclude that the two types of 
reactions do not occur via a common intermediate. One possible 
explanation is that the species responsible for the TBPH and 
methanol oxidations are the product or products formed from 
cleavage of the O-O bond,"-20 whereas the epoxidation reaction 
occurs by a direct reaction of the olefin with coordinated HOO". 
Since the O-O bond of HOOH is 5 kcal/mol stronger than that 
of ROOH,2 2 an HOO" complex is expected to have a higher 
activation energy for O-O bond cleavage than a ROO" complex 
and therefore to have a longer lifetime.23 The former might be 
less sterically hindered than the latter as well. The hypothesis 
that an HOO" complex of iron cyclam may be an intermediate 
is also supported by molecular modeling of such a species using 
computer graphics, which suggests strongly that the preferred 
conformation of the cyclam ligand 1 presents the HOO" ligand 
with an axial N - H bond that is well suited for hydrogen bonding 
(see Figure 1). 

There are several possible explanations for the lower yields of 
cyclohexene oxide obtained when H2O2 was reacted with cyclo
hexene in the presence of Fe" complexes of ligands 2-6- Dif
ferences in redox potentials or ligand conformation may influence 
relative rates of formation and lifetimes of the intermediates 

(21) Nash, T. Biochem. J. 1953, 55. 416. 
(22) Lide, D. R. Ed., CRC Handbook of Chemistry and Physics. 71st ed.; 

CRC Press Inc.: Boca Raton, FL, 1990; pp 9-98. 
(23) Sheldon. R. A.; Kochi. J. K. Metal-Catalyzed Oxidations of Organic 

Compounds: Academic Press: New York, 1981; p 20. 
(24) Allinger, N. L. J. Am. Chem. Soc. 1977, 99. 8127; Quantum Chem

istry Program Exchange No. 406. Burkert, U.; Allinger, N. L. Molecular 
Mechanics: American Chemical Society: Washington, DC, 1980. 
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responsible for epoxidation, or alternatively, complexes may be 
poor catalysts for epoxidation because they are good catalysts for 
H2O2 disproportionate. Experiments to discriminate between 
these possibilities are planned. 

The complex color changes that we observed when hydrogen 
peroxide was reacted with iron-cyclam complexes have led us to 
the conclusion that several intermediate species are involved. 
However, our attempts to characterize potential intermediates 
spectroscopically have so far been frustrated by a competing 
reaction of the ligand. During the course of these reactions, the 
initially purple complex was converted to a green complex which 
was no longer active as a catalyst for the epoxidation reaction in 
acetonitrile. This particular spectroscopic change resembles those 
that occur when ferrous complexes of related ligands undergo 
oxidative dehydrogenation upon reaction with dioxygen.25 

Future studies will focus on attempts to stabilize intermediates 
in this reaction and to characterize their spectroscopic properties 
and their reactivities. If non-porphyrin iron complexes are indeed 
capable of epoxidizing olefins without prior O-O bond cleavage, 
such a mechanism should be considered in the cases of non-heme 
iron containing monooxygenase enzymes and iron bleomycin as 
well. 
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We report in this paper the application of the temporary silicon 
connection method for the control of regio- and stereochemistry1 

to the synthesis of C-glycosides. 
C-Glycosides are an important class of carbohydrate deriva

tives,2 and numerous methods have been devised for their ste
reoselective construction.3 Most of those methods are empirical, 

(1) The Temporary Silicon Connection has been under investigation at 
Columbia for several years. Cf.: Keitz, P., ref 5. Stork, G. 32nd National 
Organic Symposium, Minneapolis, June 1991. 

(2) Cf. inter alia: (a) Hanessian, S.; Pernet, A. G. Adv. Carbohydr. Chem. 
Biochem. 1976, « , 111 . (b) Nishimura, N.; et al. / . Antibiot., Ser. A 1966, 
17, 148. (c) Boivin, T. L. B. Tetrahedron 1987, 43, 3309. (d) Connor, D. 
T.; Greenough, R. C; v. Strandtmann, M. / . Org. Chem. 1977, 42, 3664. 

(3) For recent references on the synthesis of C-glycosides, see: (a) Ohrui, 
H.; Jones, G. H.; Moffatt, J. G.; Maddox, M. L.; Christensen, A. T.; Byram, 
S. K. J. Am. Chem. Soc. 1975, 97, 4602. (b) Ireland, R. E.; Wilcox, C. S.; 
Thaisrivongs, S.; Vanier, N. R. Can. J. Chem. 1979, 57, 1743. (c) Danish-
efsky. S.; Kerwin, J. F., Jr. J. Org. Chem. 1982, 47, 3803. (d) Cupps, T. L.; 
Wise, D. S.; Townsend, L. B. J. Org. Chem. 1982, 47, 5115. (e) Lewis, M. 
D.; Cha, J. K.; Kishi, Y. J. Am. Chem. Soc. 1982,104, 4976. (0 Keck, G. 
E.; Yates, J. B. J. Am. Chem. Soc. 1982,104, 5829. (g) Kozikowski, A. P.; 
Sorgi, K. L. Tetrahedron Utt. 1982, 23, 2281. (h) Reed, L. A., Ill; Ito, Y.; 
Masamune, S.; Sharpless, K. B. / . Am. Chem. Soc. 1982, 104, 6468. (i) 
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1983, 24, 1563. 0) Williams, R. M.; Stewart, A. O. Tetrahedron Uu. 1983, 
24, 2715. (k) Reetz, M. T.; Starke-Muller, H. Annalen 1983, 1726. (1) 
Wilcox, C. S.; Lang, G. W.; Suh, H. Tetrahedron UtI. 1984, 25, 395. (m) 
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D. B.; Fraser-Reid, B. J. Org. Chem. 1984,49, 518. (p) Lancelin, J.; Pougny, 
J.; Sinay, P. Carbohydr. Res. 1985, 136, 369. (q) Burke, S. D.; Armistead, 
D. M.; Schoenen, F. J.; Fevig, J. M. Tetrahedron 1986, 42, 2787. (r) Wilcox, 
C. S.; Otoski, R. M. Tetrahedron Uu. 1986, 27, 1011. (s) Martin, O. R.; 
Rao, S. P.; Kurz, K. G.; El-Shenawy, H. A. J. Am. Chem. Soc. 1988, 110, 
8698. 
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and the result of their use in a previously unstudied case cannot 
be predicted with confidence. 

The method we describe here is entirely general. It achieves 
the stereospecific introduction of a styryl group at the anomeric 
center of a particular carbohydrate by the radical-induced4 cy-
clization of a 3-phenylethynyl group tethered, via a temporary 
silicon connection,5 to a suitable hydroxyl group of the carboh
ydrate. 

In contrast to the poor stereocontrol available via /nfevmolecular 
radical reactions at the anomeric center,6 the geometric re
quirements for the in/romolecular cyclization of an ethynyl group 
tethered to a /3-hydroxyl onto the radical at the anomeric center 
can only lead, after detachment of the silicon connector, to a /3 
C-glycoside (A), while tethering to an a-hydroxyl can only give 
an a C-glycoside (B). This is schematized in Figure 1. 

The phenylethynyl group was chosen to be the tethered entity 
because (1) we have devised a simple method for attaching an 
acetylene to a hydroxyl via a silicon atom7 and (2) the presence 
of a phenyl rather than an alkyl group leads to more general and 
efficient cyclizations. The styryl C-glycosides will sometimes be 
needed, as such. More generally, the styryl substituents, whatever 
their geometry, serve as convenient precursors for the stereospecific 
introduction of a versatile aldehyde or carbinol function at the 
anomeric center. 

(4) The formation of C-glycosides by infcrmolecular trapping of a radical 
at the anomeric center of a carbohydrate was first reported by: (a) Giese, 
B.; Dupuis, J. Angew. Chem., Int. Ed. Engl. 1983, 22, 622. (b) Addlington, 
R. M.; Baldwin, J. E.; Basak, A.; Kozyrod, R. P. / . Chem. Soc., Chem. 
Commun. 1983, 1944. For examples of /nframolecular C-glycoside con
structions based on radical cyclization, cf.: De Mesmaeker, A.; Hoffmann, 
P.; Beat, E.; Hug, P.; Winkler, T. Tetrahedron Utt. 1989, 30, 6311. 

(5) For the earlier transfer of a silicon-tethered terminal alkyne to a radical 
center, see: Keitz, P. Ph.D. Thesis, Columbia, 1988. 

(6) Giese, B.; Dupuis, J.; Leising, M.; Nix, M.; Lindner, H. J. Carbohydr. 
Res. 1987, 71, 329. 

(7) Stork, G.; Keitz, P. Tetrahedron Utt. 1989, 30, 6981. 
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