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PHOTOSENSITIZED (ELECTRON TRANSFER) CARBONXARBON 
BOND CLEAVAGE OF RADICAL CATIONS 

THE DIPHENYLMETHYL SYSTEM? 
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Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, Canada, B3H 4J3 

(Receiwd in U.S.A. 2 December 1985) 

--The photosensitized (electron transfer) reaction of methyl 2,2-diphe~ylethyl ether (l), 1,1,2,2- 
tetraphenylcthane (S), 2-methy&1,1,2-triphcylpropaoe (6), and 2-methoxy-2diphenyly~orbornane 
(11 ena% and exe) with 1.4dicyanobenzenc (4) in acctonitriltmcthanol leads lo products indicating 
cleavage of an intermediate radical cation lo give the diphenylmethyl radical and a carbocatioo. The 
diphenyhnethyl radical is then reduced by the radical anion of the photosensitizer and protooated lo yield 
diphenylmcthaoe. The carbocation fragment reacts with methanol to yield ether and/or acctals The effect 
of temperature on the e5ciency of cleavage of 5 and 6 has been analyzed. The increase in efiiciency observed 
at higher temperatures reflects an activation energy for the cleavage of the radical cations. IO cases where 
00 cleavage is observed, the activation energy for cleavage may be so high that back electron transfer from 
the radical anion of the photosensitizer is the dominant reaction. The C-C bond dissociation energies of 
the radical cations of 5 and 6 were Aimated by analysis of the thermochemical cycle using the bond 
dissociation energies and the oxidation potentials of the neutral molecules and the oxidation potential of 
the dipheoyhnethyl and cumyl radicals. The direction of cleavage of the radical cation is explained in terms 
of the relative oxidation potentials of the two possible radicals. 

lNTRODUCTlON 

Cleavage of radical cations to the fragments, radical 
and carbocation, is an important general rea&m. This 
process is well understood in the gas phase where 
it aclcounts for many of the fragments in the mass 
spe@rGn of a molecule. It is usually possible to 
predict, or at least explain, not only the site 6f ckav- 
age, but also the relative probability of the various 
possible fragmentations.’ These generalizations are 
much less well established for the ckavage in sol- 
ution. Radical cations arc common intermediates 
in solution, easily formed, for example, by photo- 
sensitization (ekctron transfer), and yet reports of 
C-C bond cleavage are not common. In solution, 
competing reactions such as loss of a proton, reaction 
with a nuckophile, or further electron transfer, can 
be more rapid than C-C bond cleavage.’ Apparently, 
both the radical and the carbocation fragments must 
have amsiderabk stability in order for C-C cleavage 
to compete with other possible reactions. 

Our interest in this area stems from our observation 
that the radical cation of methyl 2.2-diphenylethyl 

*To whom comspoodena should be addrea&. 
t Part 17 of the series RaaVcal Ions in Phomckmiwy ; for 

Part 16, see Ref. I. 
$00 leave from the Institute of Interdisciplinary Raearch, 

Faculty of Engineering, UnimJity of Tokyo, Tokyo, Japan. 
$We have studied the photosensitized (electron wfer) 

reactivity of 2-methoxy-I-phenylindane and 3-phenyl-2,3- 
dihydro-4,5--furan. Our hope was that following C-C 
bond ckavagc. the intermediate, which would be a 1,5-rad- 
ical cation. wolild cycli!ze into the tenual phellyl ring aDd 
thus afford a menient syathetic procedme for seven-mem- 
beredrioo compounds. However, no C-C bond cleavage 
was observed wivith these compounds. * 

ether (1) generated by electron transfer to 1,4di- 
cyanobenzene cleaves, yielding diphenylmethane (2) 
and the a&al of formaldehyde (3) (Reaction I).’ 
Subsequent studies provided evidence for the mech- 
anism shown in abbreviated form in Scheme 1 (Steps 
l-7). 

If this process were general, it could have significant 
synthetic utility.’ However, our initial attempts to 
exploit this reactivity showed that the reaction is 
IimitaQ We have therefore initiated a study to deter- 
mine what factors influence the cleavage process. We 
hope to answer such questions as: how stable must 
the two fragments be for cleavage to occur; what 
factors influence which fralpnsat rqa4~ as the radical 
and which as the carbocation ; is there a stereo- 
chemicals requiremeat for ckavage ; what is the role of 
the solvent, for exampk, in the absence of a nucko- 
philic solvent could the ckavage process be reversible ; 
and, can the cleavage process be thermally activated? 

In this paper we evaluate the generality of C-C 
bond cleavage using a series of compounds in which 
the dipheaylmethyl radical, or carbocation, is one of 
the fragments. We chose these compounds because in 
a preliminary study WC found some diphenylmethyl 
compounds that were readily cleaved whereas some 
seemingly similar ones were not cleaved at all under 
these conditions. Furthermore, much is known about 
the relative stability of the diphenylmethyl radical and 
carbocation, which will prove useful for the interpret- 
ation of the results. 

REGJLTS 

The compounds studied are shown in Chart 1. 
1,1,2J-Tetraphenyktbaue (3,’ 2-methyl-1,1,2&i- 
phenylpropane (6)’ and 4&diphenybl-butene o9 

6175 



6176 A. OKAMOTO er al. 

1 Senritizcr (A) - A’ 

2 Ph,CH-R + A* - Ph2CH-R’+ 

3 PhJH-R’+ t A’- y Ph,CH-R 

t A’- 

Ph,CH- CHPh, 

5 

+ A 
PC&H- CH,CHCH, 

7 
4 

5 

6 

7 

4’ 

5’ 

6’ 

7’ 

PhJH--R’+ - Ph$ZH’ + R’ 

R* + NuH - RNu + H’ 

Ph CH’ + A’+ - I Ph&H- t 

Ph$H- + NuH - Ph>CH, + 

Ph,CH-R’+ - PhzCH+ t R’ 

Ph,CH+ t NuH - PhlCHNu + 

R’ + A’- -c R- t A 

R- + NuH - RH t Nu- 

A 

NLI- 

H* 

8 Ph,CH’ + R+ _ Ph&H+ + R’ 

9 Ph#l* + A’- - PhaCH’ + A 

9 R* + A’- - R’ + A 

10 R’ - R*’ 

11 R’ - R’ 

12 Ph*CH--R” - Ph,?-R t H+ 

Scheme 1. The mechanism for the photosensitized (electron 
transfer) C-C bond cleavage. 

are known compounds; all other compounds (8-11) 
are new. 

The cyclopropyl derivative, 2,2diphenylethyl- 
cyclopropane (8), was prepared from the alkene (7) 
by treatment with zinc dust-cuprous chloride and 
diiodomethane. ‘O 

The preparation of S-diphenyhnethyl-2-norbor- 
nene (9 mrdo and exe) and 2diphenylmethylnor- 
bornane (10 end0 and exe) from the known ’ ’ 
endo- and exe-methyl-2-norbomene-Scarboxylate is 
outlined in Scheme 2. 

The stereochemistry of the endo and exo isomers 
of 9 and 10 was derived from the esters. A thorough 
analysis of the ‘H-NMR spectra of both isomers of 
9,lO and 13 co&m the structural assignments. 

et&-2-Methoxy-exo_2&phenylmethylnorbomane 
(11 exo) was prepared by the addition of the anion of 
diphenylmethane to norcamphor, followed by treat- 
ment of the alcohol (14 exo) with sodium hydride 

t2-Methoxynorbomane and 2-cyanomethylnorbore 
are minor products. produmd along with the 1: I : 1 adducts 
when 1.4-&yanobeimne and norbomene are irradiated in 
acttonitrilc-methanol.‘U The 1: 1: I adducts 6:4: meth- 
anal) are undoubtsdly produced in this case d well; but, 
these products were abt imlatcd. 

Ph,CH- C(CH, ), Ph 

6 

Ph,CH-CH,- C”: FH’ 

s 
cb 

Lb Ph,CH- ’ Ph, CH- Lb 

9 

Ph,CH 
49 

CH,O & 

10 

Chd Ph,dH 
ly exo 11 endo 

Chart 1. The diphenyJmethy1 compounds studied. 

Ph ,cH OCH, Ph ,CH CH,CN 

20 21 

and then dimethyl sulfate (Scheme 3). The isomer, 
exe - 2 - methoxy - endo - 2 - diphenylmethylnorbomane 
(11 endo) was prepared from the exocyclic 2-di- 
phenylmethylenenorbornane (la) (Scheme 3). The 
stereochemical assignments, initially based upon 
mechanistic considerations, were co&me-d by a 
thorough analysis of the ‘H-NMR spectra. 

Solutions of 1, and 5-11 and the photosensitizzr 
l&dicyanobenzene (4) in acetonitrilcmethanol 
(3 : 1) were degassed and then irradiated through a 
Pyrex filter using a medium-pressure mercury vapour 
lamp. The irradiation vessel was kept at constant tem- 
perature, usually IO” and 80”. by a circulating water 
bath. Progress of the reaction was followed by gas 
chromatography (GC) and/or ‘H-NMR spectro- 
scopy. The photosensitizer was not consumed. 

The results of the irradiations, carried out under 
standard conditions, are reported as percent con- 
version of the starting material after 18 h (Table 1). 
Essentially all of the consumed starting material was 
accounted for by the products listed. 

The structural assignments of the known wm- 
pounds were wntirmed by direct comparison (gas 
chromatography with a mass selective detector 
(GC/MS), ‘H-NMR, and IR spectra) with authentic 
samples prepared by reported procedures. In the cases 
of the isomeric methanol adducts (20) and the iso- 
meric nitriles (21) from 9 (end0 and exo), the structural 
assignments are incomplete and must be considered 
tentative. As only trace quantities of the isomers were 
available, their mixtures were not separated. The 
structures shown are consistent with the GC/MS 
analysis and are expected products, based upon the 
reactivity of other alkenest’” 

The effect of temperature on the efficiency of the 
cleavage reactions of 1,1,2,2-tetraphenylethane (5) 
and 2-methyl- 1, I .Ztriphenylpropane (6) was studied 
in greater detail. Plots of the logarithm of the con- 
version (ln a/(0-x)) vs time were linear. The results 
are summarized in Table 2. 
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h v(Sen.) 
Ph,CHCH,oCH, - PC&H, + CH,OCH*OCH, 

Reaction 1 1 CH,CN 2 3 
CH,OH 

Sen. = 1 ,4_Dicyanobenrene (4,) 

PhWgBr Ph,CH 

end0 
8x0 

l_3endo NH, 

exo 

2 endo 

8x0 

Send0 
H,. RI 

* Ph,CH l,O endo 
exo exo 

Scheme 2. Reparation of 9 (end0 and exo) and 10 (end0 and exo). 

1 Nan 

Ph,CHNn l 

Ph,CH &I 7. (CYO), so, Ph,C 

0 OH OCH, 

ljexo 1J exo 

,3 H, I Pd_ Ph, H+.PhH 

1-5 

,6 MCPBA Na, NH, 
- no 

CH,CH,OH & 
m$H lj endo 

1_4endo 
2i (CHmo, 

l h.CH 
’ l_lendo 

scheme 3. Reparation of 11 (en& and 4x0). 

The cyclic voltammograms of 5-11 wm charac- 
teristic of irmersible ekcrron transfer. The anodic 
peak positions are listed in Table 3 along with peak 
potentials of some related compounds measured 
under identical conditions. 

DLSCUSSION 

The results of the photosensitized (electron trans- 
fcr) irradiation of 1, and S-11 (Table 1) can be 

by sqs .I-7 (Scheme 1). Several highly 
mtts are obviously involved in this 

scheme ; imy otk reactious are possible, including 

t This estimate is bnaa! upon the WeIla equation I’ 
assuming the c0ulanbic attraction term is small (1.3 kcal 
mol-‘)in~~Prbolrmt,aodthattherateofcl&tmn 
UMfkWiUb@d&iOXlCOll~OlkdllSloagf8thCptocasi( 

Cx0~byatkaat5kalmol-‘. 

those shown in Steps 4’-7’ and g-12. Nevertbekss, 
this greatly abbreviated sequence can account for all 
of the results observed thus far. 

I&Dicyanobenzene (I), the electron acceptor, has 
a long wavelength maximum (290 lu& t=1600) 
extending to 300 nm. The di@ylmethyl chromo- 
phorcs of 1, and Sll have absorption maxima 
betwan 245 and 265 run, which does not exdcad sig- 
nificantly beyond 270 nm_ Irradiation through Pyrex, 
which absorbs light of wavelengths shorter than 280 
nm, is effect& in preventing d&t inadiation of the 
donor molecules. The direct irradiation of 5 has been 
reported 9 * ” the products thus obtained were not 
detected upon photosensitization (elen transfer). 

The first excited singlet state energy of 4 is 
97.6 kcal mol- ‘, the halfwave redtion potential of 
4isqI = - 1.66 V (SCE) ; so. donors with an 
oxidation potential of IL+ d 2.4 V (XX) will be 
oxidized at the diffusion controlM rate.t’ Ail com- 



6178 A. OKAMID er al. 

Table 1. The photosensitixed (electron transfer) irradiation of 1, and 511 

Dipllenylmethyl 
compound 

Conditions 
(conversion) Products_ comments 

1 

5 
s 

6 

6 

a 
9edo 
9 exo 

10 end0 
10 exo 
llendo 

11 exo 

‘(ca 100) 

“(0) 
bw) 

‘(0) 
“(0) 
‘W 
‘W) 
b(o) 
‘(0) 

‘(ca loo) 

‘(cc7 loo) 

Diphenylmethane (2). 
formaldehyde dimctbylacetal(3) 
(2 : 3. 1 : I), 
5 (tr=Y 
No reaction 
2, 
methyl diphenylmethyl ether (12) 
(2:11,1:1) 
2.9 (uaceb 
2,3dimethyl-2.3~diphenylbutane (trace), 
cumyl methyl ether (18) 
(2 : 18, 1 : l)d 
2,s Oracc), 
18 2,3dimethyl-2,3diphenylbutane 
(trace)(2:18, I:I) 
/ 
/ 
/r 
/r 
/ 
/ 

2.9 (trace) 
2,2dimethyloxynorbomane (22), 
norcamphor en01 methyl ether (trace), 
;3-gm$xynorbomane (trace) 

ReLll the same as for 11 (endo) listed 
above 

‘Using 1.4dicyanobenxene (4) (0.06 M) as the electron accepting photosensitizer 
in acetonitrik-methanol (3: I) at 10”. Irradiation throtqh Pyrex for 18 h. Product 
analysis by NMR. 

bConditions the same as in footnote u except at 80”. 
‘Ref. 4. 
‘CC/MS indicates about 1% of 12 and cumene (19). 
‘Analysis by CC/MS indicates 12 (3%) and 19 (3%) are also produced. 
fWe find no evidence for isomerixation or rearran8anent of the sting diphenyl- 

methyl compound. 
‘Trace amounts of isomcric ethers (26) and nitrila (21) were also detected. 

pounds studied have oxidation potentials (Table 3) 
less than this. Therefore, the electron transfer 
process (Step 2) is favourable in every case. We 
have previously shown that the guorescence from 
l&dicyanobenzene is quenched at nearly the dif- 
fusion controlled rate by 1 and by 1,l -diphenyl- 
ethane. ’ 

During the electron transfer step, the electron will 
be removed from the highest occupied molecular 
orbital of the donor. Because of the similarity of the 
oxidation potentials of 1, and S-11, and diphenyl- 
methane and l.l-diphenylethane (Table 3), it seems 
likely that the singly occupied molecular orbital 
(SOMO) will be at least partially associated with the 
diphenyhnethyl moiety. Nevertheless, tbe variation in 
oxidation potential that is observed throughout this 
series is certainly greater than experimental error; 

?2-Methoxynorbomane and 2-cyanomethylnorbore 
are minor products, produced along with the 1: I : 1 adducts 
when 1,4dieyanobenxenc and norbomene are irradiated in 
aeetonitrilcmethano1. I” The I : 1: I adduets (9: 4: meth- 
anol) arc undoubtedly produced in this case as well; but, 
these produeta were not isolated. 

and, it is interesting to consider how the rest of the 
molecule might contribute to the SOMO. 

The oxidation potentials of 9 (end0 and exo) are 
lower than the saturated analogues 10 (end0 and exo). 
The SOMO of 9 may be associated with the nor- 
bomene moiety. The oxidation potential of nor- 
bomene (I$;, ==2.02 V)” is essentially the same as 
that of 9 (en& and exo) ; and, the formation of the 
isomctic ethers (20) is a reaction expcctod of the nor- 
bomene radical cation. 

The formation of the isomeric nitriks (21) may be 
the result of the addition of the cyanomethyl free 
radical to the norbomene double bond of 9 (endo and 
exo), perhaps involving a chain process.t’26.‘6 

The relative reactivities of 1. and S-1 1 can be 
explained on the basis of a competition between back 
electron transfer (Step 3) and cleavage of the radical 
cation (Step 4). La the case of the tea&e diphenyl- 
methyl componnds 1, 5, 6 and 11 cleavage of the 
radical cation is fast enough to compete with back 
electron transfer, whereas for 7-10, back electron 
transfer dominates. 

In view of the simi&uity in the oxidation potentials 
of all these compounds. it seems likely that the rate of 
the back electron transfer process will also be similar. 
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Table 2. Rate of conversion of the radical cations of 5 and 6 as a function of temperature’ 

TUUpClXtW 
Compound 25” 40” 50” 609 70” 80 

Q - - 1.7x lo-* 
;.;; :(I” - 

2.6 x lo-‘ 3.1 x 1o-6 4.6x 1O-6 
!F 25x IO-’ 9.4x lo-’ - 1.4x lo-’ 
6’ 9.4x lo-’ . 9 - 1.3x1o-5 - 1.5x10-J 

‘These V&KS arc not rate constants in the accepted sense. They were obtained from the slope 
of the tine of the plot of the cozwcrion (In o/@-x)) of the starting material vs time (s) under 
cou9tant irradiation aXhditiolu (see text). 

*using 1.4dicyanobaws (4) as the electron aaxpting photosensitizer. 
‘Using 1,4dicyanonaphthdcne as the ckctron accepting photosensitim. 

Table 3. The oxidation potentials of some diphcnylmcthyl 
c=po* 

Diphcnylmcthyl 
compound 

&-EplZ(mV 

1 2.16 
2 (diphyhthanc) 2.17 120 

Diphalykthane 2.16 
5 2.04 110 
6 2.00 100 

19 (clmnmc) 2.34 I50 
7 2.16 120 
8 2.09 100 
9endo 2.02 100 
9 exo 2.03 100 

lOend 2.16 110 
10 exe 2.15 110 
11 elch 1.95 120 
Ilexo 1.95 128 

‘Feakpaa#bJvsscK7becstimataierrorb<*0.02 
V.Tbeoltidodw~tkl~~~)cankcalnnaso.o3Vlcss 
thanthcaaocfkpakpotmti8l. 

‘Ref. 4. 0mwAcd from Ag/AgNO, (0.1 M)i to SCE by 
eddin 0.34 v. 

Accordi*, tha varietion in mactivity must be the 
lwultofv&&onsiR&emteofthecleavqiJeproccss. 
In the case of the ethers (1 and II), the activation 
emXgyforckYnrgbmustbelow,sotbatthercaction 
isr@lmo@tocompec6rithback~onwa&er 
even at io”. For 7-IO&a activation energy for &XV- 
age is so high that back electron transfer dominates 
even at 80”. 

TkObWPVd ~depe&uxofthe 
ef?iciencyof&eel&qeof5and6isparticnl&y 
rev&ng. TtGs msult implies that the activation 
energyforulea~mustbeintherangewhefea 
signilI&MincXUs in-me can be brought about by 
inueasing the tampemture from 10” to 80”. 

Table 2 lists the rates of conversion for cleavage 
of 5 and 6 at ‘several temperatures. Obviously, the 

magnitude of these individual rates is a complex func- 
tion which includes rate of formation of excited sen- 
sitizer, efficiency of electron transfer, efficiency of 
deactivation by back electron transfer, etc. A mean- 
ingfU interpretation of these rates requires more 
study. However, if these rates are substituted into 
the Arrhenius equation, the activation energy derived 
from the slope of the line for the cleavage of 5 with 4 
as the electron accepting sensitizer is 7.2 kcal mol- ‘. 
When l&dicyanonaphthakne was used as the 
photosensitizer the activation energy is similar 
(6.7 kcal mol- ‘).t The activation energy of the 
cle.avagc reaction of 6 with 4 as the photosensitizer 
isonly1.7kcalmol-‘. 

With these estimates for the activation energy for 
the cleavage of the radical cations of 5 and 6, it is now 
possible to estimate the original rate constants. If we 
assume the pieexponential factor has a loans limit of 
10”,tbenanactivatione.nergyof7.2kcalmol-’woti 
camapand to a rate constant of IO’-IO’ over the 
tenperatun range 10-80”. An activation energy of 
1.7 kcal mol- ’ would correspond. to a mte constant 
of IO”-10” at these temperate 

It is tempting to associate these numbers with the 
radical cation cleavage process (Step 4); however, a 
much mom rigorous treatment is required in order to 
establish the significance of the observed temperature 
effect. Back electron transfer is also much more com- 
plicated than is apparent from the single step depicted 
in this abbreviated sequence (Step 3).‘! The rate can 
depend upon the multiplicity (singlet or triplet) of the 
geminate radical ion pair. It can depend upon the rate 
of single-triplet interconversion of this pair and upon 
tbe triplet Qyr8ie9 of the original donor and acceptor. 
It can depend upon the rate of diffusional separation 
of the pair, and upon the exothamidty of the process. 
In spite of these and other complications there are a 
few points that can be made. 

Since the intersystem crossing of the l&dicyano- 
benzene singlet is inet&ient, and the electron trans- 
fcr involving this singlet and the donors 1, and 
S-11 is rapid, it seems likely that the primary geminate 
mdi+l ion pair is a singlet.’ In a number of simi- 
lar systems the rate constant for sepamtion of the 
singlet radical ion pair in acetonitrik solution is 
cu 5 x 10’ s-l.” Competing with separation of the 
singIet geminate pair is back electron transfer. 

Then is mounting evidence that the rate of back 
de&on transfer is itwerseiy dependent upon the exo- 
therm&y of the procesq bebaviour explained in 
terms of the gap theory for radiationkss decay which 
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Ph,CH* 

Ph&H+ 

2.01 v 

- 

5 

a 

Ph,CH* 

Ph(W),C+ 

Fig. 1. Thmochemical cycles useful for c&meting the bond disso&tion energy of the radical cations of: 
(a)S;(b)6. 

may correspond to tbe Marcus “inverted region” of 
electron transfer. 3b*“*‘s For exampfe, in two cases 
similar to those discussed here, tbe rate constants 
for back ekctron transfer were co 2 x 10” and 
IO9 s- ‘, respectively, when tbe exotbermicity was 
2.1 and 2.8 eV.‘b Since back electron transfer from 
tbe radical anion of 4 to tbe radical cations of 1, 
and S-11 is at least 3.5 eV exotbermic, its rate may 
be considerably slower than solvent separation of 
the radical ion pair. 

The activation energy for radical cation cleavage 
will reflect tbe difl&ence in thermodynamic stability 
between the radical cation and tbe radical and car- 
location fragments; that is, tbe bond dissociation 
energy of tbe radical cation. Of course, this activation 
energy wilJ also include any activation energy associ- 
ated with the reverse process, the coupling of the 
radical and the carbocation. Wbile we are unaware of 
any experimental data pertinent to this process in 
solution, there is evidence in the gas phase that for the 
simple bond cleavage process, the activation energy 
and the heat of reaction are eq~al.‘~ In solution, there 
may be an activation energy associated with solvent 
reorganization ; but, in the cases studied here, both 
tbe starting radical cation and tbe product carbo- 
cation are highly delocalized and should be solvated 
to a similar extent and in a similar fashion. If tbe 
transition state is also similarly soivated, we bebeve 
this factor can be ignored in the first approximation. 

tThe calculated heats of formation are: 5 (86.7 kc& 
mol- ‘), 6 (53.5 kcal mol- ‘), ~ph~y~~yl rsdicsl (68.1 
kd mol- ‘1. cumyl radical (33.5 kcd mof- ‘1. These values 
were obtained using the modified MM2 program.” 

We have devised thermochemical cycles and esti- 
~~~~~ti~~of~~~~~ 
in tbe radical cations of 5 and 6. For 1,1,2,2-tetra- 
pbenyletbane (S) (Fig. t(a)), tbe oxidation potential 
of the neutral molecule (E$ = 2.01 V) is obtained 
from the peak potential (Table 3). The oxidation 
potential of tbe radical (0.35 V) bas been reported2o 
Completing the cycle requires an estimate for the 
CT< bond dissociation energy in tbe neutral 
molecule. ‘Ibis value can be estimated from the heats 
of formation of S and the ~pbenylme~yl radical cal- 
culated using molecular mechanics force field (Mh42) 
calculations.t2’ This type of calculation bas been 
shown to be useful for e&mating the bond dis- 
sociation energies for similar molecules.“’ Tbe cal- 
culated bond dissociation energy for the central bond 
of 5 is 49.5 kcal mol - ‘. 

Tbe bond dissociation energy of 1,1,1,2,2qenta- 
pbenyletbane has been measured.” Tb.is Y&C (28.2 
kcal mol - ‘) should be leas than tbe bond dissociation 
energy of 5 by tbe additional stabilization and by the 
additional steric repulsion energy resulting from tbe 
fifth pbenyl ring.23 Tbe estimate of 49.5 kcal mol - ’ 
fo; the central bond dissociation energy of 5 seems 
reasonable. (After Uris manuscript was submittad, an 
experimental value (47.5 kcal moi- ‘) was reportedzb 
which is in good agreement.) 

Substituting this value into the thermochemical 
cycle (Fig. l(a)) gives an estimate for the bond dis- 
sociation energy for the central bond in tbe radical 
cationofSof11.3kc.aimol-‘. 

A similar treatment of tbe data for 2-methyl-l, 1,2- 
tripbenylpropane (6) is shown in Fig. I(b). Tbe oxi- 
dation potential of the neutral molecule 6 is 1.97 V, 
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and the reportedzo oxidation potential of the cumyl 
radical is 0.13 V. Since the bond dissociation energy 
for the cleavage of an a-hydrogen or an a-methyl 
group to give the cumyl and the diphenylmethyl rad- 
ical indicates the stability of these radicals is very 
similar *’ and, since 6 will be more sterically hindered 
than 5, the central bond in 6 sbotdd be somewhat 
weaker than that in 5. This reasoning is consistent 
with the value calctdated (48.1 kcal mol-‘). Com- 
pleting the thermochemical cycle (Fig. 1 (b)) provides 
an estimate for the bond dissociation energy in the 
radical cation of 6 of 5.7 kcal mol- i. 

Compounds 1, and S-11 have the diphenylmethyl 
moiety in common, but the remaining fragments offer 
a signi6cant difference in carbocation or radical stab- 
ility. The cleavage of the radical cation yielding the 
diphenylmethyl radical and the various carbocations 
(Step 4) is favourable as all these fragments lend stab- 
ility to the carbocation. All fragments would undergo 
nucleophilic substitution by the unimolecular mecb- 
anism (Z&l) if substituted with a good leaving group 
and in an ionizing medium. 

The order of carbocatioo stabilities is difbcult to 
establish quanti~tively. Intuitively, we consider the 
a-oxycarbocation from 11 the most stable, followed 
by that formed from 1, by the cumyl cation from 6, 
and the ~pbeny~e~yl cation from 5. Next would 
come the ally1 cation from 7: the cyclopropylmethyl 
cation from 8, the norbomenyl cation from 9, and the 
norbomyl cation from 10. If the relative rate of the 
cleavage of the radical cations of 9-11 followed the 
normal behaviour observed in solvolysis, than the 
exu isomers would react more rapidly than the end0 
isomers. 

Compounds 8-l 1 were chosen specifically, because 
any reversible cleavage might lead to isomerization 
and/or rearrangement. *‘If thccydopropylmethyl cat- 
ion were formed, then rearrangement products (i.e. 
allylcarbinyl, cyclobutyl or 2metbylallyi) arc to be 
expected. Similarly, the norbomenyl cation would 
give the isomer&d (e&c-+x0) or rearranged (nor- 
tricycle) derivatives. The norbornyl cations would 
give rise to geometric and skektal rearrangement 
(degenerate in this case). 

If the radical cation were to cleave reversibly in the 
opposite direction, to give the diphenylmethyl cation 
and the various fragment radicals (Step 4’). rearrange- 
ment of the radical is still possible. For exampk, 
the ~lopropylmethyl radicaI rearranges rapidly 
(1.3 x IO’s_’ at 25’) to the 3-butenyl radic~I.‘~ 

None of these rearrangements or isomerizations 
was observed. Apparently, no reversible cleavage of 
the radical cation 8-10 oaxrs. In the case of 11, where 
relatively efhcient cleavage was observed, tw iso- 
merization, &x0 or exo-eado, of recovered start- 
ing material was detected. There are several repottbd 

tThc pJIot- (ekctron transfer) ckava* of I& 
di(4-methylphaoyl~~2~p~yk~ at 80” gives almoat 
uclwively dipbmylmchnc, and tnctbyl di(4-methyl- 
phenylJmethyl ether in the ratio I : I. Less than 5% of citha 
di(4-methyl*yl)mcthanc or methyl diphcnylmcthyl 
ether Mu dcteed. *’ siily, 2 - (4 - methoxyphenyl) * 2 - 
methyl - 1.1 - ~~ylp~~e gives only 4-methoxycumyl 
methyl ctbcr, while 2 - (4 - ~uo~~~~ph~yl) - 2 - 
methyl - I, I - di#tcYlylpropant gives equal mounts of both 
oftheethcta.’ 

examples of isomerixation and rearrangement of rad- 
ical catio~s;‘**~ it seems likely that whether this reac- 
tion is observed or not will depend upon the relative 
rates of the various competing reactions. 

Consider first the cleavage to the radical and car- 
bocation within the solvent cage. Whether the direc- 

On what basis can the products be predicted ; which 
fragment will form the product derived from the rad- 

tion of cleavage is determined initially by the relative 

ical and which the product from the carbocation? 
While the answer to this question will require a 

rates of Step 4 vs 4’. or whether it is decided by electron 

fundamental understanding of the overall cleavage 
process, the limited number of examples reported here 
provides some insight. The results from 6 are par- 

transfer within the solvent cage (Step 8), it seems likely 
that the radical-carbocation distribution within the 

ticularly useful in this regard. 

cage will reflect the difference in the oxidation poten- 
tials of the two possible radicals. This ratio should be 
consistent with the Nemst equation in which case the 
product ratio will reflect this thermodynamic control 

E”-F” x: 4.606RT/M(log [R’+]f[R+]). 13 

If the difference in the oxidation potentials of the 
radicals is 0.1 eV, the ratio of the carbocations will be 
in favour of that with the lower oxidation potential 
by 7 : 1. If the difference in oxidation potentialsis only 
0.01 eV, the ratio of carbocations will be I .2 : I at 25”. 

From the reportedzo oxidation potentials of the 
diphenyhnethyl radical (0.35 V) and the cumyl radical 
(0.13 V), the ratio of cumyl to diphe~y~etby1 cation 
should be 37: 1 at 80”. The observed product ratio, 
33 : 1, is consistent with this. 

If the rate of equilibration of the carbocations (Step 
8) continues to be rapid even after the radical and 
carbocation have diffused apart, then the factor deter- 
mining the product ratia would be the relative rates 
of the reactions of the two carbocations with the 
nuci~p~k (Step 5 vs 5’). The rate constants for 
reaction of some aubocations as stable as the di- 
pbenylmethyl and cumyl cations, with methanol are 
known to be relatively small, significantly slower than 
diffusion ; therefore, equilibration is possible. *’ If this 
kinetic control pertains, there is evidence that the 
more stable (that is, more highly delocalized) car- 
bocations react slower with methanol than do less 
stable carlxzations. ” 

It is not possible to distinguish between these two 
possibilities from the limited number of reactive com- 
pounds studied here We have, however, begun a sys- 
tematic study of how su~titu~~ on 5 and 6 a&t 
this product ratio. Preliminary results indicate that 
the predominant ether is derived from the more stable 
carbocationt Therefore, the product ratio is not con- 
trolled by the relative ratea of the reactions of the two 
carbocations with the nucIeophile. Once the radical 
and the carbocation separate the product ratio is 
established because the concentration of these inter- 
mediates is low, and relatively slow solvent reor- 
ganization will influence the rate constant for the equi- 
libration of the radical and carbocation. 

The process of cleavage of the radical cation (Step 
4) is similar to the fragmentation of the molecular ion 
in the gas phase. ‘I-he fun~en~ diI%rence~ and it 
is certainly not trivial, is that caused by salvation of 
the radical cation and subsequently the transition 
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Fig 2. The. c&t of ioaixing volw on U.te fragment rltio Pt$EI+/lt+. For>1 (R+,m/z = 45); 6 (119); 
!lendoandrxo(124). 

state for tbecieavagc in sobition, relative to this pro- 
cess in tbeg&?Lpbaac. 

We bave:pointed~out~tbat tbc.pmdominant mode 
of &a~ of the mok$utar ionofl in the gaspbase 
is to give tbedipbenybn0tby1T&ioll, wbik no metbyl 
dipbct@metbyl kdtbcr ‘is ob&rv& upon .pbofo- 
an6itixxd denvege Litl sohltion: This dEerena in 
bcbaviour was attributed to tbe:favoured -formation 
of che.tIdowM ion Itrthc grs’phasc, wllHwin:sol- 
ution the more ‘localia&l car&cation wa6 favourtd 
be4atu6e uf pB&%+ent stabilization. 

Tbc&lUt~of tidtion In tbc ionizing potential of 
tbc mas63paYttaof 1;6, eatlW(edoand em) on the 
ratio of tbc two ~rukvant carbocations is &own in 
Fig. 2. Fromtbese data it is &artbat wbik tbc o- 
oxycarbocation is a minor fragment in comparison to 
the dtpbcuylm&yl cation from ‘1. ‘in the case of &l 
~(mdo and exo)tbc a~ycurbouation is pmferrcd. The 
gas phase and solution phase behaviour of the radical 
cations of 11 (err& and exe) arc more similar than for 
I.-Of course, the 2~metboxynorhorny! cation is much 
more stable than the metboxymetbyl cationfrom 1. 

-In U~casc of 6 wbcre the energy associated with 
solvatioa should be similar for the two poesibk 
carbocations, again, both positive fragments arc 
oh6crv&l in the.mas6 spoXrum. In fact, in this ca6e, 
eltavege to give the army1 cation ispreferred both in 

.t& ‘gas phase and in solution. 
Another rcaction~wbicb could compete with-C-C 

botrd ckavage of the tadical.cation is dcprotomuion 
(Step 12). We Iran& dc6cribed tbermochmnical cydes 
used to estimate UsesoK, of radical cations. 29 We esti- 
mate a p K, of - 12.4 for deprotonation of the radical 
cation of S from the dipbenyhaetbyl positiont The 

,pK. value6 for the other dipbenylmctbyl compound6 
:mu6t bc similar. UearIy, tbie .procem is tbezmo 
dynamicahyfevourabk. Tbcqu&stion thenis bowfaat 
will tbe deprotonatiotl be? 

Tbc limited information avaUabk concerning .thc 
rate of dcprotonation of radical cation6 !Juch a6 1, 
and !&II suggcats.that this rcaotion may not be fa6t 
enough to competeeffectively with rapid back ekctron 
trarulr. For tuampk, tbe ~imlf-lik, for .proton loss 
from the tohknc radical cation is near IO-’ s in 
ac&bnitrik,‘” even though its pK.i6 - 13.29 Depr+ 
tonationof the dipbanylmctbyl moioty of 1, and !L 
Zl;whi~hsba~larpK,,cwldboevenelowersiince 
the proton is eYtn morcbin&md to the approach of 
tbc base (solvent). Ptrbap6 even mom important is 
,tbe firct tbat tbe~curkformation rcquimd for &pro- 
‘totmtion, that with tbc a-C-H bond .parallel to tbc 
SOMO, is even less favourabk.” 

Some expcrimont6 were carried out to determine if 
these radical cations arc deprotonated mvcmibly. An 
inndiation wasperformed initially to dethowtrate 
that Steps 6 and 7 require incorporation of deutorium 
(d) in tbc dipbcnybnt&anc 0) from gin acctonitrilc- 
methanol O-d. At low conversion, one deumriutn was 
inuorporatcd essential&y quantitatively In 2. However, 
at bigb conversion deutcrium was ako incorporatbd, 
albeit tn small amoudts;into tbt5 bcnaylic position of 
5 and more tban one deuterium wa6 incorporated in 
2. Furthermom, a control ex@ment indicated tbat 
dipbulyl~tbanc incorporates &utcrium under tbuc 
conditions. Wbik tbcsc results are consistent with the 
occurmncc of Steps 6 and 7, they also show that the 
benxylic bydrogensof tbc diphenylmstbyl moiety .of 
5 and 2 can be exchanged, probably by Step 12. 

If tbis dcptotonation reaction wett ~efiicknt and 
revedbk, it couid’compctewitb the ckavage procae 
and might tbcn account for some of tbc apparent lack 
of reactivity. However, while some dcutcrium was 
incorporated into’!!, excbangc was incfhcknt AatiVe 

~tockavage. F ur&rtnom, littk or no deuterium was 
incorporated into 9 (et& or e.w) or 19 (et& or 
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exe) under these oonditions. Appanxtly, the rate of 
deprotonation from these radical cations is slow 
relative to beck electron transfer. 

CGNCLVSfONS 

Several questions concerning the fragmentation of 
radical ions have been answer& at kast qualitatively. 
Cleavage occurs only if the fragment radical and 
carbocation have stabilities comparable to the di- 
phenyhnethyl intermediates. The product ratio 
reflects the difference in oxidation potential of the two 
possible radicals : the fragment radical with the lower 
oxidation potential will react as the carbocation. 
Cleavage of the radical cation is not generally revers- 
ible. The cleavage process can be thamally activated, 
and it seems likely that the thermal barrier refkcts the 
bond dissociation energy of the radical cation. While 
the reaction has limitations it will have considerable 
synthetic utility, particularly in cyclic systems where 
IJI-radical ions are involved. This reaction may also 
tind use as a method to remove photolabik protecting 
groups for aldehydes. ketones or alcohols. 

EXPERIMENTAL 

Generalmerko&. ‘H-and ‘CNMR spectra were recorded 
on a Varian CFT-20 or a Nicolet NB NMR spectrometer 
and are reported in ppm down&Id from TMS. IR spectra 
were recordal on an air-purged Perkin-Elmer 180 grating 
IR spectrometer and are reported in wavenumbers (relative 
to the 1601.8 cm’ absorption of p+tyrene). Uv-via 
absorption spectra were recorded on a Gary-Varian 219 
absorption spectrometer and ace reported in nanomctcxs. 
MS were recorded on a moditied Du Pont CEC model 2l- 
I04 mass spectrometer at 70 eV (unless othwwise notal) or a 
Hewlett-Packard 5970 series mass zkctive detector (HP) 
and are reported as m/z (relative intensity). Elemental analy- 
ses were performed by Canadian Microanalytics Services 
Inc. (Vancouver, Canada) or Guelph Chemimd Uxoratories 
Ltd. (Guelph, Ontario) and agreed to within 0.3% of the 
calculated values. The mps were determined using a Cybron 
Corporation Thermolyne m.p. apparatus and are corrected. 
The MM2 calculations were carried out on a Perkin-Ehner 
3230 computer. 

Product analyses were determined by vapour phase chro- 
matography using either a Hewlett-P&awl 5990 GC (25 m 
methyl silicone fused silica capillary column (0.20 mm id.)) 
coupled to a HP 5970 mass selective detector; or, a Varian 
Aerograph 1200(1/8inx6RCUcolumns~kedwith IOor 
20% SE-30 on Chromoaorb W 60180 NAW u&as othenvise 
noted). All liquid compounds were purified by preparative 
vapour phase liquid chromatography using an Aerograph 
Autopmp A-700 (3.8 in x 6 R aluminium columna packed 
with 5 or 10% SE-30 on Chromosorb 60/80 NAW). 
Preparative medium pressure liquid chromatography’t 
CMPLC) was carried out U&K a 25 x IO00 mm column 
packed with TLC grade silii & (without binder) (Merck) 
at IS psi (helium) with hexanes. The columns were ehtted 
with a hexanes/methylene chloride gradient and the eluent 
was monitored/collected by a UV spectrometer/fraction col- 
lector. 

Mu&r&. Aoetonitrile (Fisher ACS grade) was distilled 
successively from NaH and P20J, passed through a column 
of basic almnina; it was then n%uxed over CaH2 for 24 h 
(N, atmoa) and fractionally distilled before use. Ag sdvcmts 
were fractionally dktilkd. I+Dicyan0benxute (Aldrich) 
was purl&d by limt stirring with Norite in CH,CI, and 
then was sublimedand q from 95% EtOH. I.4 
Dicyanonaphthalene was prepamd by the method of Heiss 
er (11.” and purified by vocpum sublimation, column cbre 
matography (neutral elmnina, Merck) and was then n- 

cxytalliaed thm timea from MeOH. Tetranthytammonium 
pemhlorar (Aldrich) was reuysU& (3 times) from 95% 
EtGH and dried in a vacuum oven (12 h at 80”, 10 Torr) 
before use. 

Photoaeasitixed (electron tnn&r) irradiations wete 
carried out in acetonitrlle-MeOH (3: I) at a snbstmte 
conantration of 0.1 M and photo ..* concentration 
ofO.O2M.Solnawereplacedin2cztti.d.Pymxtubesor5 
mmPyrexNMRtubes,BvrhbdwithdryNIandscaled.A 
Hanovia 450 W medium pressme mercury vapour lamp with 
a quartz cooling jacket was used for all irradiations. The 
irrPdiPtiontubeswerrp~ina~~vcsal.whichhasa 
built in coolingjacket which also served as a short wavelength 
(< 280 11111) filter, connected to a Julabo Model FIOV 
circulating water bath. Reaction mixtures were chro- 
matographed by MPLC. For quantitative studies, changes 
of the ratio between starting material and products were 
followed by ‘H-NMR. 

Cyclic volrammeti mecrslvmrents. Oxidation potentials 
were obta&d by cyclic volmmmetry using an apparatus 
which is similar to that previously de&bed.” The working 
electrode was a Pt sphere (I mm diam), while the counter 
electrode was a Pt wire. The reference electrode was a satu- 
rated calomel electrode (SCE) which was connected to the 
soln by a Luggin atpillaxy. The electrolyte used wns 0.1 M 
tetraethylammonium perchlorate in acetonitrile. Substrate 
concentrations were typically 0.005 M. If the ekctron tram+ 
Fer process was not masiNe, the half-wave potential was 
taken as 0.028 V before the anodic peak potential.” 

Prepararion of di*yrirhrthyl compao8& 
I, I .2,2-Tena@cnyler/rune (5). Chlorodiphenytmthane 

was pnpamd from benxhydrol(9.2 g. 0.05 md) using SCCll 
(9.0 g, 0.075 mol) in Ccl, (100 ml). The solvent and volatile 
products were evaporated and the residue dissolved in ether 
(1OOml)andNa(3.7g,0.16at.eq.)wasaddedinsmallpieces 
to the soln. The mixture wa8 rtfluxed for 2 days. The soln 
was extracted with CHrCI, dried over MgSO, and evap 
orated. The reault.mg I,l,2,2-tetraphenykt was reay- 
stall&d from batxene-EtOH to give 3.8 g (45%) pure prod- 
uct (m.n. 208-209”: lit.’ 213”). ‘H-NMR (361.1 MHz. 
CD&)-6: 7.4-6.9 (m, 2OH), 4:77 (s, 2H). ‘jC-NMR (ti 
MHz, CDCl,) 6: 143.4, 131-126 (m), 124.8.57-55 (m). IR 
(KBr)cxn-‘: 3040.2910, 1610, 1500, 1460. 1080. 1040,750, 
700,610, 565. MS (DuPont): 334 (M’, 1.5). I68 (15). 167 
(IOO), I66 (6), 165 (Is), I52 (9). II5 (2). 

Cwnyl diphenylws&me (6). Cumyl chloride, prepamd by 
the method of Olah et al.,” was used without further puri- 
fication. Di@enylmethane (6.7 ml, 0.04 mol) in anhyd 
diethyl ether (10 ml) was added dropwise over 30 mitt to a 
stirred soln of sodium amide (1.6 g. 0.04 mol) in liquid 
ammonia (50 ml). The mixture was stirred for I h. and the 
chloride was added dropwise over 30 min. The reaction was 
stirred for I h, the ammonia was then allowed to evaporate 
and the mixture was washed with sat NH,CI aq and water. 
The soln was dried over MgSO, and the solvent was evap 
orated. The product wax purified by MPLC and retry- 
stallixed from 95% EtOH. The yield of 6 was 6.8 g (59%) 
(m.p. 68.5-69.5”). ‘H-NMR (361.1 MHz, CDCI,) d: 7.4-6.9 
(m, ISH), 4.16 (s. IH), 1.42 (s, 6H). ‘C-NMR (28 MHz 
&Cl,) 8: 142.1; 132-i24 (m);64 (dj. 42.0.28 (q).iR (KBrj 
cm-‘:2980.1610.1505: 1460.1100.1045.780.715.700.600. 
MS (Du P&t): i67 (Si), 165 (l3j. l&(6), il9+JOj, 118 
(5). I IS (3). 91 (20). Elcctrochcmistry : Eq;, = 2.OOvvsSCE 

4.4-Lhphm$-I-butenc (7). Compound 7 was prepared by 
the method of Kumetsov er ul.” The product was puritkd 
by vacuum distillation (87”, 0.2 Torr). The yield of 7 was 
24.7 g (66%). ‘H-NMR (361.1 MHz.. CDCl,)B: 7.3-7.1 (m. 
IOH), 5.8-5.6 (m, IH), 5.02 (dd, IH), 4.93 (dd, IH). 4.O’(t; 
IH). 2.8 (t.2H). “CNMR (20 MHz CDCl36: 144.4. 129 
127’(m),‘li5.d. 120.0. 92.1,‘51 (d), 40 (1). iR (KBr) cm-i: 
3040. 1650, 1610. 1500. 1460,915.740,700. 

2.2~LHphmyky&propy&hmr (8). 4+Diphenylbutme 
was converted to 8 by the procedute of Rawson and Harri- 
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son. lo The crude product was puritkd by vacuum dktillatioo 
to givt 8 (7.8 8 77% yield). ‘H-NMR (361.1 MHz, CDCl,) 
b: 7.3-7.1 (m, IOH), 4.0 (t. IH), 1.9 (t, 2H), 0.6 (m. II-QO.4 
(m, III), 0. I (m, 2H). “C-NMR (20 MHz, CDCl,) d : 145.1, 
128.2,127.8,125.8.51.5,40.8.96,4.7. IR (KBr)cm-‘: 3040. 
2930, 1610, 1500, 1460, 1025, 750, 700. MS (HP): 222 
(M+, 29), 168 (lOO), 167 (61), I66 (64), 115 (52). 104 (89). 
91 (34), 77 (34). 55 (42) 51 (45), 39 (78), 29 (68). 27 (68). 

Methyl norbomene-5-carboxyhte (endo and exo). This 
was prcparod by the addition of methyl acrylatc to a soln of 
cyclopcntadknc in EtOAc. “ThclXlKItproduaafteriso- 
latioo was found to be a mixture of approximately 70% nrdo 
and 30% exo which was separated by CC using l/8 in x 6 It 
20% Gubowax 2OM on Chromoaorb W 60/80 at 90”. 

cnd&4iphenyihy&oqvnethyImbmme l3 (en&). E!sta 
(15.22 g, 0.1 mol) (a mixture of the en& and exe isomers, 
dissolved in anhyd dicthyl ether) was added dropwisc to 0.3 
mol of PhMgBr at 0”. The mixture was allowed to stir for 24 
h at room temp. The reaction was quenched by an iced solo 
of NI-Ia which was then extracted with diethy) ether. The 
combined organic layers wcrc washed twice with sat NaCl 
aq, dried with MgSO, and the solvent was evaporated. The 
rcsiduc, oil and crystals, was dissolved in the minimum 
quantity of hot EtOH and the crystals (14.02 g, 51% 
obtained upon cooling wcrc v once again. TM 
yield of pure 13 (e&o) was 9.43 g (34%) obtained 
as colourlcss occdks (m.p. 107-107.5”). ‘H-NMR (361.1 
MHz, CDCI,) b: 7.50-7.10 (m, IOH; aromatic), 6.32 (dd, 
1H; HZ, ‘J(Ii*, H,) = 5.7 Hz, ‘J(I&, H,) = 3.2 Hz), 6.13 
(dd, 1H; H,, ‘J(H,, H,) = 2.9 Hz), 3.39 (ddd, 1H; H,,,, 
‘JWs,,,, H,) = 3.1 Hz, ‘J(H,,,, HtilJ = 8.2 Hz, ‘J(Hti,., 
HA = 5.2 Hz), 2.84 (brs, 1H; H,), 2.58 (brs, 1H; H.). 
2.50(.9, 1H;OI-I). 1.96(brd, lH;H,,.‘J(H,.,H,,)= 8.1 Hz), 
1.93 (ddd, 1H; Hbror ‘J(H&,, H-) = 12.0 Hz, ‘J(H, 
H,) = 4.0 Hz), 1.37 (brs, IH; H,J, 1.14 (ddd, IH; HQ, 
‘J(H- H,.) = 2.8 Hz). “C-NMR (90 MHz. CDCl,) 6: -.- 
148.99. 148.06. 139.14; 132.69, 127.94, 126.91, 126.13, 
125.87. 125.52. 78.96. 51.22. 48.25. 45.00. 43.00. 29.33. IR 
(KBr) I 3535 (s). 3050 (m),2!kO (s),‘2935 (;), 2885 (m), 1490 
(6). 1440 (6). 1160 (b), 980 (m), 740 (s), 690 (I). W (Imanes) : 
&,_ = 257 nm (a = 401). MS (Du Pont): 276 (17). 183 (92), 
105 (loo). 66 (17). 

cxo-Methyl norbomene-5-carboxylnre. The mixture of 
cstcrs (20.0 8 0.13 mol) (70% endo and 30% exo) was cqui- 
libratcd with a solo of 300 ml of McOH-NaOMc. CC analy- 
sis of the product (l/8 inx6 ft 20% Carbowax 20M on 
Chromosorb W 60/80 at 90’) indicated a composition of 
53% exo and 47% endo. A 2 g portion of this mixture 
was purihcd using MPLC eluting with hexancs. The tirst 
compound to clutc was the exo ester (12 exe) (720 mg as a 
colourlcss liquid) overlapping slightly with tbs en& ester (12 
endo) (890 mg as a colourless liquid). 

cxo-Esfer. ‘H-NMR (361.1 MHz, CDCI,) 6: 6.15 
6.09 (m, W; vinyl), 3.69 (s, 3H; OCH,), 3.04 (brs, IH; 
bridgehead), 2.92 (brs, IH; bridgchcad),2.26-2.21 (m. lH), 
1.95-1.89 (m, lH), 1.54-1.52 (d, IH). 1.43-1.34 (m, 2H). 
“C-NMR (90 MHz, CDCl,) 6: 176.70. 138.02, 135.70, 
51.70.46.57,46.37,42.99,41.63,30.35.” 

endo-firer. ‘H-NMR (361.1 MHz, CDCl,) 6: 6.19 
6.17 (dd. 1H). 5.94-5.91 (dd, lH), 3.61 (s,3H), 3.20 (s, 1H). 
2.97-2.92 (m; IH), 2.90<s, lHj, l.94-1.87 (m, IH). 1.44- 
1.40 cm. 1HI. 1.27 cd. IHL0.90-0.85 cm, 1H). “GNMR (90 -\-,- ,, \, 
MHz, CDCl,) d: 175.17,‘i37.68. 132.32; 51.43,49.60,45.64, 
43.16,42.51, 29.25.” 

cndo-2-Dipknylmrr~y/norborrrane 10. ‘H-NMR (361.1 
MHz. CDCl,) 6: 7.34-7.10 (m, 10H; aromatic), 3.71 (d, IH; 
H, ‘J(H, Hl,,o) = 12.1 Hz), 2.76-2.69 (m, 1H; H,,). 2.18 
(bn, lH), 1.99 (brs, 1H). 1.74-1.64 (m, 2H), 1.56-1.41 (m. 
lH), 1.35 (d, lH), 1.30-1.18 (m, 3H), 0.69-0.64 (m, IH). 
“GNMR (20 MHz, CDCl,) b: 128.2 128.0, 127.7. 126.0, 
125.8,68.0. 39.7.39.0. 36.3, 30.2.22.6. IR (KBr): 3020 (m). 
2950 (I). 2860 (m), 1490 (m), 1447 (m), 740 (s), 700 (vs). W 
(hexancs) : A_ = 259 run (e = 35 1). MS (HP) : M + 262 @IO), 
167 (100). 165 (53), 95 (42), 67 (38). Eloctrochcmktry : Ep;, 
= 2.13VvsSCE.(Found:C,91.82;H,8.31.Cak:C,91.55; 

H, 8.45%.) 
exe-5-(Dipha?vlhy&oxymerhyC)-norbonune 13. The rum exe-5-Diphenybnerhyhorbomene 9. The rcactioo was 

tion was rcpcatcd as described above for the endo alcohol rcpeatcd as described above for the e&o isomer with 500 mg 
(13) but pumexeater(l.l68g, 7.7 mmol)was used. Tbcykkl (18 mmol) of the exo alcohol 13. The crude yield of 9 (exo) 
of 13 (exe), obtained as a viscous yellow oil, was 2. I5 g. This was 413 rnp @8%). This was muifkd by MPLC and 229 mg 
oil was chromatographcd on a 45 x 400 mm column packed (49%) of LO 9 Lad rcumid. Ex0 io ~a.9 not detectei 
with silica gel and chtting tirst with hexancs. When all the by ‘H-NMR and CC. The product was rccrystaUized from 
biphcnyl had elutcd, the elucnt was changed to CHrClr. ethanol to give colourlcss crystals of 9 (exo), m.p. 53.5- 
Alcohol 13 (exo) was recovered as a viscous c~lourles~ oil 54.5”. ‘H-NMR(361.1 MHz, CDCI,) 6: 7.29-7.12 (m, 10H; 
which was further purified by Kugclrohr distillation. ‘H- aromatic), 6.04 (I, 2H ; HI, H 3. 3.59 (d, I H ; H, ‘J(H, 
NMR (361. I MHZ, CA) d : 7.50680 (m, IOH ; aromatic). H,,) = 120 Hz), 277 (brs. IH; H,). 2.39 (bn, IH; H,), 

6.09 (dd. 1H; H,, ‘J(H,. H3 = 5.6 HZ ‘J(H,, H,) = 2.6 
Hz). 5.96 (dd, 1H; Hh ‘J(Hr, H,) = 2.3Hz), 2.59 &t-s, 1H; 
H,, ‘J(I-I,, H&lo) = 3.7 Hz), 2.48 (brs, IH; H,) 2.41 (brdd, 
1H; H, ‘J@I-, H-) = 8.2 Hz, ‘J(H- Hc_ = 4.7 
Hz), 1.58 (bid, 1H; H,, ‘J(H,., H,,) = 8.0 Hz), 1.48 (s, 1H; 
OH), 1.31 (ddd, 1H; He,,,,, *J(H, H,3 = 11.4 Hz), 1.21 
(brd, 1H; HI., ‘J(H,,, He,& = 2.4 Hz), 1.00 (ddd. IH; 
H-). ‘eNMR (20 MHz, CD&) b: 147.7. 147.6. 138.3. -.-. 
137.2, 128.0, 127.8; 126.4, 126.2, 126.0, 125.8. 125.7, 125.5, 
79.4.47.9. 46.3. 43.6. 41.5. 28.3. IR Incat): 3575 (br). 3160 
(m),‘2970’(6), 2870 (w), ko0 (w), 1490 (A), 144i (sjl 1330 
(m), 1070 (m). 970 (m), 730 (s), 690 (6). W (hexaries): 
&_, = 257 run (B = 608). MS (HP): M+ 276 (5), 183 (85), 
105 (100). 77 (41). 

endo-5-Dfphenylmerhybwrbomene 9. This reaction was 
performed in an insulated 250 ml round bottom 8ask 
equipped with a dry-ice condenser. CaClr drying tube and a 
~inkttube.Intotht~wosco~Jbd120mlofanhyd 
ammonia. Endo 13 (4.0 8 I5 mmol) was disaolvcd in 1.47 g 
(32 mmol) of anhyd EtOH and Xl ml anhyd dicthyl cthcr 
and added to the ammonia in portions. Na metal (0.74 g, 32 
mmol) was added to the mixture over a period of 45 min. 
Afta stirring for 1.5 h, the ammonia was allowed to evag 
orate and 50 ml of diethyl ether, 50 ml of water, and a small 
amount of ammonium chloride wcrc added to dissolve the 
basic salts. The aqueous layer was extracted three times with 
dicthyl ether. The combined organic extracts were washed 
with NaCl aq, dried over MgSO, and cvaporatcd. The crude 
yield was 3.6 g obtained as a colourlus waxy solid. A 1.5 g 
portion of this mixture was purified by MPLC (eluting with 
hexarm). The first cmopourid to cluti was 127 mg (8%) of 
endo 10 followed bv 1026 ma (63%) of e&o 9. Then 10 (ado) 
was r--from 95:i EtdH as colourkss cry&s 
(m.p. 67’); 9 (en&) was also mcrystahizcd from EtOH to 
give colourlcss crystals (m.p. 67-68”). 

endo-5-Diphenybmerhyfnorbomene 9. ‘H-NMR (361.1 
MHz, CDCl,) 6: 7.29-7.09 (m, IOH; aromatic), 6.22-6.19 
(dd, IH; Hr. ‘J(Hr, H,) = 2.8 Hz, ‘J(Hr, H,) = 5.7 Hz), 
6.03-6.00 (dd, 1H; H,, ‘J(H,, H,) = 2.3 Hz), 3.28 (d, IH; 
I-I., ‘J(H, H,,,,,) = 12.0 Hz), 2.96-2.89 (dddd. 1H; H,,,., 
‘J(H **s, H,) = 4.3 Hz., ‘J(H,, Hbu) = 8.1 Hz, ‘J(H*, 
HbJo) = 4.5 Hz), 2.78 (brs, IH; H,, ‘J(H,, H,,) = 3.9 Hz). 
2.54 (brs, 1H; H,), 1.87-1.80 (ddd, 1H; Hti, ?I@&_., 
H = 11.8 Hz), 1.42-1.38 (m, IH; H,,, ‘J(H,., H,,) = 8.1 
$‘J(H,., H-) = 2.7 Hz), 1.30 (d, IH; H,,), 0.60-0.45 
(dddd, IH; H-). “C-NMR (20 MHz, CDCl,) 6: 137.5, 
132.4, 128.3, 127.6. 125.8, 56.6, 49.3, 44.8, 43.9, 42.8, 31.9. 
IR (KBr) : 3020 (m), 2955 (6). 2947 (s), 2860 (m), 1590 (m), 
1490 (6). 1440 (s), 1330 (m), 1070 (m). 1030 (m), 740 (6). 725 
(m). 693 (s). W chexancs): L.. = 258 run (s = 507). MS . ,. 
(HP): M’ i60 (Soj, 194 (82). l-93 (IOO), 165 (76). 115 (93). 
(Found: C. 92.22; H, 7.92. Calc: C, 92.26; H. 7.74%) 
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2282.20 (tn. IH; H,,,& 1.51 (d, IH; Ht., ‘J(H,,. H,,) = 8 
Hz), 1.31 (d, lH;H,.). 1.26-1.20 (dd, IH; H- ‘J(H,.,,,, 
I-&+= 12 Hz. JO%.+ H,,.,,) = 8.6 Hz), 1.14-1.09 (m. 

‘J(H,,_, H,) = 4.8 Hz). “C-NMR (90 MHz. 
C&l,i’a”: 136.94, 136.90. 128.41, 128.28. 128.07. 12789, 
125.94, 58.02, 45.12, 44.60. 43.46, 42.28, 32.93. IR (me&): 
3060 (m). 3030 (m), 2970 (s), 2870 (w), 1600 (m). 149Q (s), 
1450 (8). 1330 (s). 1030 (or). 895 (w). 735 (0). 695 (0). MS 
(HP): M+ 260 (45). 194 (100). 181 (87). 180 (86). 179 (82), 
167 (70). 116 (84). 66 (94). W (hexanes): 1= 258 nm 
(e = 386). 

cxo-2-Diphenybnethybwrborane 10. Compound 10 (exe) 
was prepared by the catalytic hydrogenation of exe 9 (452 
mg, I .7 mmol). To 50 ml of dry diethyl ether in a 100 ml 3- 
necked fiask was added 100 mg of 5% Pd on C and the IJask 
was charged with HI at 900 tmn Hg. The solo we stirred for 
18 h at room temp. Eltered through a bed of Celite and the 
solvent was evap&ed. The yieldof 18 (exe) obtained as a 
colourless solid was 0.374 I[ (82%). m.p. 4344”. ‘H-NMR 
(361.1 MHz, CDCI,) 6: 7.38:7.08<m, IOH; aromatic), 3.48 
(d, IH; H,. ‘J(H., Hlnrb) = 12.0 Hz). 2.332.19 (m, IH; 
H ‘J(I-I- H,,,) = 4.9 Hz). 2.50-2.43 (bra, 1H; H,), 
1.9ytbrs. IH; H,). 1.55-1.45 (m. 3H), 1.34-1.28 (m, IH; 
H,,_), 1.22-1.12 (m. 2H), 1.09-1.00 (m, 2H). “C-NMR(M 
MHz, CDCI,) 6: 145.6, 144.0, 128.4, 128.2, 128.1, 127.9, 
125.8, I18.2,57.6,39.3,37.6,37.0,35.2,30.2,28.7. IR (melt): 
3090 (w), 3070 (w), 3030 (m). 2950 (s), 2910 (m). 2880 (m), 
1600 (w), 1495 (s), 1450 (s), 1320 (w), 1305 (w), 1070 (w), 
1030 (w), 740 (s), 695 (s). W (hexarms): 5, = 260 run 
(E = 485). MS (HP): M+ 262 (19X 167 (99). 95 (100). 
(Found: C, 91.45; H. 8.64. Calc: C, 91.55; H, 8.45%) 

exo-2-(Diphtnybn.rthy&2-hy&oxynorbonwne 14. Into a 
I50 ml 3-necked Bask was condensed 60 ml of anhyd 
ammonia. A catalytic amount of anhyd FeCIa was added 
followed by 0.05 g of Na metal. The restthing blue colour 
was discharged by bubbiing air through tk mixture until the 
soln turned black (cu 5 mio). The mmaining Na (1.0 g, 45 
mmol) was then added in small pieces over 8 period of 10 
min and the mixture was allowed to stir for 1.5 It. Then 5.0 
g (30 mmol) diphenyhnetbanc in 20 ml anhyd diethyl ether 
was added slowly. The resulting orange soln was allowed to 
stir for 0.5 II and 3.47 g (30 mmol) of norcamphor, dissolved 
in 50 ml of anhyd diethyl ether was added dropwise to the 
reaction. When the addition was c4mplctc the resulting soln 
was allowed to warm to room temp. The excess sodium 
amide was quenched with MeOH and the solo was poured 
into iced HCl aq. The mixture was extracted with diethyl 
ether and the combined organic layers were washed with sat 
NaHCO, aq. sat NaCl aq. dried with MgSO, and the solvent 
wae evaporated. The resulting oil was purified by chro- 
matography using a 45 x 400 mm silica gel column, eluted 
with a hexanes-CHICl, gradient. Dipbenylmcthane (1.81 g) 
and tetraphenylethanc (209 mg) were the iirst compounds to 
clute, followed by 14 (exo; 1.5 g). This crude product was 
recrystahimd from alcohol. The yield of pure 14 (exe; m.p. 
108.-5-109°) was 30% baaed on t&veredstarting~ttu&ais. 
‘H-NMR (361.1 MHz, CDCI,) 6: 7.57-7.14 (m, IOH; aro- 
matic),4.01 (s. 1H; H,), 2.24 (brs, IH). 2.17 (Ins, IH), 1.87- 
1.80 (m, lH), 1.72-1.65 (m, 2I-I). 1.60 (s, H; OH), 1.58148 
(m. IH). 1.34-1.17 (m. 4I-D. “C-NMR (20 MHz CDCI.) 6: 
i4i.7, ih1.6. 129.8: 129.2; 128.0. 127.8, 126.1, i25.4, 8i.2, 
6O.1.45.6,45.5.38.4,37.0,280.22.0. MS (HP): M’ 278 (I), 
168 (lOO), 167 (41), 1 I1 (72). 

exe-2-(Diphenybnehyl)-2-methoxynorbomane 11. The pure 
alcohol 14 (exo) (1.21 g 4.4 mmol) dissolved in 30 ml of 
anhyd diethyl ether, was added via a constant pressure drop 
ping funnel, to a 100 ml 3-necked tlask containing 30 ml 
anhyd diethyl ether and I.0 g (40 mmol) NaH (50% oil 
dispetsioo washed three times with pentane). ABer the initial 
reaction had subsided, 5.0 g (40 mmol) MelSO1 was added 
to the stirred soln. The mixture was retluxed for 18 h and 
was then poured into NH&l aq. The 4ueous soln was 
extracted with ether (3 times) and the combined organic 
layers were washed successively with sat Nail aq, cone 

NH,OH (to destroy excess Me#O& sat NaCl aq, and was 
theodriedwithMgSO,.Tbecmdeprodstct(144g)was 
chromatographed using silica gel (hexaoacH$l~ gradi- 
ent). Pure 11 (exp; 720 mg) WM obtained BP a coIourkss 
e&id (m.p. 52-53”) along with 400 mg of km pum product. 
‘H-NMR (361.1 MHz, CDCI,) b: 7.42-7.15 (m, 10H; aro- 
m&),4.35 (s. IH; H.), 3.07 (a, 3H; OCH,). 2.55 (bra, IH), 
2.14-2.06 (m, W), 1.82-I:78 (m, IH), 1.55-1.47 (m, 2H), 
1.36-1.28 (m, 2H), 1.02-0.99(brd. lH),0.7w.72 (brd, 1H). 
“C-NMR (20 MHz, CIXl,) 6: 142.8, 142.4, 130.4, 130.0. 
129.8, 127.9. 126.1, 125.7, 87.1, 58.2, 52.8, 45.4, 41.3, 38.0, 
36.5, 28.5, 23.5. IR (melt) cm-’ : 3060 (w), 3030 (w). 2950 
(s). 2830 (m). 1600 (w), 1495 (s). 1450 (s), 11 IO (m), 1080 (s), .,- ..- 
970 (w), 740 (m), 695 (s). W (hex&s): &, = 259 nm 
la = 569). MS MP): M’ 292 (0.3). 165 (15). 125 1100). 93 
(50). (Found; d.86.21; H. 8.2i. tic: C;86:25; H,‘8.27%.) 

2-Di@enybnethylcnenorbomane 16.” The oorbomene 
alcohols 13 (en&and exe) (1 .O g 3.6 mmol) in 30 ml of anhyd 
diethyl ether were reduced by catalytic hydrogenation (25”. 
900 mm Hg) using 100 mg 5% Pd on C and 100 mg of 
K#ZO,. The mixture (after 18 h) was Iibered through Petite 
and the solvent was evaporated. The reduction was complete 
as determined by CC. The crude alcohols were then 
dehydrated by tctluxiog with 100 mg ptohtenesulfonic acid 
in 30 ml benzene for 3/4 h. The mixture was cooled, KjCO, 
was added, the soln Iihered and the solvent evaporated. Pure 
16 was obtained by recrystaUization from MeOH as lustrous 
plates (m.p. 68-69”). ‘C-NMR (20 MHz, CDCl,) 6: 145.7, 
147.9, 129.2. 127.9, 127.7, 125.8.42.9, 39.6, 39.2, 36.5.29.6, 
28.2. IR (KBr) : 3060 (m), 2962 (s), 2872 (m), 1640 (w), 1600 
(m). 1495 (s). 1440 (s). 760 (s). 695 (s). W Chexaoes) : 1 = 250 , ,. , ,- . ,- . ,. 
nm(e = 12,590). MS(HP): M+ 260(100);231 (74j, I I5 (31), 
91 (31). 

2-Diphenyimethylerunorbomane epoxi& 17. Compound 
16 (5.0 g 19.2 mmol) was added to 5.0 g (28.8 mmol) of m- 
chloroperbenzoic acid (MCPBA) in 70 ml CH &Z12 at 0”. The 
maction was stirred for 6.5 h. The soln was then washed 3 
times with 15% NaOH, sat NaC14 and was then dried with 
C&l,. Evaporation of the solvent gave a solid which was 
recrystallimd from hexaoes to yield 17 (4.0 g) as colourlcss 
crystals, m.p. 92-93 ‘. “C-NMR (20 MHz, CDC1,) 6: 140.4, 
139.7. 127.9, 127.7, 127.1. l.26.8. 78.3,68.8,40.5.~38.4. 37.6, 
36.1.28.0.23.7. IR (melt): 306fJ (w). 3030 (w). 2950 (s). 2870 
(m),. 1605 (w), 1495 (m); 1450 (mj; 1030 (mj, 940 (mj, 860 
(m). 760 (s), 750 (s), 700 (s). MS (HP) : M ’ 276 (28), 167 
(17). 166 (100). 165 (20) 105 (12), 77 (19). 

endo-2-(Diphenybnethyhyl)-2-methoxynorbornane 11. The 
epoxide 17 (2.0 g, 7.2 mmol) was reduced by adding metal 
to 14 (endo) using conditions similar to those used for the 
preparation of 9 (en& and exe). The solvent was 35 ml anhyd 
ammonia and 10 ml anhyd EtOH. Na metal (0.67 g, 2.9 
mm01 ; cut into small pieces) was added over 2 h. The crude 
yield after workup was 2.28 g of a mixture of 10 (end0 and 
exe; 30%) and 14 (en& mdexo; 70%). This mi&e was 
added to a soln of NaH (0.88 a. 37 mmol) in anhvd diethvl 
ether (40 ml) followed by-the a&ition of Mer!I0,V(4.6 g. 37 
mmol). The reaction was nfluxed for 18 h and was then 
quenched by pouring into water. The aqueous layer was 
extracted with diethyl ether and the combined organic layers 
were washed with coot NH,OH. sat NaCl aq and was then 
dried with MgSC,. The pale yellow oil (2.1 g). obtained upon 
evaporation of the solvent, was purified by MPIC. The first 
compounds to elute were 10 (end0 and exo) ; followed by 11 
(atdo ; 474 mg) and finally 745 mg of the unreacted alcohols 
14 (endo and exe). The yield of 11 (endo; m.p. 64-66”) was 
60% (basedon recovercdstartingnntteU). ‘H-NMR (361.1 
MHz. CDCl,) 6: 7.53-7.15 (m. IOH). 4.02+. 1H). 2.78 (s. 
3H), 2.47 (brs; IH). 2.25 (brs,‘lH), 1.85+1.80 (brd, iH). 1.73 
1.65 (brd, 2H). 1.61-1.42 (m. 2H). 1.29-1.17 (m. 3H). “C- 
NMR (26 M&. CDCI,) 6; 142.7;i42.4, 130.3; 129.9,‘129.6, 
127.8, 127.7. 125.9, 88.3, 57.0, 52.7, 44.9, 43.3, 37.2, 36.3, 
29.2, 23.9. IR (melt): 3060 (w), 3020 (w). 2960 (s). 2870 (m), 
2830 (m), 1600 (w), 1490 (s), 1440 (s), 1090 (a), 1060 (m), 
1030 (w), 740 (m). 710 (m). 690 (8). W (hexanes) : &,,.. = 259 
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nm (8 = 568). MS (HP): M’ 292 @.S), 167 (IS), 165 (2@, 
125 (IOO), 93 (96). (Found: C, 85.75; H, 8.15. Cak: C, 
86.25 ; H. 8.27%) 

2,2-Dime1hoxynce&omahn. This was pmduced by the treat- 
ment of norcamphor with himethyl orthofotmate/p-toluene- 
stdfonic acid in MeGH.” The yield of 2,2dimethorynor- 
bomane obtained aa a colourkaa liquid was 65%. ‘H-NMR 
(Ta, CDCl,) b : 3.13 (a, 3H ; OCH,), 3.10 (s, 3H ; OCH,), 
2.40-2.10 (m, 2H), 1.77-1.00 (m, 8H). MS (HP): M+ 156 
(40), 115 (100). 101 (74), 91 (38), 59 (72). 

Iwadiarbnr 
All imdiatiom were followed by GC/MS (HP). Com- 

pouads7,49(endoandpxo)and18(adoPndexo)wcre 
irradiated under standard conditions at 10” and 80” and no 
producta roauhing from C-C bond &avage or und&exo 
iaommization we.re. deter&d. Compound 9 (exe) eve trace 
quantities of #) and 21. them atmuval aaaigmnenta are 
tentative and are baaed only on GC/MS analyaia. The pure 
producta were not isolated. Similar resulta were obtained for 
9 (err&s) but the reaction was much dower. When 11 (end0 
and exe) were irradiated at IO“ they rapidly cleaved giving 2 
and 2,2-&rethoxynorbomane aa the major products. The 
minor producta of this reaction were 5, norcamphor. 2,3- 
dimethoxynorbomane and norcamphor methyl en01 ethu 
(idcntiikd by GC/MS). The minor producta were produced 
in a combined yield of 15%. Compound 6 rutted at both 
10”Pnd80°;theproducts~re2,1gondtrPcePmMlntsof 
5. 19 and 2,3&nethyl-2,3dipbenylbutane. These data are 
summarizd in Table I. 
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