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2-necked, 100-mL, round-bottomed flask flushed with argon was
charged with a solution of 4.54 g (11.52 mmol) of vinyl iodide 46b
in 85 mL of dry THF and cooled to —78 °C. sec-Butyllithium (16.6
mL, 23.04 mmol, 1.39 M in cyclochexane) was added via gas-tight
syringe, and the resulting solution was allowed to stir at =78 °C
for 1 h to give a cloudy orange solution. The reaction mixture
was warmed to ~40 °C, and transferred by cannula under nitrogen
pressure into an oven-dried, 100-mL, round-bottom flask charged
with 1.13 g (12.67 mmol) of CuaCN. The resulting solution was
allowed to stir at —40 °C for 2 h, during which time it became
brown and then black in color. Bromoallene 47'¢ (2.34 g, 11.52
mmol) was added, and the reaction mixture was warmed to 20
°C and stirred for 27 h. The reaction mixture was quenched with
100 mL of 4:1 saturated NH,Cl:NH,OH, the blue aqueous solution
was extracted 3 times with 100 mL of ether, and the organic
solution was worked up to give 5.2 g of brown liquid. The crude
product was purified by chromatography (hexane then 5% eth-
er-hexane) to give 3.25 g (72% yield) of 48 as a colorless liquid:
R;0.20 in hexane; IR 2940, 1460, 1250, 1090 cm™; *H NMR 6 0.04
(s, 6), 0.89 (s, 9), 0.67-1.06 (m, 3), 1.06-1.79 (m, 19), 1.57 (s, 3),
1.79-1.95 (m, 1), 2.16 (m, 1), 2.60 (d, 1, J = 12.0), 2.87 (d, 1, J
= 5.8),3.16 (ddd, 1,J = 3.6,8.9,89),5.14 (t,1,J = 6.7); MS, m/e
(relative intensity) 333 (0.06), 255 (0.36), 225 (0.34), 213 (2.63),
195 (1.61), 185 (0.38), 169 (1.24); HRMS calcd for CpsH,s0Si
333.2615, found 333.2615.
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Cyclic diperoxides of type 1 (a, R = H; b, R = Ph; ¢, R = n-Bu; d, R = Me) were found to be very stable (E,
= 42-48 kcal/mol, log A = 17-19). Decomposition of 1 was greatly promoted by addition of ZnTPP or CoTPP,
leading to formation of ketone PhCOR and ester (or acid) PhCO;R as the major products. In the presence of
Ph,S or Ph,SO as oxygen acceptor, the oxygen transfer reaction occurred and the production of PhCO,R (=
PhCO,Bu) was completely suppressed in the case of le, while it (the production of PhCO,H) was not measurably
suppressed in the case of la. Chemiluminescence (CL) that is due to singlet ZnTPP formation was detected
from the reaction of ZnTPP with 1a but not with 1c. The observed first-order decay rate of CL for the reaction
of 1a with Zn'TPP and its para-substituted derivatives Zn(p-X)TPP increased with the increase in electron-donating
nature of the substituents (CN < Cl < H < CH3 < OCHj,). A tentative mechanism for this ZnTPP-catalyzed
decomposition reaction, which takes the different behaviors of la and lc¢ into account, is proposed.

Decomposition of valerophenone diperoxide (lc¢) has
previously been performed thermally and photochemically

under a nitrogen atmosphere (eq 1).!* The primary re-
action observed was the formation of (a) valerophenone

0022-3263/86,/1951-2240%$01.50/0 © 1986 American Chemical Society
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170 °C
PhCOBu +  PhCO,Bu
in t-BuPh

2¢ .:45

hv, biacetyl  ppcony + PhCOMe + PCOCH,CH,COCH,

.
0”0 (sens)
0)(0 in benzene + PhCOCH,CHyCH(OH)CHy + Ph-Ph
By Ph 7
hv, direct or ~
lc
-~ \. pyrene (sens) PhCOBY
in benzene 2¢

(2¢) (47%) and butyl benzoate (3¢) (4% ) upon thermolysis
(170 °C) in tert-butylbenzene,! (b) 2¢ (29%), acetophenone
(5) (33%), 1-phenylpentane-1,4-dione (6) (13%), v-hy-
droxyvalerophenone (7) (8%), and biphenyl (10%) upon
biacetyl triplet-sensitized photolysis in benzene ([biacetyl]
= 0.46 M),2 and (c) only 2¢ upon direct photolysis or
pyrene singlet-sensitized photolysis in benzene.?2 Com-
pounds 6 and 7 were produced only by biacetyl sensitiza-
tion and are assumed to be from the decomposition of l¢
in a solvent cage.? This was further supported by the
finding that, when the biacetyl-sensitized photolysis (bi-
acetyl 0.46 M in benzene) was carried out at high tem-
perature (93 °C) instead of at room temperature, the yield
for 6 and 7 decreased drastically: 2¢ (47%), 5 (7%), 6
(1%), 7 (0.3%), and biphenyl (7%).® Acetophenone (5),
which was formed in a remarkably high yield by the bi-
acetyl sensitization, was probably formed via a Norrish
type II biradical without going through triplet valero-
phenone.?

Metalloporphyrins are known to catalyze the decom-
position of some peroxides and this reaction has biological
significance.*® Since cyclic diperoxides of type 1 are in-
teresting molecules in view of their structure as a dimer
of carbonyl oxide or dioxirane, it is attractive to study the
metalloporphyrin-catalyzed decomposition of 1. Those
experiments are reported herein.

XO—OX ——— PhCOR PhCOZR RCOZPh (2)
1 2 2 4

2, R~= H

b, R =Ph

c R= n-Bu

51, R = Me

Results and Discussion

(1) Arrhenius Parameters for Thermolysis of 1.
Thermolysis of 1a (R = H), 1b (R = Ph), 1¢ (R = n-Bu),
and 1d (R = Me) in diphenyl ether was carried out at
several temperatures under nitrogen. The disappearance
of 1 was monitored by HPLC in each case. The decom-
position of the diperoxides la, l¢, and 1d obeyed a first-
order kinetic law as shown in Figure 1a (where only the
result for e is depicted). The activation parameters are
summarized in Table I. Although the first-order plot for
the decomposition of 1b did not give a straight line (Figure

(1) Ito, Y.; Konishi, M.; Matsuura, T. Photochem. Photobiol. 1979, 30,
53.

(2) Ito, Y.; Matsuura, T.; Yokoya, H. J. Am. Chem. Soc. 1979, 101,
4010,

(3) Ito, Y., unpublished result.

(4) (a) Boyd J. D.; Foote, C. S.; Imagawa, D. K. J. Am. Chem. Soc.
1980, 102, 3641. (b) Balci, M.; Sutbeyaz, Y. Tetrahedron Lett. 1983, 24,
311. (¢) Yuan, L.-C.; Bruice, T. C. J. Am. Chem. Soc. 1985, 107, 512. (d)
Lee, W. A.; Bruice, T. C. Ibid. 1985, 107, 513.

(5) (a) Schmidt, S. P.; Schuster, G. B. J. Am. Chem. Soc. 1980, 102,
7100. (b) McCapra, F.; Leeson, P. D. J. Chem. Soc., Chem. Commun.
1979, 114. (c) Linschitz, H. Light and Life; McElroy, W. D.; Glass, B.,
Eds.; Johns Hopkins Press: Baltimore, 1961; p 173. (d) Cadenas, E.;
Boveris, A.; Chance, B. Biochem. J. 1980, 187, 131.
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(a) valerophenone diperoxide (1_3)
2L o/ 159.2°C
166.9°C

154.8°C

io
=1 10%, s
= (a)
166.9°C 17.0
159.2 5.9
154.8 4.3
1511 3.3
147.2 1.4
161.1  10.6
time, 10 min 154.9 5.7

(b) benzophenone diperoxide (ib) M_Z_Q__

-~

2 b 161.2°C 154.9°C

time, 102 min

Figure 1. Plot of In (Cy/C) vs. time for the thermal decomposition

of valerophenone diperoxide (1¢) and benzophenone diperoxide .
(1b), where C, is the initial concentration of lc or 1b. Reaction

conzditions: solvent, dipheny! ether; temperature, £0.2 °C; Cy ~

1072 M.

Table I. Activation Parameters for Thermolyses of Cyclic
Diperoxides 1 in Diphenyl Ether

cyclic diperoxide E,, kcal/mol® log A®
la, R=H 48 19
1b,R = Ph 42 17
le, R = n-Bu 44 18
1d, R = Me 47 18

842 keal/mol. *£2; A4 in gL

1b), its activation parameters were estimated (Table I)
from the initial rates which were approximated by dotted
lines as drawn in Figure 1b. Catalysis by reaction products
is one of the possible explanations for this nonlinear
first-order plot.

In general, cyclic diperoxides of type 1 are very stable.®
As expected, the diperoxides la~d have high activation
energies (E, = 42-48 kcal/mol). The values for log 4 (=
17-19) appear to be too large for an unimolecular decom-
position,” but the reason for this is at present unclear.

(2) MTPP-Catalyzed Decomposition of 1. Thermo-
lyses of the diperoxides la—c in the presence of meso-

(6) (a) McCullough, K. J.; Morgan, A. R.; Nonhebel, D. C.; Pauson, P.
L. J. Chem. Res., Synap. 1980, 35. (b) Cafferata, L. F. R.; Eyler, G. N;
Mirifico, M. V. J. Org. Chem. 1984, 49, 2107.

(7) Gordon, A. J.; Ford, R. A. The Chemist’s Companion; Wiley: New
York, 1972; p 134.
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Table II. Thermal Decomposition of Cyclic Diperoxides la-c in the Presence of Metalloporphyrin MTPP¢

di;zr(g:;de MTPP decomposition products (%)

(mM) (mol %)? solvent temp, °C time, h 2 3 4 5 6 convrsn of 1 (%)
1a (200) Zn (7.2) CHCL,CHCI, 90 10 67 33 ¢ 100
1la (200) Co (7.2) CHCL,CHCI, 90 10 59 40 ¢ 100
la (17) Zn (18) PhOPh 90 5.5 53 43 c 100
la (15) none PhOPh 170 4 59 31 ¢ 100
1b (13) Zn (12) CHC1,CHCL, 130 10 93 7 100
1b (13) Co (12) CHCLCHCI, 130 10 84 18 100
1b (13) Zn (12) t-BuPh 130 10 93 7 100
1b (13) Co (12) t-BuPh 130 10 100 0 100
lc (210) Zn (7.2) CHCL,CHCI, 130 10 97 2 0 ¢ ¢ 56
1c (210) Co (7.2) CHC1,CHCI, 130 10 71 11 trace ¢ ¢ 86
le (210) Zn (7.2) t-BuPh 130 10 91 8 trace 0 ¢ 55
le (210) Co (7.2) t-BuPh 130 10 90 9 trace 0 ¢ 95
Le (290) none t-BuPh 170 4 47 4 ¢ 0.19 ¢ 100
le (110) none PhOPh 172 1.7 43 14 1 0.52 04 74

¢ All yields for the products appearing in this paper were calculated on the basis of an expected 2 mol of each from 1 mol of cyclic
diperoxide 1. *Relative to cyclic diperoxide 1. ¢Not measured. ?In a separate experiment 2-phenoxybiphenyl was isolated in 16% yield.

100

8o

o
(=)
T

-3
o

conversion, %

® InTPP

O CoTPP - la
20 A InTPP - 1c
A& CoTPP - Tc

o]} i 1 A L
0 2 4 6 8 10

time, h

Figure 2. Reaction of cyclic diperoxides la and 1¢ with MTPP:
conversion of 1a and 1c. Reaction conditions: solvent, CHCl,-
CHCl,; temperature, 130 & 3 °C; [1] ~ 0.2 M; [MTPP] = 3.6 mol
% relative to la or 10 mol % relative to le.

tetraphenylporphine metal complexes MTPP (ZnTPP and
CoTPP) were carried out in diphenyl ether, tert-butyl-
benzene, or 1,1,2,2-tetrachloroethane as solvent.® The
thermolyses were done under a nitrogen atmosphere.
However, it was found independently that the reaction was
almost insensitive to the presence of air. The progress of
the reaction is illustrated in Figure 2 (for 1a and 1c¢ at 130
°C) and in Figure 3 (for 1a at 80.7 °C).

More than 50% of 1a and le decomposed in less than
8 h at 130 °C (Figure 2). The rate of decomposition for
1a was significant even at 80.7 °C (1/k = 7.7 h, Figure 3).
On the basis of the data in Table I, the periods of half
decay (t,/5) for 1a and 1c at 130 °C are, respectively, 1400
h and 100 h. 1a is virtually unreactive at 81 °C (¢, =5
X 10% h). It is clear that the decomposition of these per-
oxides is dramatically promoted by MTPP. However,
MTPP was also decomposed during the reaction. As the
slopes in Figure 3 demonstrate, ZnTPP disappeared about
7 times faster than la. Inspection of Figures 2 and 3
suggests that peroxide 1 is easily decomposed in the

(8) The reaction in a dioxane solution was very slow, probably as a
result of coordination of dioxane to MTPP.?

a

stope = 2.5 x 1074 §7!
/

In (CO/C)

slope = 3.6 x 1075 577

0 i 1 A i 1
0 5 10 15 20 25

time, 103 s
Figure 3. Plot of In (Cy/C) vs. time for the thermal reaction of
benzaldehyde diperoxide (1a) with ZnTPP at 80.7 £ 0.1 °C, where
Cy is the initial concentration of 1a (6.0 X 102 M) or ZnTPP (5.6
%X 10™* M) in diphenyl ether: la (O), ZnTPP (A).

presence of MTPP but a slower degradation of 1 continues
even after complete consumption of MTPP.

Table II contains a summary of the product distributions
for the MTPP-catalyzed decomposition of the diperoxides
1a~c. Major products are the corresponding ketone 2 and
acid (or ester) 3 as in the thermal decomposition in the
absence of MTPP.1610 A MTPP-catalyzed decomposition
of 1e leading to acetophenone (5) formation was not ob-
served, in contrast to the biacetyl-sensitized photolysis.?

(3) Oxygen Transfer Reactions. Carbonyl oxide and
dioxirane can transfer the oxygen atom in their molecules
to other organic substrates.!! It is worthwhile to see

(9) Vogel, G. C.; Stahlbush, J. R. Inorg. Chem. 1977, 16, 950.

(10) According to the general scheme presented previously,® products
derived from radicals R or Ph: should be formed. We did not, however,
search for such products. Production of the solvent-derived products, i.e.,
biphenyl and 2-phenoxybiphenyl from biacetyl-sensitized photolysis of
e in benzene? and from thermolysis of 1¢ in diphenyl ether (footnote d
in Table II), respectively, may be indicative of Ph- formation in these
reactions. Obviously, the benzene solvent participates in the production
of biphenyl, since it was not detected when the reaction was carried out
in hexane.
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Table III. MTPP-Catalyzed Thermolysis of Cyclic
Diperoxides 1a and lc in the Presence of Oxygen Trapping

Reagent®?
dfg:::; decomposition products, %
ide acceptor MTPP temp, °C time,h 2 3 others
Zn 90 10 49 41 27
la Ph,S { Ph,SO
Co 90 10 55 35 37
Zn 90 10 35 45 2
la Ph,SO { Ph,S0,
Co 90 10 45 33 14
Zn 130 10 7% 0 10
lc Ph,S { Ph,SO
Co 130 10 64 O 7
Zn 130 10 69 0 15
1c P hZSO { Ph2802
Co 130 10 65 0 11

¢A CHCLCHCI, solution containing either la (556 mM), MTPP
(2 mM) and the acceptor (550 mM) or le (28 mM), MTPP (2.8
mM), and the acceptor (280 mM) was subjected to thermolysis.
bSee footnote a in Table II.

Table IV. Total Chemiluminescence Yield &¢;, from the
Reaction of 1a with ZnTPP in Diphenyl Ether

la, mM ZnTPP, mM temp, °C* &y, einstein/mol®
5.86 0.583 81.6 1.4 X 1075¢
5.86 0.583 90.6 1.5 x 107%¢
5.86 0.583 90.6 1.4 X 1075¢
0.440 0.0175 87.7 3.8 X 1075¢

40,4 °C. bCalculated based on the amount of ZnTPP em-

ployed. ¢Under air. 4Degassed by four freeze-pump-thaw cycles
before CL measurement.

whether cyclic diperoxide 1 has similar oxygen transfer
properties. MTPP-catalyzed decomposition of 1a in the
presence of dipheny! sulfide (nucleophilic oxygen accep-
tor!?) or diphenyl sulfoxide (electrophilic oxygen accep-
tor'?) produced Ph,SO and Ph,S0,, respectively, as well
as the appropriate ketone 2a and acid 3a (Table III). The
same oxygen transfer reactions occurred for le. It is no-
ticeable, however, that in the latter case production of ester
3¢ is completely suppressed by the addition of the accep-
tors (compare Table II and Table III).

(4) Chemiluminescence from la and ZnTPP.
Chemiluminescent reactions of metalloporphyrins and
hydroperoxides involving the excited singlet metallo-
porphyrin® or singlet oxygen® as the chemiluminescence
(CL) emitter have been known for a long time. Benzo-
phenone diperoxide (2b) is reported to give weak direct
and indirect CL.}® Although we could not detect CL from
the ZnTPP-catalyzed decomposition of 1b and l¢ with the
instrument at Kyoto University, it was easily detectable
from the reaction of 1a and ZnTPP above 70 °C in various
solvents (diphenyl ether, tert-butylbenzene, and 1,1,2,2-
tetrachloroethane). The CL spectrum (A, ~600 and 640
(shoulder) nm) was very similar to the ZnTPP fluorescence
under similar conditions. (CoTPP is nonfluorescent!* and
no CL was observed from la and CoTPP.) The CL decay
rate was almost equal to the rate for disappearance of
ZnTPP which was determined by HPLC. The CL was
invisible in a dioxane solution.? It was also invisible when
free base TPP was used instead of ZnTPP. Singlet oxygen

(11) (a) Kumar, S.; Murray, R. W. J. Am. Chem. Soc. 1984, 106, 1040.
(b) Sawaki, Y.; Kato, H.; Ogata, Y. Ibid. 1981, 103, 3832. (c) Murray, R.
W.; Jeyaraman, R. J. J. Org. Chem. 1985, 50, 2847,

(12) Liang, J.-J.; Gu, C.-L.; Kacher, M. L.; Foote, C. 8. J. Am. Chem.
Soc. 1983, 105, 4717.

(13) Abbott, S. R.; Ness, S.; Hercules, D. M. J. Am. Chem. Soc. 1970,
92, 1128.

(14) Harriman, A. J. Chem. Soc., Faraday Trans. 2 1981, 77, 1281,
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Figure 4. Chemiluminescence decay curve for the reaction of
benzaldehyde diperoxide (1a) with Zn(p-X)TPP at 90 °C in
1,1,2,2-getrachloroethane: [1a] =1 X 102 M, [Zn(p-X)TPP] =
1 X109 M.
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Figure 5. First-order plot of the chemiluminescence decay shown
in Figure 4: k,, the rate constant for the chemiluminescence decay.

is not generated as a result of reaction of la or le¢ with
ZnTPP, since the 1270-nm emission from 10, was unde-
tectable from the reaction solution with a germanium
photodiode.!?

The total CL yield ®¢y, (= the total CL intensity divided:
by the amount of ZnTPP employed) was measured and
the result is summarized in Table IV. & was essentially
independent of oxygen concentration and was approxi-
mately 107 einstein/mol. &¢;, was somewhat dependent
on the concentrations of the reactants, probably because
of an internal filter effect by ZnTPP. Since the fluores-
cence quantum yield of ZnTPP is about 0.03,' the effi-
ciency of singlet ZnTPP formation from the reaction of
la and ZnTPP may be calculated to be around 0.1 %.

In order to examine the mechanism for this CL reaction,
reactions of la with a series of para-substituted meso-
tetraphenylporphine zinc complexes Zn(p-X)TPP (X =
OCH,, CH,, H, Cl, and CN) were tested. The results are
described in Figures 4 and 5. After the time lag (ca. 8 min.)

(15) Hurst, J. R.; McDonald, J. D.; Schuster, G. B. J. Am. Chem. Soc.
1982, 104, 2065.
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Figure 6. Correlation between In k&, and the oxidation potentials
of Zn(p-X)TPP.

that is required for thermal equilibration of the solution
to 90 °C, the CL of each sample decayed smoothly as is
shown in Figure 4. Figure 5 shows the first-order plots
for these CL decays.

Judging from Figures 3 and 5, ZnTPP and its para-
substituted derivatives appear to decompose initially with
first-order kinetics as a result of reaction with a large excess
of 1a. Since the mechanism for the ZnTPP decomposition
is probably complex, this result may be somewhat sur-
prising. According to the assumed scheme represented by
eq 3, where « is the probability of ZnTPP decomposition

Lo

la + InTPP —— o 1a%T...2nTPPS* (3)

/N

decomposition  decomposition

1-a

from an intermediate with charge-transfer character (vide
infra), the rate for disappearance of ZnTPP can be rep-
resented by eq 4. It is reasonable to consider the con-
centration of 1a to be approximately constant during the
initial stage of the reaction, since la is present far in excess
and the decomposition rate of Zn'TPP is much greater than
that of 1a (Figure 3). These considerations explain the
observed first-order decomposition of ZnTPP (eq 5).

—-d[ZnTPP] /dt = wk;[1a][ZnTPP] 4)
~d{ZnTPP]/dt = k,[ZnTPP] (5)

It is evident from Figure 5 that the CL decay rate (and
hence the Zn(p-X)TPP degradation rate) increases with
the electron-donating ability of the substituents (CN < Cl
< H < CH; < OCHj). As displayed in Figure 6, there is
a good correlation between this rate and the oxidation
potential (E|;,°%)* of Zn(p-X)TPP. ZnTPP is known to
form complexes with neutral bases.® In the ZnTPP-cata-
lyzed decomposition of certain peroxides, the metallo-
porphyrin is assumed to function as an electron donor.%
The linear relationship presently observed (Figure 6)
supports this assumption. Presumably the role of CoTPP
is similar to that of ZnTPP. As seen from Figure 2, the
reaction of CoTPP is faster than that of Zn'TPP and this
fact is probably attributed to the lower oxidation potential
of C70TPP (0.66 V) compared with that of ZnTPP (0.73
V).t

(5) Tentative Reaction Mechanism. We have re-
vealed four mechanistic facts about the MTPP-catalyzed
decomposition of 1: (a) while the formation of PhCO,R
(3) is completely suppressed by addition of the oxygen
acceptors (Ph,S and Ph,S0O) in the case of le, it is not
suppressed in the case of 1a, (b) CL is observable from la

(16) Kadish, K. M.; Morrison, M. M. Bioinorg. Chem. 1977, 7, 107.
(17) Wolberg, A. Israel. J. Chem. 1974, 12, 1031.

Ito et al.

Scheme 1
2 PhCOR + 02
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Ph R P R
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[ + tnfPp —>{ s or other reactive oxygen
0.0 0_ 0---ZnTPP species
R Ph R fh
R=H|f
PhCHO + PhCOZH + AD
Ph A
N h

1

.
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2

Ph H
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but not from le, (¢) ZnTPP decomposes with a first-order
rate upon reaction with a large excess of la, and (d) the
Zn(p-X)TPP decomposition rate increases with the in-
crease in electron-donating nature of the ring-substituent
X. The first two results suggest that diperoxides la and
1c decompose with different mechanisms.

A tentative reaction mechanism is described in Scheme
1. The ability of a dioxirane or carbonyl oxide to transfer
oxygen (step e) is known.!! Step g is similar to the electron
exchange luminescence mechanism of secondary peroxy
esters.!® Requirement of a C-H grouping adjacent to the
peroxide bond for light emission (step f) is interesting,
because it is reminiscent of the reaction mechanism for
bacterial bioluminescence.”® The expected facile hydrogen
migration in this step (step f)®*< is probably responsible
for the larger catalytic effect of ZnTPP on the decompo-
sition of 1a compared with the effect on the decomposition
of le.

Experimental Section

Materials. Cyclic diperoxides (1,2,4,5-tetraoxanes) la—d were
prepared by the published methods.1?%2! meso-Tetraphenyl-
porphine (TPP) and its para-substituted derivatives were prepared
from the appropriate aldehyde and pyrrole in propionic acid
according to the standard method.?® The metal complexes
(MTPP) were prepared by heating the proper metal salt (Zn-
(0OAc);2H,0 or Co(OAc)»4H,0) with the free base in di-
methylformamide.?

Determination of Arrhenius Parameters. Solutions of cyclic
diperoxides 1a—d (10-20 mg, ~5 X 102 mmol) in diphenyl ether
(0.5~1 mL), containing 8-acetonaphthone (2-5 mg) as an internal
standard for high performance liquid chromatography (HPLC)
analyses, were maintained in a silicone oil thermostat at varied
temperatures (135-176 °C, £0.2 °C) under slow stream of nitrogen.
The disappearance of la—d was followed by HPLC (Finesil 5 silica
gel column, hexane—ethyl acetate as eluent).

MTPP-Catalyzed Decomposition of la-c. A typical pro-
cedure is as follows. A solution of la (100 mg, 0.41 mmol) and
ZnTPP (20 mg, 0.03 mmol) in 2 mL of CHCL,CHC!, was heated
on an vil bath (30 = 3 °C) for 10 h under bubbling nitrogen.

The reaction mixtures obtained as above or as in the next
section were analyzed by HPLC (Finesil 5 silica gel column,
hexane-ethyl acetate as eluent), using appropriately S-aceto-
naphthone (for la-e, 2a-¢, 3a-c, 4c, 5, Phy,SO, Ph,S0,, and

(18) Dixon, B. G.; Schuster, G. B. J. Am. Chem. Soc. 1981, 103, 3068.

(19) (a) Hastings, J. W.; Nealson, K. H. Ann. Rev. Microbiol. 1977, 31,
549, (b) Presswood, R. P.; Hastings, J. W. Photochem. Photobiol. 1979,
30, 99.

(20) Ito, Y.; Yokoya, H.; Umehara, Y.; Matsuura, I'. Bull. Chem. Soc.
Jpn. 1980, 53, 2407.

(21) Baeyer, A; Villiger, V. Chem. Ber. 1899, 32, 3625; 1900, 33, 2479,

(22) (a) Alder, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.;
Assour, J.; Korsakoff, L. J. Org. Chem. 1967, 32, 476. (b) Barnett, G. H.;
Hudson, H. F.; Smith, K. M. J. Chem. Soc., Perkin Trans. 1 1975, 1401.

(23) Alder, A. D.; Longo, F. R.; Kampas, F.; Kim, J. J. Inorg. Nucl.
Chem. 1970, 32, 2443. .
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ZnTPP), benzophenone (for 1¢), or PhySO, (for 3a) as the internal
standard. The compound 6 was analyzed by vapor phase chro-
matography (20% silicone DC 550 on Celite 545, 180 °C).
MTPP-Catalyzed Decomposition of la and lc in the
Presence of Oxygen Acceptor. Ten moles of the oxygen ac-
ceptor (PhyS or Ph,SO) relative to the cyclic diperoxide was always
employed. A typical procedure is as follows. A solution containing
20 mg (0.082 mmol) of 1a, 2 mg {0.003 mmol) of ZnTPP, and 153
mg (0.82 mmol) of Ph,S in 1.5 mL of CHCL,CHC], was heated
on an oil bath (90 % 3 °C) for 10 h under bubbling nitrogen. The
reaction mixture was analyzed by HPLC as described above.
Chemiluminescence Measurement. Chemiluminescence
(CL) was measured by a Shimazu RF-500 fluorescence spec-
trometer, with the emission bandwidth setting at 40 nm. The
indirect CL from 9,10-dibromoanthracene and a 1,2-dioxetane
derived from 2,3-diphenyl-1,4-dioxene (92.8 °C) was used as a
standard of photon emission (#T = 0.22,2¢ PB4 = 005,240

(24) (a) Adam, W.; Cheng, C.; Cueto, O.; Sakanishi, K.; Zinner, K. J.
Am. Chem. Soc. 1979, 101, 1324, (b) Zaklika, K. A.; Thayer, A. L.;
Schaap, A. P. Ibid. 1978, 100, 4916.

kE8/(RES + EET) = 0.2, intercept/slope of the 1/Ic;, vs. 1/[DBA]
plot = 308 M1 determined by us). Any corrections for the dif-
ferent spectral distribution of CL and the variable wavelength
response of the photomultiplier tube (Hamamatsu R 446) were
not made. The temperature of a sample solution (3 mL) was
controlled by circulating hot water through the sample holder
(£0.4 °C).

Isolation of 2-Phenoxybiphenyl. A solution of valerophenone
diperoxide (1¢) (269 mg, 0.755 mmol) in diphenyl ether (10 mL)
was thermolyzed at 177 £ 5 °C for 5 h under bubbling nitrogen.
The reaction mixture was separated by column chromatography
on silica gel (Wakogel C-200, hexane), followed by preparative
TLC (Merck Kieselgel 60 PFy,, hexane), to afford 59 mg (16%
yield) of 2-phenoxybiphenyl as colorless oil. The product was
identical with the authentic sample in every respect. Isolation
of other products was not attempted in this run.
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1,2,2-Trimesitylethylene (16) was prepared by dehydration of 1,2,2-trimesitylethanol. Its 1D 'H and *C NMR
spectra at room temperature show separate signals for pairs of groups (0-Me, 0-C, m-C, and m-H) on the same
ring, in agreement with a propeller conformation in solution. Assignment of the signals and derivation of the
threshold rotational mechanism were aided by the use of 2D NMR techniques. Two rotational barriers were
measured by dynamic NMR. The lower barrier (16.8 & 0.1 keal mol™) is for the threshold mechanism which
is an [a,8]-two-ring flip. The higher barrier was calculated for the interchange of diastereotopic groups on the
8-ring (20.5 £ 0.1 kcal mol™). The difference in the threshold mechanisms of 16 and of trimesitylethenol (a
three-ring flip) was ascribed to the presence of the small hydrogen on 16 which allows the #’-ring cis to it to undergo
a nonflip process in a transition state with an energy lower than that of the three-ring flip for 16 or the two-ring
flip for trimesitylethenol. The distinct rotational threshold mechanisms for Mes,C=C(X)Mes (X = H, and OH,
(Mes = mesityl)) are clearly reflected in their different 2D exchange NMR spectra.

1,1-Diatylvinyl (1) and 1,2,2-triarylvinyl systems 2 exist

o, O
c=c/ c=C
GO
X X
1 2
in a “propeller” conformation in which all the rings are

twisted in the same sensel™ and are, therefore, the vinyl
analogues of molecular propellers of the type Ars;Z (3) and

(1) Kaftory, M.; Biali, S. E.; Rappoport, Z. J. Am. Chem. Soc. 1985,
107, 1701.

(2) Biali, S. E.; Rappoport, Z. J. Am. Chem. Soc. 1984, 106, 477.

(3) (a) Nugiel, D. A,; Biali, S. E.; Rappoport, Z, J. Am. Chem. Soc.
1984, 106, 3359. (b) Nugiel, D. A,; Biali, S. E.; Rappoport, Z., paper in
preparation.

(4) Biali, 8. E.; Nugiel, D. A,; Kaftory, M.; Rappoport, Z., paper in
preparation.

Ar,ZX (4) (Z = C, B, or N; X = H, Me, or halogen).®
When all the rings are identical and have a local C, axis,
these systems exist as two enantiomers differing in the
helicity, i.e., in the sense of twist of the rings.

An important class of rotations in molecular propellers
are correlated rotations in which all the rings rotate con-
comitantly, These processes are commonly analyzed in
terms of “flip” mechanisms, each involving helicity re-
versal.® A “flip” of a ring is defined as its passage through
a plane perpendicular to the reference plane (the double
bond plane for 1 and 27 and the plane defined by the three

(5) (a) Mislow, K. Acc. Chem. Res. 1976, 9, 26. (b) Mislow, K.; Gust,
D.; Finocchiaro, P.; Boettcher, R. J. “Topics in Current Chemistry, No.
47, Stereochemistry 1°; Springer-Verlag: Berlin, 1974; p 1.

(6) Kurland, R. J.; Schuster, I. L; Colter, A. K. J. Am. Chem. Soc. 1965,
87, 2279,

(7) Note that for systems 1 and 2 (when R = X) the molecules belong
to the C, point group, and, therefore, the two double bond = faces reside
in diastereotopic environments. For such olefins, deviation from the ideal
planar arrangement should be expected. However, for simplifying the
vilsualization of the different flip routes we will use the term “double bond
plane”.
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