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structure of II (Figure 1) was confirmed by X-ray diffraction 
methods.6 All cyclopentadienyl ligands are coordinated in a 
conventional ?;5 mode. [Zr-cp distances (A) are as follows: 
cpl-Zrl, 2.24 (1); cp2-Zrl, 2.21 (1); cp3-Zr2, 2.21 (1); cp4-Zr2, 
2.20 (1) (Figure I)], the oxymethylene bridge is r;2-C,0 bonded 
to ZrI [Zrl-C21, 2.19 (1); ZrI-O, 2.13 (1) A] with a Z r l - O Z r 2 
angle of 166.9 (4)°. The distance Zr2-C21 = 3.07 (1) A rules 
out any possible interaction of C21 with both zirconium atoms. 
The C-O bond distance [1.43 (2) A] and the C-O stretching 
vibration (1015 cm"1) are to be compared with the corresponding 
ones found in (Cp)2V(^-CH2O) [1.353 (10) A, 1160 cm"1],7 

Os(CO)2(PPh3)2(7,2-CH20[1.59 (1) A, 1017 cm"1],8 and Fe-
(CO)2|P(OMe)3(2(7)2-CH20) [1.32 (2) A, 1220 cm'1]. ' The 
oxymethylene ligand in complex II displays a bonding mode that 
strongly resembles that of formaldehyde bonded to vanadium in 
(Cp)2V(^-CH2O).7 ZrI, CIl, C21, O, Zr2, and C12 atoms are 
close to being coplanar, the dihedral angle between ZrI, CIl, C21, 
O, and Zr2, C12, O planes being 10.5 (8)°. ZrI, CIl, C21, and 
O are nearly coplanar with a maximum deviation from the plane 
of 0.07 (I)A. The two chloride ligands having trans configuration 
[the torsional angle Cll-Zrl-Zr2-C12 is 169.5 (2)°], are bonded 
at unexpected different distances. Zr l -Cl l , 2.522 (4) A, is sig­
nificantly weaker than the corresponding Zr2-C12, 2.344 (3) A. 
The 1H NMR spectrum shows only one singlet for all cp ligands, 
suggesting an easy exchange in the roles of the two zirconium 
atoms in the equatorial plane.5,10 

Complex II can be formally viewed as a ?j2-formaldehydo 
complex [Zr(^-CH2O)] with the oxygen interacting with a Lewis 
acid center, Zr2 in Figure 1.7-9 Lewis acids have been employed 
for converting a formaldehydo into an oxymethylene ligand, which 
is more appropriate for inserting carbon monoxide, as complex 
II does.7,911 Carbonylation of II is a slow reaction in THF solution 
at atmospheric pressure of CO and at room temperature.12'13 A 
simplified picture of how this reaction may occur is given in eq 
3. The IR spectrum of the THF solution of II exposed to a carbon 
monoxide atmosphere showed a weak band at 1970 cm"1 and a 
band at 1605 cm""1, whose intensity increased during the carbo­
nylation. Carbon monoxide caused the loss of (Cp)2ZrCl2 from 
complex II. Analytical data and IR and mass spectra agree with 
the proposed formula for complex IV.12 

(6) Crystals of [(Cp)2ZrCl]2(M-CH2O) are monoclinic with a = 10.775 (2) 
Ab = 15.166 (4) A, c= 13.687(3) A,/3= 115.85 (2)°, U = 2012.8 (9) A3, 
space group i>2,/n, Z = 4, Mo Ka 13.0 cm"1. Of the 4052 independent 
reflections (5 < 20 < 52°) measured on a Philips PW 1100 diffractometer 
using Mo Ka radiation, 2065 were considered observed [/ > 3cr(/)]. No 
absorption correction was applied. The structure was solved by heavy-atom 
methods and refined anisotropically to give a current R = 0.058. During the 
refinement all the cp rings were treated as rigid groups. All the hydrogen 
atoms were found from a difference Fourier synthesis and introduced in the 
refinement as fixed contributors with B1n = 6.3 A2. 

(7) Gambarotta, S.; Floriani, C; Chiesi-Villa, A.; Guastini, C. J. Am. 
Chem. Soc. 1982, 104, 2019-2020. 

(8) Brown, K. L.; Clark, G. R.; Headford, C. E. L.; Marsden, K.; Roper, 
W. R. J. Am. Chem. Soc. 1979, 101, 503-505. 

(9) Berke, H.; Bankhardt, W.; Huttner, G.; v. Seyerl, J.; Zsolnai, L. Chem 
Ber. 1981, 114, 2754-2768. Berke, H.; Huttner, G.; Weiler, G.; Zsolnai, L. 
/ . Organomet. Chem. 1981, 219, 353-362. 

(10) This was recently confirmed by a detailed study: Erker, G.; Kropp, 
K. Chem. Ber. 1982, 115, 2437-2446. 

(11) Dombek, B. D. J. Am. Chem. Soc. 1980,102, 6855-6857; 1979,101, 
6466-6468. 

(12) A THF (50 mL) solution of complex II (0.97 g) was exposed to a 
carbon monoxide atmosphere in the dark. After 1 day the IR spectrum of 
the solution showed two weak bands at 1970 and 1605 cm"1. Five days later 
the band at 1970 cm"1 remained constant, while the intensity of the band at 
1605 cm"1 had increased. The IR spectrum did not change further. Faster 
carbonylation can be carried out under 100 atm of carbon monoxide. The 
THF solution, concentrated and cooled at 0 0C, gave beautiful crystals of 
complex IV (0.30 g), [((cp)2Zr)2(C2H202)2]. Anal. Calcd for C24H24O4Zr2: 
C, 51.61; H, 4.30. Found: C, 51.60; H, 4.37. The IR spectrum shows two 
sharp and strong bands (Nujol) at 1600 and 1225 cm"1 for the C=C and C-O 
bond vibrations. Complex IV showed mass spectral peaks at 556, 557, 558, 
559, 560, 561, 562, 564 [(cp2Zr)2(M-CHO=CHO)2], 278, 279, 280, 282 
[Cp2Zr(CHO=CHO)] whose positions and relative intensity are in agreement 
with the natural isotopic mixture of zirconium. 

(13) Carbonylation of a related proposed (?;2-formaldehyde)zirconocene 
complex is reported: Erker, G.; Kropp, K.; Kruger, C; Chiang, A. P. Chem, 
Ber. 1982, 115, 2447-2460. 
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Singlet oxygen (1O2) reacts with adamantylideneadamantane 
(1, Scheme I) to afford the unusually stable 1,2-dioxetane 3.1,2 

Under certain conditions the photooxidation of 1 can yield the 
corresponding epoxide 4 in addition to 3.3 The mechanism for 
the formation of 3, and in particular 4, has been a subject of 
considerable controversy.4 Dewar5 and Bartlett30 have suggested 
that epoxide 4 may be produced by reaction of an intermediate 
perepoxide 2 with 1O2 with concomitant generation of ozone. On 
the other hand, free-radical processes have also been proposed 
for the formation of 4.3d 

We now provide evidence for a trappable intermediate in the 
reaction of 1O2 with 1. This species, which we suggest is perep-

(1) (a) Wieringa, J. H.; Strating, J.; Wynberg, H.; Adam, W. Tetrahedron 
Lett. 1972, 169. (b) Schuster, G. B.; Turro, N. J.; Steinmetzer, H.-C; Schaap, 
A. P.; Faler, G. R.; Adam, W.; Liu, J. C. J. Am. Chem. Soc. 1975, 97, 7110. 
(c) Numan, H.; Wieringa, J. H.; Wynberg, H.; Hess, J.; Voss, A. / . Chem. 
Soc, Chem. Commun. 1977, 591. 

(2) For reviews of 1,2-dioxetanes, see: (a) Bartlett, P. D.; Landis, M. E. 
In "Singlet Oxygen", Wasserman, H. H., Murray, R. W., Eds.; Academic 
Press: New York, 1979; Chapter 7. (b) Adam, W. Pure Appl. Chem. 1980, 
52,2591. 

(3) (a) Schaap, A. P.; Faler, G. R. J. Am. Chem. Soc. 1973, 95, 3381. (b) 
Bartlett, P. D.; Ho, M. S. Ibid. 1974, 96, 627. (c) Bartlett, P. D. Chem. Soc. 
Rev. 1976, 149. (d) Jefford, C. W.; Boschung, A. F. HeIv. Chim. Acta 1977, 
60, 2673. 

(4) For reviews of the 1,2-cycloaddition of 1O2 to olefins, see: (a) Schaap, 
A. P.; Zaklika, K. A. In "Singlet Oxygen"; Wasserman, H. H., Murray, R. 
W., Eds.; Academic Press: New York, 1979; Chapter 6. (b) Frimer, A. A. 
Chem. Rev. 1979, 79, 359. 

(5) Dewar, M. J. S.; Griffin, A. C; Thiel, W.; Turchi, I. J. J. Am. Chem. 
Soc. 1975, 97, 4439. 
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Table I. Photooxygenation of Adamantylideneadamantane (1) in 
the Presence of Methyl Phenyl Sulfoxide (5)" 

solvent 
[1], 
mM 

[5], 
mM 

epoxide 
4,% 

dioxe-
tane 
3, % sulfone 6 

epoxide 4 

PhH 
PhH 
CCl4 
CCl4 
CH2Cl2 
CH2Cl2 
CH2Cl2 

4.0 
5.1 
4.0 
4.0 
4.0 
4.0 
4.0 

8.3 

8.6 

8.0 
77 

6 
97 
13 

100 
2 

26 
92 

93 
3 

86 
0 

99 
75 

1.0 

1.0 

1.0 
1.0 

0 Photooxygenations were conducted under oxygen at 10 0C with 
1.7 X 10"" M tetraphenylporphine and a 250-W high-pressure sodium 
lamp. Product yields were determined by gas chromatography 
with dioxetane 3 analyzed as its cleavage product, adamantanone. 

oxide 2, can be quantitatively trapped by nucleophilic oxygen atom 
transfer to sulfoxides to yield sulfones and epoxide 4.6 Our 
investigation was prompted by the view that the rearrangement 
of 2 to 3 might be sufficiently slowed by steric restrictions of the 
adamantyl groups to allow oxygen transfer to an acceptor. 

Photooxygenation of 1 was carried out at 10 0C for 30 min in 
oxygenated solution (benzene, methylene chloride, or carbon 
tetrachloride) containing 1.7 X 10"4M tetraphenylporphine as 
sensitizer, with use of a 250-W high-pressure sodium lamp. Ir­
radiation of solutions of 1 under these conditions produced 86-99% 
yields of dioxetane 3 with the balance of the material, epoxide 
4. These results are in accord with earlier observations.3 We now, 
however, report that in the presence of methyl phenyl sulfoxide 
(5) the reaction can be totally diverted to give cooxidation of 1 
and 5 with formation of equimolar quantities of epoxide 4 and 
methyl phenyl sulfone (6, Table I).7 Almost complete inhibition 
of dioxetane formation is observed. It should also be noted that 
the 1:1 ratio of 4 and 6 indicates that the reaction pathway for 
epoxide production in the absence of 5 has also been suppressed. 

We have shown that dioxetane 3 is stable under the photo­
oxygenation conditions in the presence of 5. A free-radical in­
hibitor, 2,6-di-ter?-butyl-p-cresol, at 4 X 10"4M has no significant 
effect on the cooxidation of 5 and 1. Further, 4.2 X ICT2 M Dabco, 
a 1O2 quencher, totally inhibits the reaction. Control experiments 
showed that 5 is essentially inert toward 1O2 in the absence of 
1. 

Bartlett has demonstrated that a photochemically produced 
oxygen-biacetyl complex can effectively epoxidize olefins.8 

(6) For the photooxidation of 7,7'-binorbornylidene, Bartlett has reported 
that yields of the corresponding epoxide could be significantly increased in 
the presence of tetracyanoethylene.* Although this observation was attributed 
to trapping of an intermediate perepoxide by TCNE, isolation of the co­
oxidation product derived from TCNE was not described. 

(7) The progress of the reactions was monitored by gas chromatography: 
12-13% OV-275 on Chromosorb W with a Varian 6000 GC and Vista CDS 
401. 

(8) Shimuzi, N.; Bartlett, P. D. J. Am. Chem. Soc. 1976, 98, 4193. 

•MeO 

Figure 1. Hammett plot of the logarithm of the relative rates for the 
photosensitized cooxidation of X-C6H4SOMe in the presence of adam­
antylideneadamantane (1) vs. substituent constants a. Substituents are 
para except where noted. 

Table D. Nucleophilic Oxygen Atom Transfer to Sulfoxides 

oxygen atom donor sulfoxide 
Hammett 

solvent p value ref 

6* 
d A A 

Me3COO" 
PhCC=O)OO" 

R,C=+C-0" 
(fluorenone oxide) 

Me2
+SOO" 

Me2
+SC=O)OO" 

X-C6H4SOMe benzene +0.52 

(X-C6H4), SO 
X-C6H4SOPh 

(X-C6H4), SO 

(X-C6H4), SO 
(X-C6H4), SO 

toluene 
dioxane-

water 
benzene 

benzene 
benzene 

+ 1.4° 
+0.71 

present 
study 

+0.26 d 

+0.25 
+0.23 

a For the reaction of disubstituted diphenyl sulfoxides with 
Me3COO", p was calculated from the relative rates at 40 0C given 
in this paper by plotting log klei vs. 2o\ p values given in ref d and 
e were calculated also in this way. b Curci, R.; DiFuria, F.; 
Modena, G. /. Chem. Soc, Perkin Trans. 2 1978, 603. c Curci, R.; 
Modena, G. Gazz. CMm. Ital. 1964, 94, 1257. d Sawaki, Y.; 
Kato, H.; Ogata, Y. J. Am. Chem. Soc. 1981,103, 3832. e Sawaki, 
Y.; Ogata, Y. Ibid. 1981,103, 5947. 

Further, epoxidations of olefins by carbonyl oxides are well 
documented.9 Therefore, one plausible explanation for the co­
oxidation of olefin 1 and sulfoxide 5 would involve the reversible 
formation of a persulfone (R2

+SC=O)OO") from 1O2 and 5, which 
could epoxidize 1. To test this possibility, a photoepoxidation of 
a 3 X 10~2 M solution of norbornene in benzene in the presence 
of 4.5 X 10"3 M 5 was attempted for 2 h. Although this olefin 
was very reactive under Bartlett's conditions, no oxidation of either 
norbornene or 5 was found. This result is consistent with the 
observation of Ogata that an intermediate persulfone formed from 
Me2SO and 1O2 was not effective in epoxidation of a-methyl-
styrene.10 

The nucleophilic character of perepoxide 2 is illustrated by the 
results of an investigation of substituent effects on the trapping 
reaction. A series of competition experiments with substituted-
phenyl methyl sulfoxides gave the following relative reactivities 
for the cooxidation of these sulfoxides during the photooxygenation 

(9) (a) Kwart, H.; Hoffman, D. M. /. Org. Chem. 1966, 31, 419. (b) 
Keay, R. E.; Hamilton, G. A. J. Am. Chem. Soc. 1976, 98, 6578. (c) Hin-
richs, T. A.; Ramachandran, V.; Murray, R. W. Ibid. 1979, 101, 1282. (d) 
Sawaki, Y.; Kato, H.; Ogata, Y. Ibid. 1981, 103, 3832. (e) Pryor, W. A.; 
Govindan, C. K. Ibid. 1981, 103, 7681. 

(10) Sawaki, Y.; Ogata, Y. J. Am. Chem. Soc. 1981, 103, 5947. 
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of 1 in benzene: m-Cl, 1.4;p-Cl, 1.3; H, l;/>-Me, 0.79;p-OMe, 
0.68. A Hammett plot of the logarithm of these rates against a 
affords a p value of +0.52, r = 0.995 (Figure 1). These results 
are consistent with theoretical studies of Dewar" and Kearns,12 

which predicted that a perepoxide would be a very polar species 
with significant negative charge on the exocyclic oxygen atom. 
A comparison of 2 to other nucleophilic oxygen-transfer inter­
mediates is shown in Table II. 

Our observations on the reaction of perepoxide 2 with sulfoxides 
parallel to those of Foote,13 who recently reported the trapping 
of a persulfoxide (Et2

+SOO") by sulfoxides. In benzene relative 
trapping abilities of 1:51:6 for Ph2S, Ph2SO, and Me2SO were 
obtained, indicating the nucleophilic character of the persulfoxide 
in benzene.14 Similarly, we find that perepoxide 2 is trapped more 
effectively by sulfoxides than sulfides with relative reactivities for 
Ph2S, Ph2SO, and PhSOMe in benzene of 1:28:38. 

While alternative explanations for the photosensitized co-
oxidation of 1 and sulfoxides may be possible, we feel that our 
results are best accommodated by the proposed mechanism in­
volving nucleophilic oxygen atom transfer from perepoxide 2 to 
sulfoxides. The unreactivity of norbornene under the reaction 
conditions together with the observed substituent effect tends to 
rule out a mechanism involving epoxidation of 1 by an intermediate 
persulfone. 
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(12) Kearns, D. R. Chem. Rev. 1971, 71, 395. 
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5949. 
(14) Persulfoxides15 and carbonyl oxides151>'16 can also exhibit electrophilic 

reactivity in oxygen atom transfer reactions. 
(15) (a) Martin, L. D.; Martin, J. C. J. Am. Chem. Soc. 1977, 99, 3511. 

(b) Ando, W.; Kobe, Y.; Miyazaki, H. Photochem. Photobiol. 1980, 31, 191. 
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In recent research, we have shown that monomeric methyl 
metaphosphate reacts with acetophenone in the presence of an 
appropriate base to yield the methyl ester of the enol phosphate 
of acetophenone. Metaphosphate ion reacts similarly.2,3 We have 
interpreted these reactions as proceeding by way of an attack of 
the metaphosphate on the carbonyl group of the ketone.4 We 
now report a reaction where the attack of methyl metaphosphate 
on a carbonyl group is essentially unambiguous. The rear­
rangement of 4,4-diarylcyclohexadienones, induced by methyl 

(1) Satterthwait, A. C; Westheimer, F. H. J. Am. Chem. Soc. 1980,102, 
4464. 

(2) Satterthwait, A. C; Westheimer, F. H. J. Am. Chem. Soc. 1981,103, 
1177. 

(3) Calvo, K. C; Westheimer, F. H. / . Am. Chem. Soc, in press. 
(4) Recently, Ramirez et al.5 questioned this interpretation of our results 

and reported experimental data at variance with ours. The discrepancies were 
caused by the differences in experimental conditions between their work and 
ours. A detailed answer to their criticism is in press.3 

(5) Ramirez, F.; Maracek, J. F.; Yemul, S. S. J. Am. Chem. Soc. 1982, 
104, 1345. 
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Figure 1. 1H NMR spectra of synthetic lithium methyl 3,4-dianisyl-
phenyl phosphosphate and of the product of the rearrangement of 4,4-
dianisylcyclohexadienone induced by methyl metaphosphate. 

metaphosphate, yields the methyl ester of the corresponding 
3,4-diarylphenyl phosphate (eq 1). 

P(OCH3)OH 

+ CH3OPO2 (D 

The rearrangement of cyclohexadienones to the corresponding 
phenols6 is acid catalyzed and presumably takes place by a car-
bonium ion rearrangement (eq 2). In a parallel manner, an attack 
of methyl metaphosphates on the carbonyl group of the dienone 
will produce an intermediate, I, a and b, which is appropriate to 
a carbonium ion rearrangement. 

For the reactions here reported, 30 mg of the methyl ester of 
threo- or eryf/jr0-(l,2-dibromo-l-phenylpropyl)phosphonate (II 
or III) and 0.1 mL of 2,2,6,6-tetramethylpiperidine (IV) were 
dissolved in 0.5 mL of purified dry chloroform, and 0.3 g of 
4,4-dianisylcyclohexadienone was added. The mixture was sealed 
in a tube and heated at 72 0C for 14 h. We have previously shown 
that the Conant-Swan fragmentation7 of our bromophosphonates 

(6) Plieninger, H.; Suehiro, T. Ber. Dtsch. Chem. Ges. 1956, 2789. Ina-
yama, S.; Yanagita, M. / . Org. Chem. 1962, 27, 1465. Marx, J. N.; Argyle, 
J. C; Norman, L. R. J. Am. Chem. Soc. 1974, 96, 2121. 
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