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The influence of phenyl u electrons on the strategically located double bond of the endo-3,3- 
diphenyltricyclo[3.2.1.02~410ct-6-ene (1) during cycloaddition, electrophilic addition, epoxidation, 
reduction, cyclopropanation, and radical addition has been investigated both through product 
identification and relative rate studies. Similar additions to the isomeric exo-3,3-diphenyl- 
tricyclo[3.2.1.02~4]oct-6-ene (2) serve as a mechanistic contrast to the reactions of 1. This is the first 
system that appears to demonstrate radical-initiated LRAMERO (long-range aryl migration with 
electrocyclic ring opening). Solvolyses of the exo and endo tosylates derived from 1 are also influenced 
by the underlying phenyl group. 

Control of stereochemistry in electrophilic additions to 
alkenes has been extensively studied' because of its 
importance to rational synthetic design, and u partici- 
pation has been one of the factprs investigated.2 u 
participation by aryl groups affects the stereospecificity 
of addition to norborneness and n~rbornadienes~ and can 
initiate the LRAMERO (long-range aryl migration with 
electrocyclic ring opening) rearrangement under conditions 
of strong electron demand such as electrophilic addition5 
or solvolysis.6 

A phenyl ring located beneath the double bond of a 
rigid tricyclic molecule makes endo-3,3-diphenyl- 
tricyclo[3.2.1.02~410ct-6-ene (1) a good model to study 

1 2 

phenyl participation in additions to the double bond. 
Reactions of the isomeric exo-3,3-diphenyltricyclo- 
[3.2.1.02*410ct-6-ene (2) provide a mechanistic contrast 
where cyclopropyl participation, but not aryl participation, 
can occur. Aryl u participation has been reported to occur 
during radical addition to 1 resulting in apparent LRAME 
RO rearra~~gement.~ In contrast, the hydroborations of 1 
and 2 occu919 without rearrangement or indication of 
stereochemical alteration by the phenyl group. There are 
clear differences in electron demand which change the 

mode of stereocontrol in these reactions. During nucleo- 
philic additions to the carbonyls of related tricyclooc- 
tanones, the phenyl ring merely blocks approach or hinders 
rehybridization.'O 

Results 

This is the full report of a series of additions to the 
strained l,& some contrasting reactions on the isomeric 
2,8b solvolyses of several derivatives, and the details of the 
first observation of LRAMERO under radical conditions 
which was communicated earliera7 Individual reactions 
were run on 1 and 2 under specified conditions, and the 
isolated products were fully characterized.ll The kinetics 
of starting material disappearance was followed by NMR. 
Adduct stereochemistry was established by NMR8*B with 
particular attention to the coupling exhibited byprotons12 
Hs and H7 which rehybridized from sp2 to sp3 during the 
reactions. If the two protons were doublets, J6,7 = ca. 7 
Hz, the adduct was 8x0. If the adduct had been endo, H6 
and H7 would have appeared as doubleta of doublets 
because of additional coupling to the bridgehead protons, 
HI and H5, from the [3.2.1.02~410ctyl parent. 

1,3-Cycloadditions. The addition of diphenyldiazo- 
methane and 1,3-diphenylisobenzofuran, both type I 
reactions13 (controlled by the HOMO of the dipole), to 1 
gave only the exo adducts 3 and 7 (Scheme I). Similar 
additions on 2 gave the exo adducts 8 and 12 (Scheme 11). 
Although the adducta from 1,3-diphenylisobenzofuran are 
clearly exo by lH NMR analysis, the orientation of the 
oxygen bridge needs to be addressed. The adduct with 
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Scheme I. Cycloadditions of 1 
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Table I. Relative Rates for Additions to 2 and 1 ( k d 4 )  

products 
reagent/solvent t (OC) kdkl from2/1 

1,3-diphenylhobenzofuran/C6D~ 
diphenyldiazomethane/ hexane 
phenylazide/hexane 
tetrachlorodimethoxycyclopenta- 

Nz(C02K)2/MeOH/HOAc 
diene/C& 

80 3.5 12/7 
23 2.2 813 
23 2.2 914 
80 2.2 l1/6 

23 2.46 1015 
0 0.23 16/14 

23 0.46 17/18 
75 0.68 16/a 

Ph 
BrdCC4 
m-CPBAICHCL 

60 1.0 23/22 
23 2.1 24/25 

Ph 7 

a Product structures not yet characterized. 

carbons, a significant shieldingls of one ortho aromatic 
proton caused by the adjacent aryl ring, and the reduction 
of 13 to a tetracyclic benzohydrocarbon 14 (eq 1) which 

f h  

5 

Scheme 11. Cycloadditions of 2 

m ?h BI*/CCI, 

1 * 

2 

0 1_ .Ph 13 (32%) 1 4  

ph% 10 

11 

was identical to the one isolated from the solvolysis of the 
related tosylate 35 (see below). Bromination of 2, where 
T participation could not occur, was reported earlie@ to 
give 61 % of the rearranged nortricyclene product 15 (eq 
2). Competitive bromination in carbon tetrachloride at 

norbornadiene14 has been established as exo-exo, and 
NMR data suggest a similar configuration for 7. The 
protons of CS appear as a ~ell-separatedl~b AB pattern 
with the H h  doublet (J,,, = 7.5 Hz) at 2.73 ppm and a 
doublet of triplets for Ha  at 1.43 ppm with a 1.5-Hz 
splitting from Wcoupling to H6,7 (2.26ppm doublet) which 
was confirmed by a lH COSY. The chemical shift 
separation in this AB pattern is enhanced by the deshield- 
ing of Hh by the proximate oxygen bridge. In the isomer 
with the opposite oxygen orientation, Hh would be shielded 
because it would be pointing into the face of the benzo 
ring resulting in similar chemical shifts for Hgs and Hsa. 

For the phenylazide and cyclopentadiene cycloadditions, 
although only exo adducts were isolated (Schemes I and 
11), TLC analysis of the reaction mixtures suggested the 
presence of minor amounts of other adducts which were 
not isolated or characterized. Diimide reduction of 1 and 
2 resulted in the expected alkanes 6 and 10 which were 
previously identified.g The comparative rate of reduction 
(kdkl= 2.46) is similar to those for cycloaddition reactions 
in which 2 reacted slightly faster than 1. Table I gives the 
ratio of competitive reaction rates to 2 and 1 for all the 
reactions reported and the numbers for the product 
structures discussed herein. 

Electrophilic Additions. Bromination of 1 took place 
readily, giving rise to a mixture of six products. The major 
product 13(mp 115-116.5"C),isolatedin32% yield,eluted 
on TLC after 1. The structure of monobromide 13 was 
based on the presence of three quaternary aromatic 

w 
15 

0 "C shows that 1 reacts faster than 2 (Table I). 
The addition of 2,4dinitrobenzenesulfenyl chloride (2,4- 

DNS), a reagent which has been used in the character- 
izationl6 of olefins, to 2 afforded yellow crystals (84%) of 
a rearranged adduct 16 (eq 3) which was shown by lH 
NMR to have a nortricyclene structure similar to bromi- 
nation product 15. Under similar conditions, addition of 

NO, 

2 9 N  -& - CI 

- 
NO, 

16  

2,4-DNS to 1 resulted in at least six products (TLC 

(15) (a) Gunther, H. NMFt Spectroscopy, An Introduction; John 
Wiley: New York, NY, 1980; p 77. (b) Crumrine, D. 5.; Curtin, M. L.; 
Iwamura, H. J. Org. Chem. 1990,55, 1076. 

(16) (a) Kharasch, N.; Buess, C. M. J. Am. Chem. SOC. 1949,71,2724. 
(b) Kharasch, N. J. Chem. Educ. 1956,33,585. (c) Langford, R.; Lawmn, 
D. D. Ibid. 1967,34,510. 

(14) (a) Cava, M. P.; Scheel, F. M. J. Org. Chem. 1967,32,1304. (b) 
Marchand, A. P.; Rose, J. E. J. Org. Chem. 1968,90,3724. 
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Scheme 111 

Peeran et al. 

to -0.5 ppm by the underlying phenyl ring. Within 
experimental error, the kzlkl rate ratio was 1.00 for this 
reactive reagent. 

Radical Addition. Radical-initiated addition of tri- 
n-butyltin deuteride to 2 gave the expected addition 
product 24 as a clear viscous oil in 80% yield (eq 7). Both 

P 
KxB4 

1 -  
Ph 

18  

L 
2 0  19  

2 4  

analysis) which were not characterized, but competitive 
rates of starting material disappearance (Table I) for this 
electrophilic reaction showed that 1 reacted faster than 2. 
Acid-catalyzed addition of acetic acid was also attempted,17 
but isolable products were not obtained. The m-CPBA 
epoxidation of 2 has been reported8bto give an exo epoxide 
17, and 1 similarly was reported9 to give a very reactive 
exo epoxide 18 in 81% yield when isolated by crystalli- 
zation. Attempted purification of 18 by rotational TLC 

,Ph 

- MCPBA 2 
17 

on silica gel resulted in the formation of cyclized alcohol 
21 (Scheme 111) which was characterized and shown by lH 
NMR to have a structure similar to bromide 14. Attack 
from below by the phenyl ring on the protonated epoxide 
followed by rearomatization of carbocation intermediate 
20 would readily produce the observed 21. Under these 
epoxidationconditions, 1 reactsfaster than2 ( k d k l =  0.46). 

Cyclopropanation of 1 and 2 performed using 1:2.5:3 
molar ratio18 of alkene to diethylzinc to dihalomethane in 
the presence of a stream of dry oxygenlg was previously 
reported9 to give unrearranged ex0 cyclopropanation 
products 22 and 23 (eqs 5 and 6). The lH NMR spectrum 

- (5) 
El& 

1 CH& Ph 

22 

Ph 

2 CH28r2 Et2Zn - ph-f& (6) 

23 

of 22 clearly showed the anti H-9 proton which is shielded 

(17) No reaction occurred until some perchloric acid waa added 
whereupon a deep blue color developed. TLC analpis indicated a complex 
product mixture. 

(18) Attempts with a k1.51.5 molar ratio of the reactants were not 
fruitful. Attempts to cyclopropanate with PhHgCBra led to several 
crystalline products, insoluble in most NMReohrenta, which turned brown 
atroomtemperature,charredat65OC,andwerenotfurthercharacterized. 

(19) Miyano, S.; Haahimoto, H. J.  Chem. SOC., Chem. Commun. 1971, 
1418. 

analytical and spectroscopic data supported the presence 
of a geminal diphenyl cyclopropyl group and the tri-n- 
butyltin moiety. 

In contrast, addition of tri-n-butyltin deuteride to 1 
gave a clear viscous oil (75 % ) which was shown by proton 
NMR to be a 3.51 mixture of phenyl-migrated, ring-opened 
allylic isomers 2Sa and 2Sb. This structural assignment 
is based on analytical data and lH NMR data for the 
presence of a tri-n-butyltin group, the loss of the geminal 
diphenyl cyclopropyl structure, the presence of two styryl 
proton doublets at 5.97 ppm (re1 integral 3.5) and 6.63 
ppm (re1 integral l), and the presence of benzylic proton 
doublets of doublets at 3.55 ppm (re1 integral 3.5) and 3.47 
ppm (re1 integral 1). The assignment of the double-bond 
position in the two isomers is based on an examination of 
models to ascertain the effect of the C-7 phenyl group on 
the chemical shifts of the C-2 vinyl protons. In the major 
isomer (2Sa) the vinyl proton signal occurs at 5.97 ppm. 
In the minor isomer (2Sb), the vinyl signal at 6.63 ppm is 
deshielded by the proximate freely rotating C-7 phenyl 
group (eq 8). These phenyl-migrated ring-opened bicyclo- 

Ph 

25 a 25 b 

(25a t 25b I 75%) 

[3.2.lloctenes are analogous to the products from the ionic 
LRAMERO rearrangements previously studied here?blaa 
Several other radical additions were also attemptedqZ1 

(20) Wilt, J. W.; Mookerjee, P. K.; Sulivan, D. R. J.  Org. Chem. 1974, 
39, 1327. 

(21) Similar competitive radical additions of bromotrichloromethane 
and diethyl bromomalonate on 2 and 1 resulted in k2/kl ratios of 1.8 and 
2.5, respectively. When adding bromotrichloromethane to a mixture of 
the alkenes, aa with tributyltin deuteride, 1 reacted faster with a k2/kl 
rate ratio of 0.83. Hydrceilylation of 2 using triphenyleie and di- 
tert-butyl peroxide in deuteriated benzene with 264-nm irradiation waa 
not successful. With phenyldimethylsilane in the presence of HaPtCb, 
TLC revealed three components, but characterizable products were not 
isolated. Additions of deuteriated chloroform with benzoyl peroxide an 
initiator and dimethylmalonate with di-tee-butyl peroxide aa initiator 
were similarly unsucceeeful. 
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Scheme IV 
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Scheme VI. Solvolysis of Exo Tosylate 
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Scheme V. Solvolysis of Endo Tosylate 

s/ 32 

m 
m 

3 4  \ 
Mimi P r o d m  

Table 11. Solvolytic Rate Data for Tosylates Derived 
from 1 

exo-35 
T (OC) 108 k (8-1) 

38.7 5.5 f0 .2  
54.5 44.9 f 0.3 
63.0 109.4 6.2 
75.7 464*33 

AFf+(kcal/mol) 25.5 * 0.4 
AS+ (eu) 4 . 9  * 1.3 
con coeff 0.999 
k at 25 O C  8.05 X 10-' 

endo-32 
T ('C) 108 k (K') ks5/ka2 
75.7 1.7 * 0.02 
87.3 6.4 * 0.1 
98.9 23.5 0.03 

28.3 * 0.3 
-4.0 * 0.8 
0.998 
1.39X 10-9 580 

Solvolysis. The endo and exo tosylates derived from 
2 were previously prepared and solvolyzed.8b The cor- 
responding tosylates from 1 were prepared by reaction of 
tosyl chloride with the ex0 alcoholQ 29 which gave the exo 
tosylate 36 in 70% yield while a similar reaction with 31 
gave the endo tosylate 32 in 65% yield22 (Scheme IV). 
Solvolyses of the tosylates were carried out in 80% 
dioxane-water which was 0.044 M in 2,g-lutidine. The 
rate and activation data for the solvolysis of the tosylates 
derived from 1 are presented in Table 11. The product 
structures and mechanistic suggestions are shown in 
Schemes V and VI. 

The endo tosylate 32 solvolyzed to a mixture of 33% 
bicyclic alcohol 33 and 14 % bicyclic diene 34 along with 
minor amounts of unidentified components. These struc- 
tures were assigned baaed on the spectroscopic evidence 
and in analogy to the solvolysis products of the parent 
bro~ylate .~~ IR spectral analysis clearly showed 33 to be 
an alcohol which agreed with its slow movement on TLC. 
The lH signal at 1.5 ppm assigned to H,s is characteristic 
for bicyclo[n.l.ll s y s t e m ~ . ~ 3 ? ~  A lH COSY delineated the 

(22) In both alcohols and taylates, He is a doublet of doublets when 
it is endo and a multiplet when it is ex0 becauee vicinal coupling to the 
bridgehead proton is geometrically unfavorable for the endo proton.& 

(23) Wenzinger, C. R.; Benz, P. Tetrahedron Lett. 1976, 727. 

B 1 4  

36a and 36b 

Cyclopropyl 
Sigma Shift 

Ph Ph 

3 5  

J 1- 
coupling network which confirmed the proton assignments. 
The fast-moving component on TLC is proposed to be 
conjugated diphenylidene 34 based on the following: UV2s 
[A,, 244 nm (c = 17 3001,296 nm (c = 997011; IR 3045 and 
1600 cm-l (sp2 CH and C==C stretches); and lH NMR 
which showed 10 aromatic protons, two coupled vinyl 
protons at 6.58 and 6.15 ppm, and a doublet of doublets 
at 1.9 ppm assigned to the En.l.11 bridgetop protons. 

Tosylate 35 solvolyzed faster than 32 providing four 
different products. The major one, 14, was found to be 
identical with the compound obtained upon reduction of 
monobromide 13 which suggests that it was formed by 
Ar2-6 phenyl participation.26 Tricyclic compounds 37 and 
38 were shown to be identical to previously obtained 
compounds.8b In the late chromatography fractions (Rf 
= 0.11, a mixture of endo and exo alcohols 36a and 36b, 
which could be formed by LRAMERO rearrangement, 
were identified by the presence of an OH stretch in the 
IR and the lH NMR styryl proton signals at 6.00 and 6.43 
ppm which are characteristic of 3-phenylbicyclo[3.2.lloct- 
3-enes such as the tributyltin deuteride addition products 
25a and 25b here reported and similar products from 
previous LRAMERO studies.8b*20 A 2D COSY confirmed 
the coupling network and thereby the proton assignments. 
Reaction product composition was ascertained through 
C-18 reversed-phase HPLC studies using authentic com- 
pounds. Product yields showed some temperature vari- 
ation. The yield of major product, 14, changed from 71 % 
at 75 "C to 79% at 38.8 OC, while the yield of 38 went from 
21% at the higher temperature to 12% at the lower 
temperature, and minor product yields varied little (see 
Experimental Section). 

Discussion 

Cycloadditions. The cycloaddition reactions gave ex0 
addition and very similar rate ratios on both systems. Exo 
addition is consistent with experiment and theory on the 
related norborneneZ7 and norbornadienes.28 Only ex0 
monoadduda were isolated from reaction of norbomadiene 

(24) Wiberg, K. B.; Hem, B. A. J.  Org. Chem. 1966,31, 2250. 
(25) (a) Holm, T. Acta Chim. Scand. 1963, 17, 2441 [l,l-diphenyl- 

1,3-butadiene, A,, (EtOH) 236 and 287 nml. (b) Reference 20b 
[4-diphenylmethylenebicyclo[3.2.0] hept-2-ene, A,, (EtOH) 242 and 294 
nml. 

(26) (a) Capon, B.; McManus, S. P. Neighboring Group Participation; 
Plenum Press: New York, 1978; Vol. I, p 116 and references citad therein. 
(b) Heck, R. F.; Winstein, S. J.  Am. Chem. SOC. 1987, 79,3105,3114. 

(27) Koga, N.; Ozawa, T.; Morokuma, K. J. Phys. Org. Chem. 1990,3, 
519. 

(28) Houk, K. N.; Mueller, P. H.; Wu, Y.-D.; Mazzochi, P. H.; Shook, 
D.; Khachik, F. Tetrahedron Lett. 1990,31, 7285. 
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Scheme VI1 

Peeran et al. 

r-N.N.r - 
h DSnBu:, -* 

Ph 

r. + N2 

r-D t %Bu3 

SnBu, 

Ph 

SnBu, 

e- ..+- 
28 Ph 

SnBu3 .-$s- ph% BU3 

D 258 Fn 25b 

+ SnBu3D 

+ SnBu3 

SnBu, + SnBu3 v Bu3Sn-SnBu, 

with 1,3-diphenyli~obenzofuran~~ or diphenyldiazo- 
methane,8b but with mesitonitrile oxide,4e hexachlorocy- 
clopentadiene,m and a series of aryl azides4b ex0 adducts 
were major but not exclusive. Houk et al. examined the 
theory of stereoselection for a series of 7-substituted 
norbornadienes,m and Morokuma's calculationsz7 give the 
best current analysis of the relative importance of each 
effect on stereoselection. 

The rate data in Table I show that cycloadditions were 
always faster with 2 than with 1. The proximity of the 
vinyl protons, &,,, in 1 to the face of the syn phenyl ring 
could be an important factor. As the carbons rehybridize 
from sp2 to sp3 during the additions, these protons are 
forced into the phenyl electron cloud. The repulsive forces 
generated would raise the transition-state energies for 
additions to 1 relative to 2 thereby slowing the rate of 
addition of 1 relative to 2. 

Electrophilic Additions. In reactions where there is 
charge development in the transition state such as 
brominationFb sulfenation, and epoxidation,31 1 reacts 
faster than 2 (see Table I). Stereoelectronic control is 
clearly important here because both brominationab and 
addition of 2,4-DNS to 2 resulted in rearranged nortri- 
cycline products when aryl T participation is precluded. 
Although the rate ratio supports the contention that a 
polar transition state is involved in epoxidation,31 the lack 
of rearrangement suggests that electron demand or charge 
development is less than that for bromination, perhaps 
because of an uearliern but not concerted transition state. 
On the other hand, it is evident from product structures 
that aryl T participation from below is important in the 
formation of the Arz-6 derived product 13 on bromination 
of 1, the ring-opened phenyl migrated products 2Sa and 
2Sb from radical addition to 1, the rearranged alcohol 21 
formed from epoxide 18, and the instability of the sulfenyl 
producta from 1. On a related system, the 8-methylene 
derivative of 2, bromination resulted in an LRAMERO 
rearrangements because a carbocation was produced at 
the correct stereoelectronic site to initiate LRAMERO. 
Formation of 14 presumably involves an Arz-6 mechanism 
in which position 2 of the endo phenyl ring attacks the 

initial bromonium ion in a six-membered ring transition 
state, which would be facilitated by the proximite phenyl 
ring. 

The similarity between structures 2Sa and 2Sb and the 
previously observed LRAMERO products6*sb*z0 from ionic 
reactions suggested that thia could be a radical-induced 
LRAMERO reaction. The reactions are very clean with 
no other products which could have been formed in a 
stepwise mechanism where ring opening preceded phenyl 
migration. 

Kinetics on separate samples of 1 and 2 indicated that 
tributyltin addition to 2 was approximately 2.1 times faster 
than that to 1, but competitive studies on mixtures of 1 
and 2 showed exclusive reaction on 1 while 2 remained 
almost unreacted. Part of this difference is due to the 
longer radical chain length observed for the reaction on 
2. This was demonstrated by rate studies where the initial 
concentration of initiator was varied. Although the 
different kinetic results on the tributyltin additions were 
surprising, the reactivity difference can be explained if 
the initial addition of the tin radical to 2 to produce the 
radical precursor to 24 is reversiblesZ and the addition to 
1, to produce radical 26, is less reversible because it 
undergoes phenyl migration in concert with electrocyclic 
cyclopropyl ring opening via an Arl-5 transition state 27 
to a more stable allylic radical 28. The allylic radical then 
abstracts a deuterium from another tri-n-butyltin deu- 
teride on either side in the observed 3.5:l product ratio. 
Scheme VI1 shows a proposed radical chain mechanism 
in which these ideas are included. 

Inspection of Table I shows a clear trend in the relative 
rate ratios. If a transition state has charge development, 

(29) Byme, L. T.; Rye, A. R.; Wege, D. R. Auat. J. Chem. 1974,27, 
1961. 

(30) H o d ,  K. N.; Wu, YD.; Mueller, P. H.; Carmeh, P.; Paddon-Row, 
M. N.; Nag-, S.; Mazzocchi, P. H. Tetrahedron Lett. 32, 7289. 

(31) Hanzlik, R. P.; Shearer, G. 0. J. Am. Chem. SOC. 1975,97,6231. 
Since reactions with a polar transition state react faster with 1 than 2 the 
observation that 1 is epoxidized faster than 2 supports their propod of 
a polar transition state for epoxidation. 

(32) Sakurai, H. Free Radicale; Kochi, J. K.. Ed.; Wiles New York, 
1973; Vol. 11, p 780. 
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as one would expect in bromination, 1 reacts faster than 
2. This could be largely due to delocalization of the charge 
by the underlying phenyl ring. On the other hand, if the 
transition state is concerted and both vinyl carbons are 
rehybridizing simultaneously, there would be an increase 
in strain energy as the former vinyl protons are simulta- 
neously forced to be closer to the underlying phenyl ring. 
The reaction rate with 1 should then be slower than the 
reaction rate with 2. The radical additions show rate ratios 
comparable to or slightly less than cycloaddition rate ratios 
(Table I) perhaps because only one carbon is rehybridizing 
as the reaction approaches the transition state or because 
no charged intermediate is produced that could be 
stabilized by the underlying phenyl ring. 

It was interesting that carbenoid cyclopropanation 
proceeded at the same rate with each isomer. Apparently 
the highly reactive carbenoid has such an early transition 
state that neither the steric barrier associated with 
rehybridization of the vinyl carbons of 1 in cycloaddition 
nor the stabilization of the charged intermediates by the 
underlying phenyl in 1 have any measurable effect. 

Solvolysis. To interpret the rate and product com- 
poaition data from solvolysis, a brief mention of related 
systems is in order. Wilt and Malloy solvolyzed tosylates 
derived from 2 and found that both resulted in quantitative 
yields of rearranged nortricycline products,sb with a k39d 
k 3 9 ~  (R = Ph) rate ratio of 4120 which was enhanced by 
the proper geometric arrangement for u assistance by the 
C& u bond in that exo tosylate. The four stereoisomers 
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1400 for the broaylates derived from the parent exo- 
cyclopropyl system,a or the value of 7000 for the nor- 
bornenyl pnitrobenzoates.s Although some solvolytic 
rate data have been reported for the parent endo- 
cyclopropyl system 40N (R = H),2334s the comparative 
exo-endo rate data have not been published. We realize 
these rate comparisons may suffer, since 32 and 35 solvolyze 
through different mechanistic pathways, but the com- 
parisons are nonetheless interesting. 

The major structural feature that charaderizestosylates 
32 and 35 is the underlying phenyl group which is very 
close to the reaction center, and considerable influence of 
the aromatic r electrons is expected. Several mechanistic 
pathways could be operating for solvolysis of tosylate 35. 
The major product, 14, can be formed from r participation 
through a six-membered Arz-6 transition state. Alcohols 
36a and 36b could arise from an ionic LRAMERO 
rearrangement, and alkene 37 and alcohol 38 can be derived 
from the diphenylmethyl cation shown in Scheme VI. The 
suggested LRAMERO rearrangement to produce the 
mixture of alcohols, 36a and 36b, is analogous to the 
solvolysis-induced LRAMERO of unti-%tosyl-exo-3,3- 
diaryltricyclo[3.2.1.02~410ct-6-ene in dioxane water to give 
3,8-diarylbicyclo[ 3.2.11 oct-3-end-ols.8b*m 

If the endo tosylate 32 proceeds through an 8,5 shift as 
suggested for the parent system,23 it would lead to a very 
stable benzhydryl cation which is the precursor for the 
bicyclo[3.l.llheptene derivatives 33 and 34. Cleavage of 
the internal cyclopropyl bond would lead to a bicyclo- 
[4.l.lloctylcation which might explain other side products 
(Scheme V). 

Although one expects exo tosylates to solvolyze faster 
than endo tosylates, and one expects phenyl participation 
to provide transition-state energy lowering and addi t iod 
exo-endo rateM enhancement, the k35/k32 rate ratio was 
smaller than expected. Examination of models suggests 
that there should be a large amount of strain energy 
released by concerted migration of the C845 bond as the 
endo tosylate 32 ionizes. Formation of this intermediate 
allows ready explanation of the observed products (Scheme 
VI, a rationale for enhanced endo solvolysis rate (k32), and 
an explanation of the lower k35/k32 rate ratio. 

In conclusion, we have presented the first system that 
exhibits apparent LRAMERO on radical initiation, we 
have documented a number of addition reactions in these 
stereochemically interesting diphenyltricyclic alkenes, and 
we have suggested that the reactivity ratios for 2 and 1 are 
dependent on the electron demand in the transition state 
of each reaction. For electrophilic reactions, where there 
is development of positive charge in the transition state, 
1 reacts faster, but for concerted cycloadditions, where 
there is significant rehybridization but little charge 
development, 2 reacts slightly faster. We have presented 
mechanistic rationale for the origin of these rate differ- 
ences. The rate differences support the proposal3' of polar 
character in the epoxidation transition state. This pair 
of molecules provides an interesting test case for addition 
mechanisms which we are currently exploring. We have 
also shown the effect of a proximate phenyl from the endo- 
diphenylcyclopropyl moiety on solvolysis rates and prod- 
ucts of two derived tosylates. 

3 9  4 0  

of the nonphenyl brosylate analogues have been similarly 
solvolyzed in acetic acid33 by Wiberg and Wenzinger, with 
a k s 9 ~ / ~ 9 9 ~  (R = H) rate ratio of 1400 which was, again, 
attributed to u participation. Identical product ratios for 
three of the four stereoisomers suggested a common 
mechanism. They later reported23 that the endo-endo 
isomer 40N (R = H) solvolyzed to entirely different 
products. Among which the major product, a bicyclo- 
[4.l.lloctyl acetate is formed after an initial 8,5 u shift 
which can be trapped at several sites (eq 9). This is 

OAc 

40N (R=H) 

significant since the solvolysis products of 32, the tosylate 
of the 3,3-diphenyl analogue of 40N (R = Ph), can be 
similarly rationalized with the clear understanding that 
cyclopropyl bonds to the carbon containing the two phenyl 
groups will be readily broken (Scheme V). 

The tosylate solvolysis rate ratio k36/k32 of 580 is low 
compared to the k w d k s g ~  (R = Ph) ratio of 4120 for 
tosylates derived from 2, the k 3 9 d k 3 ~ ~  (R = H) ratio of 

(33) Wiberg, K. B.; Wnzinger, G. R. J. Org. Chem. 1966,30, 2278. 

(34) Colter, A. K.; Musao, R. C. J. Org. Chem. 1966,30, 2462. 
(35) Brown, H. C.; Peters, E. N.; Ravindranathan, M. J. Am. Chem. 

(36) Brown, H. C. TheNonelaseicalZonProblem; Plenum: New York, 
h e .  1976, 97, 7449. 

1977. 
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Experimental Section3' 

Addition of Diphenyldiazomethane to 2. Diphenyldi- 
azomethane (194 mg, 1.0 "01) was added to 2 (258 mg, 1.0 
mmol) dissolved in 5 mL of hexane and the mixture allowed to 
stand in the dark for 54 days. Rotational TLC using hexane 
ether elution afforded 410 mg (91 7%) of ex0 adduct 8 as colorless 
crystals: mp 108-110 OC; IR 1600,1490,1445,1550,1300,1260 
cm-l; lH NMR 6.97-7.57 (20 H, m, ArH), 5.17 (1 H, d, J = 7 Hz, 

HI), 1.77(1 H, brd, J- 8Hz,He3,1.56 (1 H, brd, J=8Hz,&) ,  
1.18 (1 H, m, K), 0.87 (1 H, m, Hz); 'BC NMR 147.41, 143.89, 
141.98, 141.90 (Ar quat), 129.12, 128.51, 128.15, 128.07, 127.58, 

24.40 ((38). Anal. Calcd for C%H2$Jz: C, 87.57; H, 6.24; N, 6.19. 
Found C, 87.88; H, 6.53; N, 5.88. 

Addition of Diphenyldiazomethane to 1. The previous 
procedure was used on 1. After rotational TLC, 20 mg of 1 was 
isolated and 180 mg (43 % ) of needle-shaped colorless crystale of 
the exo adduct 3 were obtained mp 174-176 OC; IR 1600,1490, 
1440,1550,1290 cmL1; lH NMR 6.27-8.00 (20 H, m, ArH), 5.03 

H7), 2.05 (3 H, m, I-i2,4,1), 1.53 (1 H, d, J = 10 Hz, Ha), 0.93 (1 
H,d,J=10Hz,H~;1~CNMR150.00,143.11,141.41,141.06(Ar 
quat), 131.19,130.42,128.60,128.51,128.42,128.06,127.79,127.53, 
127.31, 127.04, 127.46 (k), 103.60 (Cg), 98.22 (ce), 57.62 
49.42,44.23,41.24,40.86,35.10,32.90 (aliphatics). Anal. Calcd 
for C%H.&J2; C, 87.57; H, 6.24; N, 6.19. Found C, 87.83; H, 6.37; 
N, 6.14. 

General Procedure for Addition Reaction Rate Studies. 
An equimolar mixture of 1 and 2 (0.2 mmol each) was mixed with 
0.2 mmol of the reagent dissolved in CI& the solution was 
transferred to a constricted NMR tube, subjected to three freeze- 
pumpthaw cycles, and sealed. The course of the reaction was 
followed by proton NMR spectroscopy by monitoring the 
disappearance of the vinyl signals over a period of up to 72 h. 
Results are shown in Table I. 

Diphenyldiazomethane Addition Rates. The usual rate 
study conditions using diphenyldiazomethane and ethylene 
carbonate (internal standard) were employed at  23 OC for 54 h. 

Addition of 1,3-Diphenylisobanzofuran to 2. A solution 
of 130 mg (0.5 mmol) of 2 and 135 mg (0.5 mmol) of 1,3- 
diphenylisobenzofuran in benzene-de was transferred to a con- 
stricted NMR tube, subjected to three freezepumpthaw cycles, 
and sealed under nitrogen. The tube was heated at  80 "C in an 
oil bath, and the disappearance of vinyl protons was monitored 
by NMR. Rotational TLC of the mixture with hexane-ether 
eluent afforded 189 mg (71 %) of exo adduct 12 as white crystals. 
mp 271-271.5 OC; IR 1955,1600,1500,1450,1310 cm-l; 'H NMR 
7.4-7.9 (10 H, m, ArH), 7.0-7.25 (14 H, m, ArH), 2.45 (2 H, 8, 
 HI,^), 2.37 (2 H, s, He,?), 1.87 (1 H, brd, J = 12 Hz, Ha), 1.42 (2 
H, s, Hz,4), 0.03 (1 H, brd, J = 12 Hz, Ha); 13C NMR 149.87, 
148.03, 142.60, 137.88 (Ar quat), 128.79, 128.60, 128.39, 128.20, 
127.82, 127.22, 126.35, 126.07, 125.82, 125.65, 118.09 (h), 90.0 
(Cg,iz), 57.6 (ce,7), 41.3 (Cd,38.4 (c1,6),33.1 (CP,~), 25.2 (Ce). Anal. 
Calcd for C a s 2 0  C, 90.87; H, 6.10. Found: C, 91.10; H, 6.37. 

Addition of 1,3-Diphenylisobenzofuran to 1. The previous 
procedure was used for 1. RotationalTLC of the reaction mixture 
afforded 190 mg (72%) of exo adduct 7 as colorless crystals: mp 
268-269 OC; lH NMR (300 MHz) 7.35-7.6 (12 H, complex ArH), 
6.75-7.25 (12 H, complex, ArH), 2.73 (1 H, d, J = 7.5 Hz, Ha), 

a), 3.27 (1 H, bs, Hs), 2.80 (1 H, d, J s 7 Hz, H7), 2.03 (1 H, be, 

127.28,127.01,126.71,126.26,126.16 (Ar), 101.40(Cs), 99.50 (c,), 
51.00(Ce),42.00(Cs),39.20(C3),39.10(C1),32.80(c4),30.10(C2), 

(1 H, d, J 7 Hz, a), 3.43 (1 H, bs, Hs), 2.93 (1 H, d, J =  7 Hz, 

2.44 (2 H, brt, Hlb, J = 2.5 Hz), 2.26 (2 H, d, J = 1.5 Hz, &,TI, 
1.91 (2 H, t, J 2.5 Hz, H2,4), 1.43 (1 H, d of t ,  J = 7.5 and 1.5 
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Hz,H&); "C NMR 150.57,148.67,140.76,137.88 (Arq~at),130.29, 
128.34,127.44,127,09,126.95,126.10,125.92,125.75,117.39 (h), 
50.76 (C3) 90.13 (Cs,lz), 51.93, 40.47, 35.69 (aliphatic&. Anal. 
Calcd for c&320 C, 90.87; H, 6.10. Found C, 90.97; H, 6.12. 

l&Mphenylisobenzofuran Addition Rater. The usual rate 
study conditions were used with 1,3-diphenylisobenzofuran in 
an 80 OC oil bath for 24 h. 

Addition of 1~,3,4-Tetrachloro-S,S-dimethoxycyclopen- 
tadiene to 2. A solution of 130 mg (0.5 "01) of 2 and 132 mg 
(0.5 "01) of 1,2,3,4tetrachloro-5,5-dimethoxycyclopentadiene 
dissolved in 0.4 mL of benzene-de was transferred to an NMR 
tubeandheatedat80OC inanoilbath. Thereactionwasfollowed 
by NMR spectroscopy until the vinyl signah disappeared (72 h). 
The mixture was then subjected to rotational TLC using hexane 
ether elution, and 250 mg (48%) of colorless crystale of the ex0 
adduct 11 were obtained mp 186-187.5 OC; IR 1600,1495,1460, 
1180,1150 cm-l; lH NMR 7.03-7.50 (10 H, m, ArH), 3.60 (3 H, 
s,OCHd, 3.53 (3 H, 8, OCHs), 2.70 (4 H, S, Hi,s,e,7) 1.37 (2 H, 8, 
Had), 0.70 (2 H, bm, Hwa); 'BC NMR 147.51, 142.33 (Ar quat), 
129.15, 128.79, 128.42, 128.23, 128.09, 126.09 (Ar), 114.46 (0- 
C-0),57.57,52.54,51.47,41.35 (C9),35.95,32.88,24.76 (aliphatice). 
Anal. Calcd for CnHuOzCL: C, 62.09, H, 4.63. Found C, 62.33; 
H, 4.51. 

Addition of 1,2,3,4-Tetrachloro-S,S-dimet hoxycyclopen- 
tadiene to 1. The previous procedure was used on 1. Rotational 
TLC afforded 320 mg (61%) of white crystals of ex0 adduct 6 
mp 235-237 OC; IR 1600,1490,1450,1150,1130 cm-I; lH NMR 
6.97-7.83 (10 m, ArH), 3.33 (3 H, 8, OCHd, 2.93 (3 H, 8, OCHs), 
2.68-2.90 (4 H, m, H1,6,6,7), 2.10 (2 H, brs, H2,4), 1.77 (2 H, br 8, 
b); 13C NMR 150.61,140.81 (Ar quat), 130.14,129.39,128.46, 
128.07, 127.53, 126.37, 126.01 (Ar and vinyls), 114.5 (O-C-O), 

(aliphatics). Anal. Calcd for C ~ H u 0 2 C h  C, 62.09; H, 4.63. 
Found C, 61.91; H, 4.61. 
1,2,3,4-Tetrachloro-S,S-dimethoxycyclopentadiene Addi- 

tion Rates. The hydrocarbons (0.5 mmol) and 0.1 mL of 1,2,3,4- 
tetrachloro-5,5-dimethoxycyclopentadiene were dissolved in 0.5 
mL of C&e and were examined separately at 80 OC for 72 h. 

Addition of Phenylazide to 2. A solution of 130 mg (0.5 
mmol) of 2 and 90 mg (0.75 mmol) of phenylazide in 0.25 mL of 
hexane was transferred to an NMR tube and the reaction followed 
by NMR. After 48 h, crystallization from methanol afforded 300 
mg (78%) of colorless crystals of the ex0 triazoline 9 mp 193- 
195 OC dec; IR 1600,1500,1450,1360 cm-'; 'H NMR 6.67-7.53 
(15 H, m, ArH), 4.73 (1 H, d, J = 9 Hz, a), 3.87 (1 H, d, J = 9 
Hz, H,), 2.97 (2 H, d, J = 8 Hz, HI,& 1.60 (2 H, br 8, HqO, 0.63 
(1 H, brd, J = 12 Hz, Ha), 0.17 (1 H, brd, J = 12 Hz, HgJ; lSC 
NMR 146.89, 141.77, 140.39 (Ar quat), 129.43, 129.26, 129.16, 
128.54, 128.01, 126.56, 126.33, 122.15, 114.17 (Ar), 88.23 $e), 

Anal, Calcd for C W H ~ ~ N ~ :  C, 82.73; H, 6.14. Found C, 82.80, 
H, 6.19. 

Addition of Phenylazide to 1. The previous procedure was 
used for 390 mg (1.5 mmol) of 1. Recrystallization from 
chloroform-ethanol afforded 340 mg (60% of diamond-shape 
crystals of exo-triazoline 4: mp 205.5-207 OC dec; IR 1600,1500, 
1450, 1360 cm-l; IH NMR 6.53-7.63 (15 m, ArH), 4.50 (1 H, d, 
J = 9 Hz, He), 3.72 (1 H, d, J = 9 Hz, Hd, 3.03 (2 H, brd, HI,& 

77.23 (Cia), 52.39, 58.45 (C3), 52.18, 51.45, 50.08, 38.32, 36.42 

61.73 (CT), 42.07 (Cs), 41.87 (C3), 40.94 (CI), 29.06, 28.82, 24.24. 

2.08 (2 H, bm, Hz,~),  1.72 (1 H, d, J = 10 Hz, Ha), 1.38 (1 H, d, 
J =  10Hz, H d ;  13C NMR 149.60,140.28,139.69 (Ar quat) 130.65, 
130.27,129.39,128.50,128.12,127.27,126.22,121.87,113.90(Ar), 
83.98 (cs), 57.48 (c,), 57.72 (c3), 49.12 (CS), 4-04 (ci), 43.37, 
33.28, 32.96. Anal. Calcd for CmHmNa: C, 82.73; H, 6.14. 
Found C, 28.89; H, 6.16. 

Phenyl Azide Addition Rates. The uual rate study 
conditions at  23 OC were used with hexane solvent for 24 h. 

Diimide Reduction Rates. An equimolar mixture of 1 and 
2 (0.2 mmol) was dissolved in 5 mL of methanol, and potaeeium 
azodicarboxylate (0.2 "01) was added in small portions with 
stirring as before9 followed by the dropwise addition of a solution 
of glacial acetic acid in methanol (0.4 mL of HOAc in 5 mL of 
methanol). Stirring continued for 1 h. The rate data were derived 
from NMR analysis of the reaction mixture after hexane 
extraction. Product structures 6 and 10 were determined 
p r e v i ~ u s l y . ~ ~ ~ ~  

(37) Chemicalewere from Aldrichexceptwherementioned. Allmelting 
points were determined on a Fisher-Johns apparatus. Thin-layer 
chromatography was performed using plastic- or aluminum-backed silica 
gel plates. Rotational TLC was done on a Chromatotron (Harrison 
Research Model 7924) with 2-mm silica gel plates 60 PFm, containing 
calcium sulfate binder (Merck). All NMR spectra were run in CDCla 
solution and are reported in 8 ppm from TMS intemal standard. 'H 
spectra were recorded at 60 MHz unless specified otherwise and 'SC were 
recorded at 20 MHz. The 2D spectra were recorded at 300 MHz. IR 
spectra were run in chloroform solution in 0.1 mm sodium chloride cells. 
Combustion analyses were performed by Micro Tech Laboratories, Skokie, 
IL. 



Aryl r Participation in Additions and Solvolyses 

Bromination of 1. A solution of Br2 (0.15 mL in 10 mL of 
CC4) was added dropwise under a nitrogen stream to a solution 
of 1 (0.5 mmol) in 5 mL of CC& in an ice bath until the color of 
Brz persisted. TLC analyeis of the reaction mixture indicated 
the presence of six products. A second reaction was run under 
the same conditions on 140 mg (0.54 mmol) of 1. The combined 
reaction mixtures were chromatographed on rotational TLC using 
ether-hexane elution to isolate 110 mg (32%) of the major 
product, 13, as colorless crystals which eluted after 1: mp 115- 
116.5 OC; IR 1600,1500,1475,1250,1070 cm-I; 'H NMR 7.3-6.4 
(8 H, m, ArH), 6.25 (1 H, d, J = 7 Hz, 0-Ar H), 3.58 (1 H, s,gem 
to Br), 3.45 (1 H, d, J = 5 Hz, benzylic H), 3.0-2.1 (4 H, complex 
m), 1.95-1.05 (2 H, m, cyclopropyls); 13C NMR 144.63, 139.57, 
136.94 (Arquat); 128.76,128.59,126.92,126.32,125.71,25.14 (Ar 
methines); 61.62 (bromo methine), 54.20 (bridgetop), 52.11 
(benzylic methine), 51.95, 49.66 (quat cyclopropyl), 40.51 (sp3 
methines); 37.78,34.17 (cyclopropyl methinee). Anal. Calcd for 
CmH17Br: C, 71.23; H, 5.08. Found C, 71.07; H, 5.10. 

Bromine Addition Rates. An equimolar mixture of 1 and 
2 (0.2 mmol each) was dissolved in 0.5 mL of CC4, and bromine 
(0.013 mL) was injected into it under ice-cold conditions. NMR 
spectra were recorded before addition of bromine and after 
completion of the reaction. 

Tributyltin HydrideReduction of 13. A 50-mg (0.15mmol) 
sample of 13,5.0 mg (0.02 mmol) of the initiator 2,2'-azobis(2,4- 
dimethylvaleronitrile) (ABDMVN), and 44 mg (0.15 "01) of 
tributyltin hydride were dissolved in 0.4 mL of Cg6, and the 
solution was transferred to a constricted NMR tube. After three 
freeze-pump-thaw cycles, the tube was sealed and the sample 
irradiated with 366-nm light with monitoring of the Sn-H signal 
at  5.25 ppm. After the signal had disappeared, the reaction 
mixture was chromatographed on rotational TLC with hexane 
eluent to give product 14 identical with that isolated from 
solvolysis of endo-exo tosylate 35 (see below). 

Addition of 2,4-Dinitrobenzenesulfenyl Chloride to 2. A 
ll&mgsample (0.50 mmol) of 2,4-dinitrobenzenesulfenylchloride 
was added to 115 mg of 2 (0.45 mmol) dissolved in 5 mL of glacial 
acetic acid. Upon warming to 75 OC for 15 min, the DNS crystals 
dissolved, and 173 mg (84% ) of yellow crystals of the addition 
product 16 were obtained after cooling: mp 185-186 OC; IR 1600, 
1530,1455,1435,1350,1305,1055 cm-'; 'H NMR 7.06-9.02 (13 
H, m, ArH), 3.62 (1 H, bs, a to sulfur), 2.77 (1 H, be, bridgehead 
@to sulfur), 1.73-2.33 (5 H, m, other aliphatics); 13C NMR 146.67, 
143.01, 142.33, 141.10 (Ar quat), 129.84, 129.62, 128.26, 128.17, 
127.67,127.23,127.04,126.64,121.66 (Arandvinyls), 51.22,39.35, 
31.58, 20.35, 19.00, 17.32 (aliphatics). Anal. Calcd for C%H20- 

2,4-Dinitrobenzenesufenyl Chloride Addition Rates. The 
usual rate study conditions were used for the DNS reagent at 75 
OC in acetic acid-dl. 

Rearrangement of 18 on Chromatography. A crude sample9 
of 18 (200 mg, mp 123-124.5 OC) was subjected to rotational TLC 
on a silica gel plate with ether and petroleum ether elution. The 
material recovered was cyclized alcohol 21 with mp 180-181 OC: 
IR 3600,3440,3080,2960,1720 (OH overtone), 1600,1480,1260 
(br), 1120,1025 cm-I; 1H NMR (300 MHz) 7.30 (5 H, ArH), 7.0- 
7.1 (2 H, m, ArH), 6.93 (1 H, t of d, J = 7.1 and 1.9 Hz, benzo 
ArH), 6.48 (1 H, br d, J = 7.1 Hz, o-benzo ArH), 3.55 (1 H, s, 
CHOH), 2.95 (1 H, d, J = 5.9 Hz, benzylic H,), 2.65 (2 H, m, 
bridgeheads H1 and Hs), 2.48 (1 H, d, J = 8.2 Hz, Ha), 2.36 (1 H, 

Hz, HI), 2.15 (1 H, d of d, J = 9.4 and 1.2 Hz, H2), 1.6 (1 H, br 
~,OH);~~CNMR145.3,140.6,137.9,(Arquat), 128.5,128.2,126.7, 
125.6, 125.3, 124.9 (Ar methines), 81.2 (CS), 53.0 (Ca), 52.4 (C& 

for CmHlaO: C, 87.56; H, 6.61. Found C, 88.09; H, 6.66. 
Radical Addition of Tributyltin Deuteride. In each case, 

a solution of alkene (0.25 mmol), tri-n-butyltin deuteride (0.25 
mmol), and the initiator ABDMVN (0.03 mmol) in 0.5 mL of 
cyclohexane-d12 contained in an NMR tube was deoxygenerated 
by three freeze-pump-thaw cycles, sealed, and irradiated at  366 
nm. Periodic NMR examination showed that the parent alkene 
had all reacted in ca. 4 h. Rotational TLC of the ero-2 reaction 
mixture afforded 80% of a clear viscous oil, adduct 24. The 
spectroscopic data for 24 were: IR 1600,1500,1450,1380,1080, 
1030 cm-l; lH NMR 7.2 (5 H, ArH), 7.1 (5 H, ArH), 2.53 (2 H, 

O4N2S; C, 68.40; H, 4.42. Found: C, 68.06; H, 4.38. 

dofd ,J=8 .2and1 .6H~,H~) ,2 .27 (1H,dofd ,J=9 .4and3 .5  

50.0 (C,), 49.2 (C3), 39.0 (Ci), 36.0 (CI), 33.1 (C2). Anal. Calcd 
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m, Hi,& 2.12-0.17 (33 H, complexm); 13C NMR 148.35 and 142.69 
(Ar quat), 129.42, 128.84, 128.11, 127.8, 125.91, 125.42 (Ar 
methines), 40.32, 37.84, 36.14, 35.75, 31.86, 29.3, 28.81, 27.75, 
27.49,13.66,9.33,8.61. Anal. Calcdfor C32HdSn: C, 69.83;H, 
8.61. Found C, 69.85; H, 8.56. 

Similar isolation from the reaction using 1 afforded a 75% 
yield of a clear oil which was a mixture of 2Sa and 25b. The 
spectroscopic data for the mixture of 25a and 25b were: IR 1600, 
1500,1450,1380,1290,1070 cm-l; lH NMR (300 MHz) 7.4-7.0 
(10 H, m), 6.65 (vinyl d, J = 7.5 Hz, re1 integ 1); 5.95 (vinyl d, 
J = 7.5 Hz, re1 integ 3.5), 3.55 (d of d, J = 9.5, 4.6 Hz, benzylic 
H, re1 integ 3.5),3.47 (d of d, J = 9.5,4.6 Hz, benzylic H, re1 integ 
l), 2.74 (1 H, m, allylic bridgehead), 2.63 (1 H, m, allylic gem to 
D), 2.35 (1 H, m, Ha syn to dbl bond), 2.05 (1 H, m, Ha syn to 
Sn), 1.88 (1 H, m, homoallylic and homobenzylic bridgehead), 
1.62 (1 H, d, J = 9.5 Hz, SnCH), 1.15-1.45 (12 H, m, butyl 
methylenes), 0.85 (9 H, t, CH3s + 6 H, m, CHZSn); 19C NMR (20 
MHz) 142.45, 141.66, 134.35 (sp2 quaternary), 128.63, 128.54, 
128.25,128.07,128.80,128.19,128.06,126.69,126.18,124.81 (sp2 
methines); 60.60 (benzylic methine), 42.97, 38.01, 37.59, 32.94, 
28.80 (bicyclic carbons); 29.30,27.51,13.62,8.62 (butyl Cs). Anal. 
Calcd for C32HdSn: C, 69.83; H, 8.61. Found: C, 69.96; H, 
8.46. 

Tributyltin Deuteride Addition Rates. Separate experi- 
menta in degassed cyclohexanedl2 solution in 5-mm NMR tubes 
were photolyzed at 366 nm and followed by NMR. Although 
these studies showed that 2 was reduced 2.1 times faster than 1, 
when an equimolar mixture of 1 and 2 was photolyzed with tri- 
n-butyltin deuteride, almost none (&3%) of the 2 reacted. 

Preparation of ende3,3-Diphenyltricyclo[3.2.1.02~~]oct- 
e x e b y l  Tosylate (35). A 1.29-g (5.0 mmol) sample of exo-6-01 
29 from hydroborationeof 2 was dissolved in 15 mL of dry pyridine 
and reacted with 1.9 g (10 mmol) of p-toluenesulfonyl chloride 
for 15 min. After cooling for 24 h, the reaction mixture was 
poured into 10 % HCl in ice-water and then extracted with ether. 
After the ether solution was dried and the solvent removed, 1.2 
g (56% ) of crystalline tosylate 35 was isolated mp 103-105 OC 
dec; IR 1600,1350,1170 cm-1; 1H NMR 7.7-6.9 (14 H, m, ArH), 
4.53 (1 H, d of d, &), 2.73 (1 H, m, H5), 2.53 (1 H, m, HI), 2.43 
(3 H, s, CH3), 2.0 (3 H, env), 1.9-0.75 (3 H, env). Anal. Calcd 
for CZ7Ha03S: C, 75.32; H, 6.09. Found: C, 75.49; H, 6.12. 

Preparation of ende3,3-Diphenyltricyclo[ 3.2.1.P1~]octan- 
ende6-01 (31). A 0.55-g (2.0 mmol) sample of endo ketone 30 
derived from alcohol 29 by oxidations was reduced with 304 mg 
(8.0 mmol) of lithium aluminum hydride in dry diethyl ether. 
After the usual workup, isolation gave 0.50 g (90 % ) of the alcohol 
31: mp 143.5-144.5 OC; IR 3560,1600,1320,1120 cm-1; 'H NMR 
7.8-7.5 (2 H, m, endo-Ar ortho H), 7.5-7.1 (8 H, m, ArH), 4.03 
(1 H, m, Hc), 3.0-2.6 (2 H, m, Hl,s), 2.57-1.2 (7 H, env); 13C NMR 
150.3, 142.0 (Ar quat), 131.7, 129.8, 129.5, 128.6, 128.4, 127.7, 
127.3, 126.7 (Ar), 74.5 (CS), 58.8 (c3), 54.5 (c3), 47.2 (c5), 40.2 
(Cl), 36.3 (C2), 35.4 (C,), 32.7 (Cb). Anal. Calcd for CZOH~O: C, 
86.92; H, 7.29. Found: C, 87.23; H, 7.24. 

Preparation of ende3,3-Diphenyltricyclo[3.2.1.02~4]oct- 
ende6-yl Tosylate (32). The same procedure as used in the 
preparation of 35 was applied to 210 mg (0.76 mmol) of alcohol 
31 to afford 230 mg (65%) of the crystalline tosylate 3 2  mp 
163-164 OC dec; IR 1610,1365,1190 cm-l; lH NMR 7.9-6.9 (14 
H m, ArH), 4.57 (1 H quintet, Hex), 2.93 (1 H, m, Hs), 2.6 (1 H, 
m,H1),2.38(3H,s,CH,),2.3-0.8(6H,m);l3CNMR151.4,144.1, 
141.0, 134.4 (Ar quat), 133.9, 130.1, 129.4, 128.3, 128.0, 127.8, 
126.8, 126.0, 125.8 (Ar), 81.1 (c& 59.3 (c3), 53.6 (ca), 45.4 (C& 
39.5 (CI), 35.6 (C2), 34.8 (C4), 29.4 ((3, 21.4 (CH3). Anal. Calcd 
for C2d-ho3S: C, 75.32; H, 6.09. Found: C, 75.21; H, 6.00. 

Solvolysis of Tosylates 32 and 35. The reactions were run 
as beforesb in sealed ampules that were thermostated (38.7,54.5, 
63.0, and 75.7 "C for 35 and 75.7, 87.3, and 98.9 OC for 32) and 
contained tosylate at 0.03 M in 80120 purifiedga dioxanelwater 
that was made up to be 0.44 M in 2,6-lutidine. Titrations with 
standardized HC1 to a pH of 3.6 were followed with a Sargent 
Welch Model NX pH meter with a microcombination electrode 
and a drop of bromophenol blue indicator to enable visualization 
of the approaching endpoint. The rate constants were obtained 

(38) Fieser, L. F. Experiments in Organic Chemistry; 3rd 4.; D. C. 
Heath Boeton, MA, 1957; p 285. 
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from the fiit-order rate expression with the aid of a least-squarea 
programs written in Baaic. Activation parameters were calculated 
from the Eyring equation. Table I1 contains the rate and 
thermodynamic data. 

Solvolysis Product Isolation. Product composition from 
35 was initially determined by extzaction of the combined samples 
from the kinetic runs. Separation on TLC (25% ethedhexane) 
gave four bands. The fastest moving band (Rf = 0.57) was 
determined to be 14 with the knownBb 37 and 38 eluting later (RI 
= 0.4 and 0.2, respectively). Slower moving material was collected 
for later work. 

After spectral characterization, HPLC analysis (reversed phase 
with 80/20 methanol/water solvent and 254-nm detector) using 
authentic samples of 37 and 38 along with 14 gave the following 
product yields determined from HPLC: at  38.8 OC 14 (79% ), 37 
(l%), 38 (12%), 36a and 36b (8%); at  75 OC 14 (71%), 37 (l%), 
38 (21%), 36a and 36b (6%). The characterization data for 14 
are: mp 85.5-86.5 "C; IFt 3080,3020,2960,1600 an-'; 'H NMR 
(60 MHz) 7.2 (5 H, m, ArH), 6.9 (3 H, m, ArH), 6.4 (1 H, d, ArH 
ortho to Cs), 3.4-3.0 (1 H, m, a), 2.7 (2 H, m), 2 .40 .9  (4 H, env); 
13C NMR (20 MHz) 146.0, 142.4, 140.2 (Ar quat), 128.8, 128.4, 
127.8, 126.5, 125.2, 126.0, 124.3 (h), 56.7 (Cd, 49.7 (Ca), 42.9, 
41.1,40.4 (C2), 39.9,37.6 (Cd, 36.1 (Cd. Anal. Calcd for CzoHl~: 
C, 92.98; H, 7.02. Found 92.99; H, 6.99. 

A small amount of slower moving material (Rr = 0.1) was 
collected from preparative runs and determined to be a mixture 
of 3,endo-7-diphenylbicyclo[ 3.2.lIoct-3-ene- endo- and em-2-ols 
(36s and 36b) in yields of 6-8 % depending on temperature (see 
above). The data for this mixture were: IR 3520 (broad), 3030, 
2960,1600 cm-l; lH NMR (60 MHz) 7.2 (10 H, m, ArH), 6.4 (re1 
integral 0.5 H, d, J = 6.0 Hz, vinyl H), 6.0 (re1 integral 0.5 H, d, 
J = 6.5 Hz, vinyl H), 4.4 (0.5 H, d, J = 3.5 Hz, HCOH), 4.0 (0.5 
H, d, J = 4 Hz, HCOH), 3.4 (1 H, OH), 2.5-2.8 (2 H, m), 0.7-2.3 
(5 H, m). 

Peeran et al. 

Isolation from a preparative eolvolysis of 700 mg (1.63 "01) 
of h y l a t e  32 at 100 O C  in dioxane-water for 3 days gave two 
principal bands from rotational TLC on silica gel. From the 
slower moving band was isolated 160 mg (33% ) of white crystale 
which were determined to be 44diphenylhydroxymethyl)- 
bicyclo[3.1.1]hept2-ene (33): mp 101-102 O C ;  IR 3580, 3040, 

(2 H, d, o-ArH), 7.1-7.3 (6H, m, ArH), 6.60 (1 H, dof d ofd, Ht), 

Jlr = 6 Hz), 2.35 (1 H, m, HE, J~,s = 6 Hz), 2.22 (1 H, s, OH), 2.20 
(1 H, m, H7A1.90 (1 H, m, H d ,  1.70 (1 H, m, Hs., J?&C = 9 Hz), 
1.50 (1 H, q, H7., &.,en = 9 Hz). Anal. Calcd for CzoHa00 C, 
86.92; H, 7.29. Found C, 87.33; H, 7.35. 

From the faster moving band was isolated 60 mg (14%) of 
crystallizing material which is suggested to be 4-diphenyl- 
methylenebicyclo[3.1.l.]hept-2-ene (34): IR 3045, 2980, 1600 
cm-l; lH NMR (60 MHz) 7.5-6.9 (10 H, m, ArH), 6.58 (1 H, d of 

J - 6 , 2  Hz, HI), 2.9-2.1 (3 H, m), 1.9 (2 H, doof d, and H7., 
J = 8 , 3  Hz); UV (WOH) A, nm (e) end absorption, 234 nm 
(17 300), 296 nm (9970). 

2980,1600 CIU-'; 'H NMR (300 M H Z )  7.60 (2 H, d, o-ArH), 7.43 

5.40 (1 H, d of t ,  &), 3.75 (1 H, 9, &), 2.41 (1 H, quintet, Hi, 

d, J =  6,9  Hz, Hz), 6.15 (1 H, d, J =  9 Hz, Ha), 3.5 (1 H, q of d, 
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