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was added and the solution was worked up as in the preparative 
runs. The crude product was separated on the Chromatotron 
using 2% MeOH in CHzC12 to give a leading band (0.067 g, yellow 
color, sulfur odor, unidentified), a second band identified as 
6a-methyl-17a-hydroxy-21-acetoxy-4,9( ll)-pregnadiene-3,20dione 
(35,16 0.050 g, 0.12 mmol, 12%), and finally 6a-methylcortisone 
acetate (34, 0.230 g, 58%). 

Addition of Sa-fluorohydrocortisone acetate (36," 0.218 g, 0.516 
mmol) in 45 mL of CH2C12 to 11 mmol of oxidant in 30 mL of 

(16) Spero, G. B.; Thompson, J. L.; Lincoln, F. H.; Schneider, W. P.; 
Hogg, J. A. J. Am. Chem. SOC. 1957, 79, 1515-1516. 

(17) (a) Eardley, S.; Green, G. F. H.; Long, A. G. J. Chem. SOC. 1965, 
148-155. (b) Burn, D.; Kirk, D. N.; Petrow, V. Tetrahedron 1965,21, 
1619-1624. 

(18) Fried, J.; Sabo, E. F. J.  Am. Chem. SOC. 1954, 76, 1455-1456. 

1984, 49, 793-798 793 

CHzClz was carried out as for 33. After workup, separation of 
the crude product from a 15-min reaction at  -60 "C on the 
Chromatotron using 2% MeOH in CHZCl2 gave 0.010 g (0.024 
mmol, 5%) of Sa-fluorocortisone acetate (37)lS and 0.202 g (89%) 
of recovered 36. When the reaction was repeated and continued 
for 120 h at -20 OC, the crude product showed at least nine major 
spots on TLC. Two of these corresponded in R, value to 36 and 
37, but none appeared to comprise more than 25% of the mixture, 
which was not examined further. 
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The reaction of tetramethyl-l,2-dioxetane (1) in CBD6 with methyldiphenylphosphine (2a), methyl-d,-di- 
phenylphosphine (2d), dimethylphenylphosphine (2c), and dimethyl-d6-phenylphosphine (2d) produced the 
corresponding 2,2-dihydro-4,4,5,5-tetramethyl-2,2,2-trisubstituted-l,3,2-dioxaphospholanes 3a-d in 90% yield 
or better. The phosphoranes were characterized by 'H and 31P NMR spectroscopy and by their thermal 
decomposition (60 "C) to tetramethyloxirane and the corresponding phosphine oxides. Kinetic studies of the 
rate of phosphorane formation in benzene were carried out by the chemiluminescence method. The reaction 
was found to be of the first order with respect to 1 and to the phosphines. Inverse deuterium isotope effects 
were observed for the reaction of 1 with phosphines 2a-d. The value of kCH3/kCD3 obtained with phosphines 
2a,b was found to be 0.94 * 0.01 while that with phosphines 2c,d was found to be 0.91 * 0.01. The rates of 
phosphorane formation for the reaction of tetramethyl-dlz-1,2-dioxetane (la) with 2a,c and triphenylphosphine 
were also investigated and compared to those for reaction with 1. For all three phosphines, the rate constants 
with Id were slower than those obtained with 1 ( k H / k D  = 1.06 * 0.02). This result is in marked contrast with 
the results obtained with the deuterated phosphines. The results are consistent with a concerted insertion of 
the phosphine into the peroxy bond of the dioxetane. 

1,2-Dioxetanes have been studied extensively because 
of their unique chemiluminescent thermal decomposition 
to two carbonyl fragments (reaction 1).2 Under controlled 

h r. 

CL = chemiluminescence 

conditions, dioxetanes have been shown to undergo a 
number of interesting reactions (metal ion catalyzed de- 
composition,38 BF,-catalyzed rearrangement,3b reduction 
to 1,2-glyc0ls,~ insertion into the peroxy bondH) in which 

(1) Fellow of the Camille and Henry Dreyfus Foundation, 1981-1986. 
(2) For reviews, see: (a) Wilson, T. MTPZnt. Reu. Sci.: Phys. Chem. 

Ser.  Two 1976 9, 265. (b) Adam, W. Adv. Heterocycl. Chem. 1977,21, 
437. (c) Horn, K. A.; Schmidt, S. P.; Schuster, G. B.; Mol. Photochem. 
1978-9, 9(1), 1. (d) Bartlett, P. D.; Landis, M. E. "Singlet Oxygen"; 
Wassermann, H. H., Murray, R. W., Eds.; Academic Press: New York, 
1979; p 243. (e) Baumstark, A. L. "Singlet Oxygen"; Frimer A., Ed.; CRC 
Press-Uniscience, in press. 

(3) (a) Wilson, T.; Landis, M. E.; Baumstark, A. L.; Bartlett, P. D. J. 
Am.  Chem. SOC. 1973, 95, 4765. (b) Bartlett, P. D.; Baumstark, A. L.; 
Landis, M. E. Zbid. 1977, 99, 1890. (c) Kopecky, K. R.; Filby, J. E.; 
Mumford, C.; Lockwood, P. A.; Ding, J. Can. J. Chem. 1975 53, 1103. 

0022-326318411949-0793$01.50/0 

Scheme I 

94% 

no excited products are formed.2 The reaction of trivalent 
phosphorus compounds with dioxetanes is the most stud- 
ied nonthermolytic reaction of dioxetanes. In 1973, the 
reaction of triphenylphosphine with tetramethyl- 1,2-di- 
oxetane was shown4 to produce an isolable phosphorane, 
the thermal decomposition of which resulted in the for- 
mation of the expoxide and the phosphine oxide (Scheme 
I). Previously, Denney had shown' that the reaction of 

(4) Bartlett, P. D.; Baumstark, A. L.; Landis, M. E. J. Am. Chem. SOC. 
1973,95, 6486. 
(5) Baumstark, A. L.; Landis, M. E.; Brooks, P. J. J. Org. Chem. 1979, 

44, 4251. 
(6) (a) Campbell, B. S.; Denney, D. B.; Denney, D. Z.; Shik, L. S. J. 

Am. Chem. SOC. 1975,97, 3850. (b) Wasserman, H.; Saito, I. Ibid. 1975, 
97, 905. 

(7) (a) Denney, D. B.; Relles, H. M. J. Am. Chem. SOC. 1964,86, 3897. 
(b) Denney, D. B.; Jones, D. H. Ibid. 1969,91,5821. ( c )  Denney, D. B.; 
Denney, D. Z.; Hall, C. D.; Marsi, K. L. Ibid. 1972, 94, 245. 
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Table I. Product Yields for the Reactiona of 1 and 2a-e in CAD, at 34 "C and NMR Spectral Data for 3a-e 
NMR chemical shifts phosphorane pinacolone 

phosphorane yield,b '3 yield,b,C 5% 31pd 'He 
3a 92  8 43.5 1.02 (s, 12  H), 

3b 93  7 43.7 1.02 (s, 12  H) 
3c 90 10  47.2 1.02 (s, 12  H), 

3d 91 9 48.0 1 .01  (s ,  1 2  H) 
3e 94f 6 48.5 1.01 (s, 1 2  H) 

1.85  (d,  3 H, J =  11 Hz) 

1 .49 (d,  6 H, J = 9 Hz)  

a Initial concentrations of 1 and the phosphines = 5 X 
Side product. concomitant yield of phosphine oxide. 

M. Determined by integration of the 'H NMR signals. 
Trimethylphosphate (6  -3.1) used as an internal standard. e Aro- 

matic signals ( a  7-8), complex. Good agreement with previous values. See ref 4 and 8a. 

diethyl peroxide with triethyl phosphite produced penta- 
ethoxyphosphorane as a stable intermediate. Insertion into 
the peroxy bond of dioxetanes by trivalent phosphorus 
compounds has been shown8 to be a synthetically useful 
procedure for the preparation of phosphoranes. In addi- 
tion, this reaction (with triphenylphosphine) has been 
employed as an analytical methodg to determine dioxetane 
concentrations and to c h a r a c t e r i ~ e ~ ~ @ J ~  dioxetanes. 

Denney had shown7 that the results for the reaction of 
diethyl peroxide with trivalent phosphorus compounds 
were consistent with a biphilic process. The experimental 
evidence for the reaction of trivalent phosphorus com- 
pounds with tetramethyl-1,2-dioxetane has also been in- 
terpreted" in favor of a concerted (biphilic) mechanism 
of phosphorane formation. In the concerted (biphilic) 
mechanism of insertion into a peroxy bond, the phosphorus 
atom is required7J' to bond with both oxygen atoms in the 
transition state. The specific interactions that lead to the 
biphilic contributions are not understood. In addition, 
little is known as to the effects of structure on the mech- 
anism of insertion of the phosphorus atom into the peroxy 
bond. We report a study of deuterium isotope effects on 
the reaction of tetramethyl-1,2-dioxetane and a series of 
phosphines. 

Results 
The reaction of tetramethyl-1,2-dioxetane (1) in C6D6 

with methyldiphenylphosphine (2a), methyl-d3-di- 
phenylphosphine (2b), dimethylphenylphosphine (2c), and 
dimethyl-d,-phenylphosphine (2d) in C6D6 produced the 
corresponding 2,2-dihydro-4,4,5,5-tetramethyl-2,2,2- 
trisubstituted-1,3,2-dioxaphospholanes 3a-d in 90% yield 
or better (reaction 2). As noted in the reaction of tri- 

t P R ! R ~ P I  12 c 6 D 6  >:;PR k 2 F h  ( 2 )  
/ 2a. R .  = CH,. R. = Ph 

1 bl R ;  = CD,; R f  = Ph 
c, R ,  = R: = CH, 
d. R ,  = R. = CD, 

3a-e 

e,  R ,  -= RI = Ph ' 

arylphosphines with 1, pinacolone and the concomitant 
amount of phosphine oxide were formed directly as side 
products in 10% yield or less. 2,3-Dimethyl-3-hydroxy- 
but-1-ene (trace) was noted as a minor side product in 

several reactions. In solution, phosphoranes 3a-d were 
stable for approximately 1 h at  25 "C (without detectable 
decomposition). Complete decomposition of the phos- 
phoranes in solution occurred over the course of several 
days a t  room temperature. The phosphoranes were 
characterized by 'H and 31P NMR spectroscopy and by 
their thermal decomposition (at 60 OC) to tetramethyl- 
oxirane and the corresponding phosphine oxides 4a-d 
(reaction 3). The results for the reaction of 1 with tri- 

3a-e 

phenylphosphine (2e) were in agreement with the pub- 
lished values and are included for comparison. Product 
yields for the reaction of 1 with phosphines 2a-e and the 
NMR data for phosphoranes 3a-e are summarized in 
Table I. 

Kinetic studies of the rate of phosphorane formation in 
benzene were carried out by the chemiluminescence me- 
thod. In agreement with earlier results, the reaction was 
found to be of the first order with respect to the phos- 
phines and to 1. The second-order rate constants (k , )  were 
determined by dividing the pseudo-first-order rate con- 
stants by the initial phosphine concentrations. Inverse 
deuterium isotope effects were observed for reaction with 
phosphines 2a-d over the entire temperature range em- 
ployed. The value of kCH3/kCD3 obtained for phosphines 
2a,b was found to be 0.94 f 0.01 and the value with 
phosphines 2c,d was found to be 0.91 f 0.01. The observed 
deuterium isotope effect per  CD, group with 2c,d is of 
similar magnitude to that with phosphines 2a,b. Thus, 
the isotope effect per CD, group appears to be additive. 
The kinetic data for phosphines 2a-d are summarized in 
Tables I1 and 111. 
Tetramethyl-d,,-1,2-dioxetane (la) was prepared by the 

standard procedure. The reaction of Id in C6D6 with 
phosphines 2a,c,e produced 2,2-dihydro-4,4,5,5-tetra- 
methyl-dl~-2,2,2-trisubstituted-1,3,2-dioxaphospholanes 
3a',c',e' in high yield (reaction 4). Kinetic studies were 

D a 

(8) (a) Bartlett, P. D.; Baumstark, A. L.; Landis, M. E.; Lerman, C. L. 
J .  Am. Chem. SOC. 1974, 96, 5266. (b) Campbell, B. S.; De'Ath, N. J.; 
Denney, D. B.; Denney, D. Z.; Kipnis, I. S.; Lin, T. B. Ibid. 1976,98, 2924. 
( c )  Bartlett, P. D.; Landis, M. E.; Shapiro, M. J. J.  Org. Chem. 1977, 42, 
1661. 

(9) Bechara, E. J. H.; Wilson, T. J .  Org. Chem. 1980, 45, 5261. 
(10) Koo, J.; Schuster, G. B. J .  Am.  Chem. SOC. 1977, 99, 5403. 
(11) Baumstark, A. L.; McCloskey, C. J.; Williams, T. E.: Chrisope, D. 

R. J .  Org. Chem. 1980, 45, 3593. 

Id ,  R = CD, 3a' .c' , e' 

carried out as above. For the three phosphines investi- 
gated, the values of k 2  determined for reaction with Id 
were slower than those determined for 1. For all three 
cases, kH/kD was 1.06 f 0.02. This is in the opposite 
direction to the deuterium isotope effects observed with 
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Table 11. Kinetic Data for the Reaction of 1 with Phosphines 2a-b in C,D, 

J. Org. Chem., Vol. 49, No. 5, 1984 795 

[Ph,PMe] X [2al [Ph,PCD3] X [2bl 
T,a "C 103, M [11 k *  103, M [11 k ,  k CH , / k C D ,  

19.5 10.99 
11.29 

6.68 

1 4  
1 5  
11 

5.70 6.53 11 
6.39 14  

6.04 

6.08 i 0.04 0.94 
6.11 5.73 

5.76 
5.13 i 0.02 

21.0 5.43 
7.15 

1 2  
1 6  

6.70 

6.72 f 0.02 
6.74 

9.83 1 4  
9.62 11 

7.16 
7.20 

7.18 i 0.02 0.94 

8.16 25.0 5.28 
7.31 

1 2  
17  

7.79 6.33 1 4  
10.44 23 7 . 7 4  

7.77 i 0.03 
8.42 

8.29 t 0.23 0.94 

30.4 5.24 
3.95 
4.36 

1 2  
1 8  
10  

10.4 
10.6 

10.4 i 2 

16.1 
16.1 
16 .1  

16 .1  0.1 

22.3 

10.3 

16.2 

8.21 2 1  
8.27 2 1  
8.39 11 

10.9 
10.7 
10.8 
10.8 f 0.1 0.97 

17.0 
17 .1  

17.1 f 0.2 0.94 
17.3 

39.7 5.75 
6.00 
6.26 
5.24 

1 3  
14  
1 4  
24 

4.18 9 
4.27 1 9  
7.46 34 

49.5 3.52 
4.80 

1 6  
22 

3.19 1 4  
4.87 22 
4.34 9 

23.5 
24.0 
23.6 
23.7 f 0.2 0.94 
- 

22.4 
22.3 i 0.1 

av 0.94 i 0.01 

Table 111. Kinetic Data for the Reaction of 1 with Phosphines 2c,d in C,D, 

[PhPMe,] X [2cl [PhP(CD,),] X [2dl 
T,' "C 103, M [1 I k z b  103, M [11 k ,  k C H , / k C D ,  

19.5 7.68 1 7  12.4 
9.01 1 4  12.5 

12.5 i 0.1 

8.43 13  13.6 
7.90 12  13.6 
7.00 10 13.6 

13.6 0.92 

4.17 9 17.4 25.0 6.68 
4.82 

1 5  
11 

16.3 
15.7 
16.0 f 0.3 

30.4 7.68 
5.50 

17  
1 2  

19.4 

19.3 * 0.1 

24.7 

24.5 f 0.2 

31.7 

19.3 

24.4 

7.32 1 9  21.8 
5.42 1 3  21.7 

21.8 t 0.1 0.89 

6.13 1 6  26.1 
5.07 11 26.4 

26.3 f 0.2 0.93 

4.17 21  34.1 

34.4 6.68 
4.82 

1 7  
13  

39.7 3.28 
5.50 

17  
35 30.7 

31.2 i 0.5 
2.55 13 34.6 

34.3 i 0.3 0.91 

av 0.91 i 0.01 

a t 0 . 3  "C. M - ' s - * .  

the deuterated phosphines. The data are summarized in 
Table IV. 

Discussion 
Historically, the reaction of peroxides with trivalent 

phosphorus compounds was regarded to proceed via nu- 
cleophilic attack on oxygen by phosphorus.12 Denney 
showed' that the results for the reaction of trivalent 
phosphorus compounds with dialkyl peroxides were con- 
sistent with a biphilic mechanism in which the phosphorus 
atom was bonding to both oxygen atoms in the transition 

state. Denney ~uggested'~ that the biphilic mechanism of 
insertion into the peroxy bond occurred in a manner sim- 
ilar to that proposed for insertion reactions of iridium 
complexes. The lone pair of the phosphorus compound 
(biphile) must interact with the peroxy o* orbital and the 
biphile must have an available orbital to accept a pair of 
electrons. 

The mechanism of the reaction of tetramethyl-1,2-di- 
oxetane with trivalent phosphorus compounds has been 
considered6* in terms of two extremes: (a) concerted 
(biphilic) and (b) ionic (SN2 displacement) (Scheme 11). 
Studies on the reaction of dioxetanes with trivalent 
phosphorus compounds have been interpreted6" to be 
consistent with a concerted (biphilic insertion into the 

(12) For example, see: Kirby, A. J.; Warren, C. "The Organic Chem- 
istry of Phosphorus"; Elsevier: New York, 1967. 
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Table IV. Kinetic Data for the Reaction of 1 and Id with Phosphines 

[Ph,P] x l o 3 ,  [2el [Ph,P] x l o 3 ,  12el 
T," C M [ Id1  k - h  hl [I 1 k2 lin/kn 

23.9 7.46 1 7  1.59 7.19 1 6  1.66 
10.98 25 1 . 6 1  10.17 23 1.74 
14.19 33 1.63 13.93 32  1.74 - - 

1.61 : 0.02 1.70 t 0.04 1.06 

29.4 6.47 30  2.16 6.47 1 5  2.29 
40  2.20 8.42 1 9  2.24 

11.57 52 __ 2.16 10.85 25 - 2.25 

35.0 5.04 11 2.61 3.89 1 3  2.82 
6.57 1 5  2.61 7 .71  1 8  2.78 
9.02 2 1  __ 2.58 9.59 22 - 2.82 

40.1 6.96 3 1  3.50 8.91 40  3.78 
6.96 3 1  3.51 10.12 4 6  3.78 

8.92 

2.17 x 0.03 2.26 I 0.03 1.04 

2.60 t 0.02 2.80 0.02 1.08 

9.15 42  - 3.52 12.53 56 - 3.77 
3.51 i 0.01 3.78 t 0.01 1.08 

av 1.06 i 0.02 

T," -C 10-3 M [ Id1  k :  1 0 - 3 ~  [ I ]  k 2 b  k H / f i D  
[PhIPMe] x - [2a]  [PhlPMe] x [2al 

25.5 8.56 1 8  7.72 
7.39 1 5  7.68 
6.65 1 4  7.84 __ 

7.75 ? 0.09 

[PhPMe,] x [2cl 
T,' 'C 10-3 M [ I d 1  h 2  

27.6 6.97 1 6  18.4 
4 .13  9 17.9 
5.33 1 2  18.2 

~ 

18.2 = 0.3 

" x0.3 "C. hl- '  s ' 

Scheme I1 
r 

concerted 

i 

_i 
4-@-PF3 

ionic 

peroxy bond on the basis of relative reactivity studies and 
the  lack of a polar solvent effect. T h e  results for the  
reaction of tetramethyl-l,2-dioxetane with triphenylarsine 
and  triphenylantimony were found5 to  be in agreement 
with a concerted (biphilic) insertion mechanism for group 
5A compounds. Recently, a Hammet t - type  s tudy of the  
reaction of triarylphosphines with tetramethyl- 1,2-dioxe- 
tane concluded" tha t  the  observed p +  value of -0.8 was 
consistent with a concerted process. Thus,  the  evidence 
(lack of polar solvent effect, relative rate studies, Ham-  
mett-type study) clearly rules out  an ionic (SN2 type) 
mechanism for the reaction of trivalent phosphorus com- 
pounds with dioxetanes in favor of a biphilic or concerted 
process. 

T h e  relative reactivity series for the  reaction of 1 with 
the  nondeuterated phosphines was found to  be di- 
methylphenylphosphine  ( -  10) > methyldiphenyl-  

7.31 8 8.1 5 
6.38 14  8.11 
6.25 7 8.26 - 

8.17 I 0.09 1.05 

[PhPMe,] x [2cl 
[ I 1  10-3 M k H / k D  

6.83 1 6  19.4 
5.04 11 19.4 
3.98 9 19.7 - 

19.5 = 0.2 1 . O i  

Scheme 111 

t PR, - 
p h o s p n o r a n e  

Table V. Activation Parameters for the Reaction 
of 1 and 2a-e in C, D, 

phos- E,, k : .  h4-I s - '  
phorane kcal imol  AS ' ,  eu  (30 'C) r' 

3a 8.8 I 0.5 27 10.4 2 0.2 0.998 
3b 8.8 = 0.5 27 10.8 I 0.1 0.998 
3c 8.2 = 0.4 27 6 19.3 ? 0.1 0.996 
3d 8.2 = 0.4 27.4 21.7 = 0 .1  0.996 
3e 9.6 - 0 . 8 b  27 2.34 = 0.05 0.999 

a Correlation coefficient.  Good agreement with 
l i terature values; ref 17. 

phosphine ( -5)  > triphenylphosphine ( ~ 1 ) .  This result 
is in accord with the  conclusions of the Hammett-type 
study." In a series of structurally similar phosphorus 
compounds, the nucleophilic characteristics of a compound 
appear to  be more important than the electrophilic char- 
acteristics in determining reactivity. However, methyl 
diphenylphosphinite8* has roughly the same relative re- 
activity as dimethylphenylphosphine. Thus,  the less nu- 
cleophilic phosphinite is more reactive than the more nu- 
cleophilic phosphines. These data  support the concept of 
a concerted or biphilic mechanism in which nucleophilic 
and  electrophilic characteristics (phosphorane stability) 
are involved. 
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Table VI. Physical Data for Phosphine Oxides 4a-d 
6 

phosphine 
oxide mp, "C 31pa 'Hb  

4a 111-1 1 2c -30.4 1.87 (d ,  3 H, 3050 w, 2975 w, 2910 w, 1435 s, 1170 s 

4b 108-109 -24.8 3050 w, 2150 w, 2230 w, 1440 m, 1175 s 
4c 102-103d -28.3 1.60 (d,  6 H, 3050 w, 3000 w, 2920 w, 1440 m, 1290 

4d 115-11 7 -27.9 3050 w, 2240 w, 2150 w, 1430 m, 1170 s 

J =  13 Hz) 

J =  12 Hz) m, 1180 s 

In CCl,, aromatic region 6 7-8. a Trimethyl phosphate ( 6  -3.1) used as an internal standard, Literature value 109- 
111 "C; Beilstein, 16, 11, 378. Literature value 100 "C, Beilstein, 16, 11, 378. 

The concept of a concerted insertion of the phosphorus 
atom into the peroxy bond via a three-centered transition 
state has considerable appeal and experimental support. 
However, another mechanistic possibility, electron transfer 
(Scheme 111), must also be considered since electron- 
transfer-type mechanisms have been to be im- 
portant for the chemiluminescent decompositions of per- 
oxides in the presence of suitable donors. The thermal 
decomposition of dioxetanes with readily oxidizable groups 
is postulatedZcJ3 to occur via an intramolecular electron- 
transfer process. The catalytic decomposition of cis-di- 
ethoxy-1,2-dioxetane by amines was found14 to correlate 
with the ionization potential of the amines, suggesting a 
mechanism involving a charge-transfer complex. However, 
intermolecular-type electron-transfer processes (CIEEL'%) 
have not been observed for tetraalkyl-1,2-dioxetanes. 
Although remote, the possibility of an electron-type 
mechanism of phosphorane formation cannot be evaluated 
on the basis of previous studies. 

Pryor has proposed15 an isotope effect test that can be 
applied to the present case. Pryor has shown15 that the 
magnitude of a &deuterium isotope effect can be used to 
distinguish sN2 reactions from electron-transfer reactions. 
Most s N 2  reactions are predicted15 to show inverse p- 
deuterium isotope effects (kH/kD < 1) with the deuterated 
nucleophile while electron-transfer reactions would be 
expected to show normal isotope effects (kH/kD > 1). 
Application of this test to the reaction of dioxetanes with 
phosphorus compounds should allow evaluation of the 
electron-transfer-type mechanism. Clearly, the large in- 
verse deuterium isotope effects noted for reaction of 1 with 
2a-b and 2c,d are in the opposite direction from that 
predicted'j for an electron-transfer process. Thus, the 
electron-transfer mechanism as depicted in Scheme I11 can 
be ruled out. Interestingly, the deuterium isotope effect 
of 0.91 for 2c,d is greater than that reported16 for the s N 2  
reaction of these phosphines with methyl tosylate (kCH3/ 
kCD3 = 0.95). However, the observed deuterium isotope 
effects do not rule out the concerted (biphilic) process in 
favor of the s N 2  process as both would be expected to show 
similar inverse isotope effects. 

A study of the activation parameters for the reaction of 
tetramethyL1,Zdioxetane with triarylphosphines showed17 
that the reaction is enthalpy controlled with large negative 
AS* terms. Similar behavior has been notedls for the 

(13) (a) Schuster, G. B.; Schmidt, S. P. Adu. Phys. Org. Chem. 1982, 
18,187. (b) Lee, C.; Singer, L. A. J. Am. Chem. SOC. 1980,102,3823. (c) 
McCapra, F. J .  Chem. SOC., Chem. Commun. 1977,946. (d) Zaklika, K. 
A.; Kissel, T.; Thayer, A. L.; Burns, P. A.; Schaap, A. P. Photochem. 
Photobiol. 1979,30, 35. (e) Schuster, G. B. Acc. Chem. Res. 1979, 12, 366. 

(14) Lee, D. C. S.; Wilson, T. In 'Chemiluminescence and 
Bioluminescence", Cormier, M. J., Hercules, D. M., Lee, J., Eds.; Plenum 
Press: New York, 1973; p 265. 

(15) Pryor, W. A.; Hendrickson, W. H., Jr. J. Am. Chem. SOC. 1975, 
97, 1582. 

(16) Kaplan, E. D.; Thorton, E. R. J .  Am. Chem. SOC. 1967,89, 6644. 
(17) Baumstark, A. L.; Barrett, M.; Kral, K. M. J. Heterocycl. Chem. 

1982, 19, 201. 

reaction of 2,3-dioxabicyclo[2,2.l]heptane and other cyclic 
peroxides with triphenylphosphine. The activation pa- 
rameter data (Table V) for the reaction of l with phoshines 
2a-e are in agreement with the previous conclusions. The 
values of AS* obtained for the reaction of the series of 
phosphines with dioxetane 1 were found to be essentially 
invarient (-27 eu), indication of a highly organized 
transition state for the insertion reaction. The isotope 
effect test data (with the deuterated phosphines) and the 
activation parameter data could be interpreted to be in- 
dicative of a sN2 process. However, a three-centered 
concerted mechanism and a SN2-type mechanism could be 
expected to show similar deuterium isotope effects and 
activation parameters. 

The results obtained with the deuterated dioxetane 
provide additional evidence to evaluate the insertion 
process. The reaction of the phosphines with Id produced 
a normallg deuterium isotope effects (1.06 f 0.02) that is 
surprisingly large considering the distance from the site 
of insertion (y-deuteration). The origin of secondary 
deuterium isotope effects can be difficult to evaluate.20 
The present results may be discussed in terms of steric 
effects. Such an explanation of the isotope effect observed 
with the deuterated dioxetane would invoke a lessening 
of steric interactions on the methyl group(s) of the diox- 
etane in the transition state as compared to that in the 
ground state. Another, similar argument would be based 
on relief of strain. Calculations have shown21 that the steric 
energy of Id is -1 kcal less than that of 1. If there is a 
partial relief of strain22 in the transition state, 1 would be 
expected to undergo the insertion reaction faster than Id. 
While a SN2-type process cannot be ruled out on the basis 
of the isotope effect data, a concerted or biphilic process 
can account for the observed deuterium isotope effects as 
well as the relative reactivity data. 

Experimental Section 
All solvents were of reagent grade. Tetramethyl-l,2-dioxetane 

and tetramethyl-d,,-l,2-dio~etane'~ were prepared according to 
published procedures% and recrystallized from n-pentane at -78 
"C. The resulting pale yellow needles were stored as the solid 
at -30 "C until use. Dimethyl-d6-phenylphosphine and meth- 
yl-d3-diphenylphosphine, prepared according to  the procedure 
of Kaplan and Thornton,16 were vacuum distilled at 48 "C (2 
mmHg, 48% yield) and at 120 "C (2 mmHg, 35% yield), re- 

(18) Clennan, E. L.; Heah, P. C.; J. Org. Chem. 1982,47, 3329. 
(19) The thermal decomposition of Id has been found to show an 

inverse deuterium isotope effect (kH/kD = 0.96 per molecule): Baumstark, 
A. L.; Vasquez, P. C.; unpublished results. 

(20) (a) Van Hook, W. A. In "Isotope Effects in Chemical Reactions"; 
Collins, C. J., Bowmar, N. S.; Van Nostrand-Reinhold: Princeton, NJ, 
1970; ACS Monograph 167, pp 1-89. (b) Thornton, E. K., Thornton, E. 
R.; ref 20a, Chapter 4, pp 213-285. 

(21) The steric energy of 1 = 33.75 kcal/mol and that of Id = 32.81 
kcal/mol were calculated (MM2) by Graham Whitesell of Prof. F. Men- 
ger's group at Emory University, Atlanta, GA. 

(22) The enhanced reactivitp of dioxetanes compared to that of di- 
alkyl peroxides in insertion reactions has been attributed to partial relief 
of ring strain in the transition state.5 



798 J .  Org. Chem. 1984,49, 798-806 

spectively, and stored under nitrogen. 9,10-Dibromoanthracene 
(Aldrich) was recrystallized from xylenes before use. 9,lO-Di- 
phenylanthracene (Aldrich), methyldiphenylphosphine (Alfa), 
dimethylphenylphosphine (Aldrich), and triphenylphosphine 
(Aldrich) were used without further purification. Melting points 
were determined in open capillary tubes and are uncorrected. 'H 
NMR spectra were recorded on a Varian 360L spectrometer. 31P 
NMR spectra were recorded on a JEOL FX-6OQ NMR spec- 
trometer. IR spectra were recorded on a Perkin-Elmer Model 
700 spectrometer. 

Kinetics of Phosphorane Formation. For all phosphines, 
the following procedure was employed. A 10-fold or greater excess 
of the phosphine in benzene solution (prepared and stored under 
nitrogen, using benzene that was distilled over triphenylphosphine 
and under nitrogen) was added in the dark, via microsyringe with 
an &in. needle, directly into the bottom of the jacketed cell of 
a chemiluminescence apparatus containing 2.000 mL of benzene 
with [ lI0 = to M. All runs contained 8 X M 9,lO- 
dibromoanthracene (DBA) as added fluorescer. Use of 9,lO-di- 
phenylanthracene as added fluorescer did not effect the rates of 
reaction. The reagents were rapidly mixed via magnetic stirring. 
The chemiluminescence intensity served as a measure of the 
instantaneous concentration of 1. The rate of thermal decom- 
position of 1 was negligibly slow compared to the rate of phos- 
phorane formation. The decay of luminescence was monitored 
vs. time on a strip-chart recorder. Plots of the natural logarithm 
of the intensity vs. time were linear for a t  least 3 half-lives. The 
values of the pseudo-first-order rate constants were not effected 
by variations of the initial dioxetane concentration and varied 

linearly with the initial phosphine concentrations. The second- 
order rate constants were obtained by dividing the pseudo- 
first-order rate constants by the initial phosphine concentration. 

Formation and Thermal Decomposition of Phosphoranes 
in C&. To 0.5 mL of a 5 X lo-* M CsD6 solution of 1 was added 
an equal molar amount of phosphine. After the yields of the 
phosphorane were determined by 'H NMR, the phosphoranes 
were heated at  60 OC in tightly capped NMR tubes until the NMR 
spectra showed no remaining phosphoranes. The products were 
tetramethylethylene oxide and the corresponding phosphine oxide 
as determined by integration of the NMR spectrum in each case. 
Tetramethyloxirane was identified by GC analysis. After the 
solvent and volatile components were removed, the solid residues 
were recrystallized from CCl,/petroleum ether and identified as 
the phosphine oxides, on the basis of melting points and spectral 
data (Et, 'H NMR, 31P NMR). The data are summarized in Table 
VI. 
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The ability of a-chloro and a,&epoxy ketoximes and silyloximes of substituted cyclohexanones to serve as 
precursors for nitrosoalkenes has been investigated. a-Chloro ketoximes produced nitrosoalkenes efficiently with 
triethylamine regardless of oxime geometry or disposition of the chlorine atom. a-Chloro silyloximes were less 
efficient in production of nitrosoalkenes with tetrabutylammonium fluoride and led to a faster decay of reactive 
species. Nitrosoalkenes that cannot tautomerize are extremely stable and efficiently generated even from silyloximes. 
a,P-Epoxy ketoximes were shown to be incapable of generating nitrosoalkenes in detectable amounts under several 
conditions. A striking dependence of oxime geometry on oximation conditions was discovered. (tert-Butyldi- 
methy1)silyloxime (E)-trans-12 showed an unusual preference for the conformation in which both substituents 
assume axial orientations. 

The transient existence of nitrosoalkenes has been Scheme I 
known to organic chemists since the turn of the century. 
As early as 1898 nitrosoalkenes were postulated as inter- 
mediates in the reaction of a-halo oximes with nucleophilic 
bases.' Since then  many groups have made good use of 
this method for the nucleophilic functionalization of car- 
bons (Y to ketones with amines,2  enamine^,^ alcohol ate^,^ 
t h io l a t e~ ,~  P-di~arbonyls,~",~ enolates,6  phosphine^,^ sulfo- II I 

(1) Mathaipoulos, G. Chem. Ber. 1898, 31, 2396. 
(2) (a) Ohno, M.; Torimitsu, N.; Naruse, N.; Okamoto, M.; Sakai, I. 

Bull. Chem. Soc. Jpn. 1966,39,1129. (b) Lemieux, R. U.; Nagabusnam, 
T. L.; O'Neill, I. K. Tetrahedron Lett. 1964, 1909. (c) Kisan, W.; Pritz- 
kow, W. J .  Prakt.  Chem. 1978, 320, 59 and references therein. 

(3) Bravo, P.; Gaudiano, G.; Ponti, P. P.; Umani-Ronchi, A. Tetrahe- -0 
m 

I V  LLl dron 1970, 26, 1315. 

Jpn.  1966, 39, 1119. 
(4) Ohno, M.; Torimitsu, S.; Naruae, N.; Okamoto, M. Bull. Chem. SOC. 

(5) (a) Dornow, A,; Jordan, H. D. Chem. Ber. 1961,94, 76. (b) Lerche, nium ylides,' and organomagnesium, -zinc,g and -Iith- 
H.; Treiber, J. Severin, T. Ibid.  1980, 113, 2796. ium1° reagents. Most of these nucleophiles are sufficiently 
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