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is higher than that of addition, since deuterium in- 
corporation only accompanies addition a t  relatively 
high temperatures.1c It also has been noted that 
such deuterium incorporation is not induced by acid 
catalyses a t  room temperature.1b 

Experimental Section 
Mass spectra were measured in a CEC 21-103c mass spectrom- 

eter, operating a t  a voltage of 70 ev and an ionizing current of 
10 or 50 pa. The source temperature was 250' and the inlet 
temperature was 100-200". 

Addition of Acetic Acid-dl to Norbornadiene at 2QQo.-A 
4-ft, heavy-walled glass tube was charged with 21.0 g (0.342 
mole) of acetic acid-dl (Merck of Canada) and 120 ml (1.18 
moles) of freshly distilled norbornadiene. The tube contents 
were frozen (Dry Ice) and the tube was sealed and heated for 
161 hr a t  200" (120" ) .  The tubes were refrozen and opened. 
The contents were worked up as described in the addition of 
acetic acid-da to norbomadiene.ld Gas chromatographic analy- 
sis (DEGA, 5 m, s/8 in., 170°, 200 cc/min) indicated a ratio 

of polydeuterated ezo-dehydronorbornyl acetate/polydeuterated 
nortricyclyl acetate of 99.5/0.5 (identification by identity of re- 
tention times with corresponding undeuterated esters). No 
absolute yield was measured at  this point. A sample of ezo- 
dehydronorbornyl acetate collected from the gas chromatograph 
was submitted for mass spectral analysis. 

Saponification of Polydeuterated ezo-Dehydro-2-norbornyl 
Acetate.-Two-thirds of the sample of the preceding experiment 
(0.23 mole, theoretically maximum amount) was treated with 
22 g (0.39 mole) of potassium hydroxide in 250 ml of methanol 
for 23 hr a t  ice-bath temperature. The reaction product was 
worked up as described for the saponification product of the 
adduct of norbornadiene and acetic acid-d4.1d Gas chromato- 
graphic analysis (Carbowax 20M, s/8 in., 5 m, 140', 150 cc/min) 
indicated >99% conversion of ester to alcohol. 

Esterification of Partially Deuterated ezo-Dehydro-2-nor- 
borneol.-One-tenth of the solution resulting from the preceding 
experiment (0.023 mole theoretically maximum amount) was 
treated with 4.0 ml (4.3 g, 0.042 mole) of acetic anhydride in 
ca. 50 ml of pyridine. The reaction was carried out for 19.5 hr 
a t  room temperature and the resulting mixture was worked up 
as described for the adduct of acetic acid-d4 and norbornadiene.1d 
A sample of ester was collected from the gas chromatograph 
(conditions as described in the previous experiment) and sub- 
mitted to mass spectral analysis. Gas chromatographic analysis 
indicated >95% conversion of alcohol to ester. The crude yield 
was 0.59 g (17% of theoretical based on acetic acid-dl used for 
initial step). The mass spectral analysis of this ester indicated 
33.8% total molecular deuteration and 3.8y0 D on C7. 
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The stereochemistry and skeletal deuterium distribution resulting from the polar addition of deuterium chloride 
and acetic acid-0-dl and -dc to benzonorbornadiene have been studied. Under kinetic control the deuteriochloride 
derived from benzonorbornadiene had the chlorine solely ezo a t  Cs, while the deuterium was equally distributed 
between CS (ezo) and C7 (syn to chlorine). The results are consistent with those expected from a symmetrical car- 
bonium ion intermediate, or from a rapidly equilibrating set of ions which simulate such an intermediate. In  con- 
trast, the uncatalyzed addition of acetic acid-dd to benzonorboriiadiene produced primarily cis-ezo addition. The 
fraction of deuterium appearing at  C7 was increased by mineral acid catalysis and was decreased by carrying out the 
addition in a hydrocarbon solvent. The data may be rationalized by assuming that nonsymmetrical cations are 
involved, which rearrange a t  rates competitive to coordinationwith acetate ion or acetic acid, or that the Wagner- 
Meerwein addition accompanying rearrangement involves a symmetrical cationic system, while the excess cis-ezo 
addition observed is the result of a concerted one-step addition pathway in which a carbonium ion intermediate is 
not involved. 

The polar addition of deuterium bromide in deu- 
terium oxide to norbornene has been shown by Kwart 
and Nyce3 to prolduce exo-2-bromonorbornane with 
the deuterium essentially equally distributed between 
C3 and, presumably, C7. The deuterium distribution, 
which was determined by a degradative scheme, and 
the stereochemistry were interpretated as evidence for 
the intervention of a single nonclassical norbornyl 
cation (or a set of rapidly equilibrating classical ions 
simulating that cation) as the intermediate. 

Polar addition of 0-deuteriomethanol and deuterium 
oxide to endo-trimethylenenorbornene catalyzed by 
deuteriosulfuric acid gives mixtures of endo-trimethyl- 
ene-exo-Znorborneol derivatives with exo-trimethyl- 
ene-exo-norborneol  derivative^.^ The unrearranged 
ring skeleton isomers have been shown to arise via a 
cis-exo addition pathway16 so that an endo-protonated 
A complex cannot be an intermediate in the reaction. 
The combination of cis-exo addition leading to  endo- 
trimethylenenorborneol derivatives and Wagner-Meer- 

(1) Paper XLII: S. J.  Cristol, R. A. Sanchez, and T. C. Morrill, J .  Org. 

(2) National Science Foundation Postdoctoral Fellow, 1964-1965. 
(3) H. Kwart and J. L. Nyce, J .  Am. Cham. SOC., 86, 2601 (1964). 

(4) S. J. Cristol, W. K. Seifert, D. W. Johnson, and J. B. Jurale, i b id . ,  84, 

(5) S. J. Cristol, L. K. Gaston, and D. W. Johnson, Tetrahedron Letters, 
Chem., 81, 2738 (1966). 3918 (1962). 

185 (1963). 
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Figure 1.-Ethanolysis of IV. Straight plot with 1.5 equiv of 
sec-'; curved plot in absence of NaOAc added, k = 2.2 X 

added base. 

wein rearrangement leading to exo-trimethylenenor- 
borneol derivatives led to  the inescapable conclusion 
that these reactions involved at  least two alternative 
paths or product-determining intermediates. 

Results on additions of acetic acid to norborna- 
diene (I)*v6 under a variety of conditions, compared 

c 

. 
I1 111 1 

CI 
v 

with solvolytic results on dehydronorbornyl p-bromo- 
benzene~ulfonate,~ can be accommodated by (a) a 
series of slowly rearranging classical (or nonsymmetrical 
nonclassical) cations or (b) no fewer than three mecha- 
nisms, two of which involve either a single symmetrical 
nonclassical cation or a set of rapidly equilibrating 
nonsymmetrical cations, plus a concerted molecular 
addition process. The mechanisms proposed in this 
system had to explain results involving varying ex- 
tents of homoconjugate addition, of 1,2-cis-exo addi- 
tion and of addition accompanied by Wagner-lfeer- 
wein rearrangement. The two carbonium ion mecha- 
nisms6a could be considered as utilizing a single non- 
classical ion (11) which gave different proportions of 
products depending upon whether it reacted with the 
gegen ion (acetate ion in the case of the uncatalyzed 
reaction) or gegen molecule (acetic acid in the case of 
catalysis with mineral acid) formed coincidentally 
with the cation from norbornadiene and acetic acid or 
protonated acetic acid, or whether it involved a free 

(6) (a) Paper X X X I X :  S. J. Cristol, T. C. Morrill, and R. A. Sanchez, J .  
Ow. Chem., 31, 2719 (1966). (c) Paper 
S L I :  zbid., 2733 (1966). 

(7) Paper XXXVI:  S. J. Crlstol, T. C. Morrill, and R. A. Sanchez, abid., 
8 8 ,  3087 (1966). 

(b) Paper XL: (bad., 2726 (1966). 

cation 11, solvated with acetic acid. The latter process 
was assumed to  give largely nortricyclyl acetate, and 
the former was assumed to give (when O-deuterio- 
acetic acid was used) an equimolar amount of exo- 
3-deuterio- and syn-7-deuteriodehydro-2-norbornyl ace- 
tate. The molecular addition was assumed to embody 
only 1,2-cis-exo addition and thus to lead only (with 
deuterioacetic acid) to exo-3-deuteriodehydronorbornyl 
acetate. 

We decided to extend our studies on electrophilic 
additions to  other olefin substrates and to  other elec- 
trophilic reagents. In  this paper we wish to present 
and discuss data on polar additions of hydrogen 
chloride, deuterium chloride, acetic acid, and deuterio- 
acetic acid to benzonorbornadiene (111). Benzonor- 
bornadiene suffers, compared with norbornadiene, in 
that it is in effect a monoene rather than a homo- 
conjugated diene, and one can only compare simple 
addition with addition coincident with Wagner- 
Meerwein rearrangement. However, these compari- 
sons are not without interest, as t'hey allow considera- 
tion of the factors that presumably promote utiliza- 
tion of paths involving cationic int,ermediates us. 
concerted addition reaction paths. 

Results. Addition of Hydrogen Chloride to Benzo- 
norbornadiene.-When benzonorbornadiene was treated 
with concentrated aqueous hydrochloric acid, i t  was 
converted to a hydrochloride, which after distillat'ion, 
was apparently one substance (IV or V), as measured 
by our inability to separate two substances by vapor 
phase chromatography. The configurational purity 
of the product, which is assigned struct'ure IV (eso-5- 
chlorobenzonorbornene), was established by solvolysis 
results. The first-order rate plot (Figure 1) was linear 
(to over 90% reaction) when the rate a t  103.5' was 
followed by titration for chloride ion in solvolysis in 
80% aqueous ethanol in which a small excess of sodium 
acetate was present.8 The value of the reaction-rate 
constant (2.2 X sec-l) may be considered good 
evidence'l that the chlorine has the exo struct.ure; 
this conclusion could be reached as well from the 
normal stereochemistry of additions to benzonor- 
bornadienes." The pmr spect,rum confirms the fact 
that only one isomer is present in appreciable amounts. 
We have assigned the resonance a t  6.18 t'o t'he proton 
in IV  (Y to the chlorine atom at C5, that a t  r 6.52 
to the bridgehead prot'on a t  Cq, and, that. a t  r 6.73 
to that a t  C1. The bridge prot,ons absorb mainly 
in an envelope in the range r 7.98-8.45, but one proton 
lies somewhat farther downfield at' r 7.87 ( J  = 9.0 
cps). I ts  coupling c o n ~ t a n t ~ ~ ~ l ~  and its chemical 
shift12114 make it extremely likely that t'his is the proton 
at  C7 which is syn to the chlorine at  C5 and de- 
shielded by it. 

(8) When no base was present, a nonlinear plot was obtained (Figure 1); 
the chloride ion production leveled off a t  about 65% reaction. Such results, 
which are commonly observedgslo when fairly slow solvolyses are studied in 
ethanol solutions a t  high temperatures, appear to be caused by the forma- 
tion of ethyl chloride.0 

(9) R.  P .  Arganbright, Ph.D. Thesis, University of Colorado, Boulder, 
Colo., 1956. 

(10) J. W. Wilt and A. R. Zigman, Bbstracts, 149th National Meeting of 
the American Chemical Society, Detroit, Mich., April 1965, p 24P. 

(11) P. D. Bartlett and W. P. Giddings, J .  Am.  Chem. Soe., 82, 1240 
(1960). 

(12) P. La8zlo and P. V. R. Schleyer, ibid., 86, 1171 (1964), and references 
cited therein. 

(13) K. Tori, R. Muneyuki, and H. Tanida, Can. J .  Chsm., 41, 3142 (1963). 
(14) G. S. Reddy and J. H. Goldstein, J .  Chem. Phys . ,  88, 2736 (1963). 
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Addition of Deuterium Chloride to Benzonorborna- 
diene.-The addition of deuterium chloride to benzo- 
norbornadiene (I1 t) was carried out by bubbling 
deuterium chloride through a methylene chloride 
solution of I11 a t  -78" in the dark. Samples were 
obtained resulting from 23 to 100% reaction by vary- 
ing the reaction times. For comparison purposes 
the addition was also carried out in deuterium oxide 
a t  room temperat'ure. The deuteriochlorides, a mix- 
ture of compounds VI and VII, were separated from 
unreacted 111 by 8 fractional distillation. Only one 
peak could be detected by a vapor phase chromato- 
graphic (vpc) analysis. 

7 /D 

VI 
w 

WI IX 

X XI 

In  the pmr spectrum of a 50:50 (see below) mixture 
of VI and VI1 the signal for the proton CY to  chlorine 
partially collapses owing to the loss of the trans coupling 
in VI, J E 3 cps, giving rise to  a quartet which is 
interpretated as J,.,, = 7.8 cps and J6-anti-, = 2.0 
cp~.5>12,15,~6 Thus a cis-exo configuration of chlorine 
and deuterium exists in VI. This assignment is sup- 
ported by the partial collapse of the narrow multiplet 
for the bridgehead proton a t  C1 owing to the loss of 
the spin-spin coupling, J E 4 cps, between it and the 
ex0 hydrogen at  Ca. This is the expected value for 
the coupling const,ant between a bridgehead proton 
and an exo proton, l2*l6 whereas the coupling constant 
of the bridgehead proton and the endo proton is ex- 
pected to  be negligible.12~16 The resonance signal for 
the other bridgehesd proton which has no adjacent 
ex0 proton lacks any significant splitting. The cou- 
pling between the bridgehead protons and the methylene 
bridge protons is small.13 The presence of VI1 is 
indicated by the integration of the resonance signal 
in the pmr spectrum for the methylene bridge proton 
syn  to  chlorine. While this signal integrates for one 
proton in IV, it has only about half the expected in- 
tensity in the mixture of VI and VII. This indicates 
approximately equal amounts of VI and VI1 are formed 
in the addition of deuterium chloride to  benzonor- 
bornadiene. 

As previous workers in this laboratory had very 
good results using mass spectrometry to  scrutinize 
deuterium distribution in dehydronorbornyl deriva- 
tives,' we anticipated that similar results might ob- 

(15) F. A. L. Anet, Can. J .  Chem., 89, 789 (1961). 
(16) J. Meinwald, Y. C. Meinwald, and T. N. Baker, 111, J .  Am. Chem. 

Soe., 81, 2513, 2514 (1963), and references cited therein. 

tain with benzonorbornenyl derivatives. Thus one 
would predict that a principal fragment would be ob- 
served as a result of retro-Diels-Alder reaction'? as 
shown in VIII. In  fact, the most prominent peaks 
in the mass spectrum of exo-5-chlorobenzonorbornene 
(IV) correspond to the loss of C2H&l (m/e 116, 41.0% 
of 2 3 6 )  and CzHICl (m/e 115, 12.9y0 of z35). The peak 
at  m/e 116 is interpretated as arising from a retro- 
Diels-Alder reaction'? producing chloroethylene and 
the isoindene (or indene) cation IX.  The formation of 
the m/e 115 peak is rationalized, a t  least in part, as 
a loss of a hydrogen from the m/e 116 fragment pro- 
ducing the indenyl cation X. Even in benzonorborna- 
diene (111) the most prominent peaks below the 
molecular ion (m/e 142, 21.7% of 2 3 6 )  and the M - 1 
peak (benzotropylium, m/e 141, 25.701, of z.36) are due 
to the loss of acetylene (m/e 116, 4.8% of 2%) and that 
formally resulting from the loss of hydrogen from the 
m/e 116 fragment (m/e 115, 10.1% of 236).1*-20 The 
deuterium distribution for the VI-VI1 mixture was 
calculated assuming that the difference between the 
deuterium cont'ent of the molecular ion and the iso- 
indene cation reflected the deuterium content of ethyl- 
ene bridge which is lost in the retro-Diels-Alder frag- 
mentation. Allowances were made (see Experimental 
Section) for the small uncertainty arising from the 
loss of hydrogen or deuterium in going from the iso- 
indene cation to the indenyl cation. The results of 
the mass spectral analyses are given in Table I. It 
may be not.ed that, within t'he limits of experimental 
error, the deuterium is divided equally between Ce 
(VI) and C7 (VII). This confirms the rougher esti- 
mates made by pmr analysis. 

It might here be noted that no exchange of aromatic 
protons by deuterium accompanying addition was ob- 
served. In  the incomplete additions to  benzonor- 
bornadiene, no exchange of the vinylic or aromatic 
protons was detected in the unreacted olefin 111. 
Furthermore no dideuterated species were detected in 
the mass spectrum of the mixture which contained VI 
and VII. Therefore, electrophilic attack by H@ 
(or De) occurs selectively on the double bond, and 
every attack results in addition of a molecule of hydro- 
gen chloride (deuterium chloride) or is reversible. 

Addition of Acetic Acid-0-dl, and -dl to Benzo- 
norbornadiene.-Bartlett and Giddings" have shown 
that acetic acid adds to benzonorbornadiene in the 
presence of acid to give exo-benzonorbornenyl acetate 

We utilized three sets of conditions in the addition 
of acetic acid-041 or -d4 to benzonorbornadiene. The 
reaction is rapid and goes to completion within 24 hr 
a t  60" when it is carried out in 0.18 M sulfuric acid-d2 
in acetic acid-0-dl or -da. In  the absence of mineral 
acid catalysis the reaction is much slower, the addition 

(XII). 

(17) K. Biemann, "Mass Spectrometry," McGram-Hill Book Co., Inc., 
New York, N .  Y.,  1962, p 102. 

(18) Pertinent to the present study, the mass spectrum of ezo-b-anti-7- 
dichlorobenzonorbornene (XI) has its most intense peaks at m/e 149 and 151 
corresponding to the chloroindenyl cation and has no peak a t  m/e 116. 

(19) The fact that 111 gives a ratio for m/e 115/116 I 2.1, while the same 
ratio for IV is 0 .31,  makes it clear that there are a number of paths for farma- 
tion of the indenyl cation (mass 115) peak. I t  has been shown'o that the 
benzotropylium peak leads in large part to the mass 115 peak. 

(20) After this work was completed, we were appraised by Dr. H. Tanida of 
work on mass spectroscopy which he and his eo-workers had completed: T .  
Goto, A. Tatematsu, Y. Hata, K. Kitahonoki, R. Muneyuki, H. Tanida. and 
K. Tori, Tetrahedron, submitted for publication. Our results on norbornenes 
and on benzonorbornenes are very similar to theirs. 
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TABLE I 
CONDITIONS AND RESULTS FOR THE ADDITION 

OF DEUTERIUM CHLORIDE TO BENZONORBORNADIENE 
% D in % D in % D in 

Temp, Extent of molecular isoindene ethylene' 
Expt Reagent Solvent O C  reaction, % ion ion bridge 

1 HCI Hz0 27 100 0 0 0 
2 DC1 DzO 27 75 95.9 47.4 48.5 
3 DCl CHzC12 - 78 100 93 .3  46 .9  46.6 
4 nc1 CHzClz - 78 85 96.5 49.6 46.9 
5 DCI CHzClz - 78 23 94.9 48 .1  46.8 

a Calculated by difference. 

proceeding to only 7a/, when a solution.of 15 mole yo impact induced fragmentation. In  contrast to IV, 
of I11 in acetic acid-dr was heated a t  111" for 7 days. however, the fragment a t  m / e  115 from XI1 is more 
If a hydrocarbon solvent is used the reaction is slowed intense relative to nz/e 116, and a peak of m/e 117 of 
down even further. When a solution of 19 mole % unknown origin is observed. The relative intensities 
of I11 and 37 mole % cyclohexane in acetic acid-d4 of the peaks at  m/e 115, 116, and 117 from XI1 are 
was heated at  136" for 14 days only 5y0 reaction 31/51/18. As this introduces considerable uncer- 
occurred. For each case, only one peak11 was de- tainty in determining the deuterium content of the 
tected by vpc analysis, and any endo isomer in excess isoindene ion (m/e 116)) two approaches were made in 
of 5% could have been detected by pmr. an attempt to circumvent this difficulty. 

The first was to pyrolyze the acetate and examine the 
deuterium content of the elimination product by mass 
spectroscopy. The pyrolysis was complete a t  575" 
giving 1,2-benzocycloheptatriene (XV) and the isomeric 
methylnaphthalenes as the pyrolyzates. The thermal 

x I1 rearrangement of benzonorbornadiene, which gives 
rise to these products has been previously described.22 
This method assumes a cis elimination which would 
remove the exo deuterium at  C3.23s24 Unfortunately in 
addition to an intense molecular ion peak a t  m / e  142 
in the mass spectrum of the pyrolyzates, an equally 
intense A4 - 1 (m/e 141) peak (benzotropylium ion) 
was observed. 25 This introduces serious complica- 
tions in the calculation of the deuterium content of the 
molecular ion. The pyrolysis procedure was never- 
theless tried with cis-exo-3-deuterio-2-benzonorbornenyl 
acetate (XIII) and the deuterium content of the 
molecular ion was found to be 6 f 1% indicating that 
cis-ex0 elimination had occurred to the extent of 
94 f 1%. A mixture of XI11 and XIV formed by the 
acid-catalyzed addition of acetic acid-0-dl was also 
pyrolyzed. There was greater uncertainty in this 
determination but it indicates that about ca. 50% 
of the deuterium is a t  C, in the acid-catalyzed adduct. 

A second approach to t,his problem was made by 
examining the alcohols, XVI, XVII, and mixt'ures of 
XVII and XVIII, derived from the corresponding 

be found. Fortunately this was in fact the case. 
The principal mode of fragmentation was again the 
retro-Diels-Alder pathway but the ratio of m/e 115, 
116, and 117 was 25.8/71.7/2.51. These relative 
intensities are certainly more accept'able, especially 
with respect to  the m/e 117 peak. Allowances were 
made (see Experimental Section) for the 117 peak 
and calculations were made in the same manner as for 
the deuterium chloride adducts. The results are 
given in Table I1 and are felt to be accurate t'o within 
4%. The pmr spectra of the alcohols XVI and XVII 
were as expected. The alcohols exhibited only one 
vpc peak. In  order that all of t'he alcohols have similar 

&3 OAc &D OAc 

XI11 

&o*c x IV a3 xv 

For pmr and mass spectral comparisons the un- 
deuterated acetate XI1 formed by the acid-catalyzed 
addition of acetic acid to I11 and XI11 prepared by 
acetylation of cis-exo-3-deuterio-2-benzonorborneo1, pre- 
pared by a deuterohoration-oxidation21 scheme, were 
used. 

In  the pmr spectrum of XI1 the signal for the proton 
a to the acet'oxy group occurs as a multiplet a t  7 5.38. 
The bridgehead protons HI and H4 occur a t  T 6.72 and 
6.81, respectively. No protons were distinguishable in 
the main methylene envelope, 7 8.09-8.42. The 
cis-exo configuration of the acetoxy group and deu- 
terium in XI11 is confirmed by the pmr spectrum. 
The multiplet for the proton CY to  the acetoxy group 
now occurs as a doublet, Jcis = 7.1 cps, with some 
finer splitting of less than 1 cps.5p15,16 The narrow 

as the exo C8 proton is exchanged for a deuterium 
atom, 12,15 whereas the signal for H1 is unaffected. 
The pmr spectrum of a mixture of XI11 and XIV re- 
sulting from the acid-catalyzed addition of acetic acid- 
0-dl indicated scrambling of the deuterium between 
C3 and, presumably, C,. Unfortunately, since the 
protons a t  C3 and C7 are not separated in the methyl- 
ene envelope, a quant,itative estimation of the 
deuterium distribution by integration was not possible. 
Therefore mass spectral analysis was relied upon to 
give the deuterium distribution. 

As in the case of exo-5-chlorobenzonorbornene (IV), 
exo-2-benzonorbornyl acetate (XII) undergoes a retro- 
Diels-Alder" process as the principal mode of electron 

multiplet for H~ collapses in going from XII to ~ 1 1 1 ,  acetates, in the hope that cleaner mass spectra would 

(22) s. J. Criatoland R. Caple, J .  OTQ. Chem., si, 585 ( 1 9 ~ ) .  
(23) C. H. DePuy and R. W. King, Chem. Reu., 60, 431 (1960). 
(24) P. S. Skell and W. L. Hall, J .  Am. Chem. Soc., 86, 1557 (1964). 
(25) Reference 17, p 84. 

(21) G. Zweifel, K. Nagase, and H. C. Brown, J .  Am.  Chem. Soc., 84, 183 
(1963, and references cited therein. 
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TABLE I1 

AND TETRADEUTERIOACETIC ACID TO BENZONORBORNADIENE 
CONDITIONS AND RESULTS FOR THE ADDITION OF ACETIC ACID, 0-DEUTERIOACETIC ACID, 

-- Conditions for acetate formation - 7------70D--- 
[Catalystn], Mole %, Temp, % Molecular 

Expt Substrates Reagent M I11 OC Time reaction ionb ClC Cld 
1 I11 CHsCOzH 0.18 3 60 18hr 100 0 0 0 
2 XVII Acq0 e . .  . . .  . . .  . . .  98.6 1 . 4  97.2 
3 I11 CDaCOzD 0.18 4 60 24hr 100 87.9 41.1 46.8 
4 I11 CHaC02D 0.18 11 60 27hr. 100 85 .2  36.3 48.9 
5 I11 CDiCOzD 0.00 15 111 7days 7 91.4 24 .5  66.9 
6 I11 CD3COzD f 19 136 14days 5 91.8 7 .8  84.0 
7 x1119 CD3COzD 0.18 . .  60 24 hr . . .  98 .7  12.5 86 .5  

a or DnSOa. Percentage of deuterium labeled alcohol. These results are not corrected for the small amount of scrambling 
Pyridine was catalyst in this acetylation. which may be occurring in the analysis as indicated in expt 2. 

f This reaction had 37 mole % of cyclohexane present. 
Calculated by difference. 

This contained 5 mole % of XI11 and no 111. 

histories, the sample of XVI was prepared by saponifica- 
tion of XII ,  the sample of XVII was prepared by 
pyridine-catalyzed acetylation of XVII to give XIII, 
which was then saponified to XVII, and the mixtures 
of XVII and XVIII. were obtained by saponification of 
mixtures of XI11 and XIV. 

XVI x VI11 x VI11 

A sample of cis-exo-3-deuterio-2-benzonorbornenyl 
acetate (XIII) was subjected to the acid-catalyzed 
addition conditions. The resulting deuterium distri- 
bution, determined from the corresponding alcohol, 
is shown in expt 7 in Table 11. Although some scram- 
bling of deuterium did occur, it was not sufficient to 
account for the deuterium distribution in the direct 
acid-catalyzed additions of acetic acid-0-dl or -dq to 
benzonorbornadiene. 

When 0-deuterioacetic acid was used in the addi- 
tions, exchange was observed between the methyl 
hydrogens (of acetic acid or the ester product) and the 
active deuterium. The extent of this exchange could 
be determined by comparing the molecular ion and 
acylium ion peaks in the spectra of the acetates. This 
phenomenon, which has been observed before, be- 
came more serious ai3 the reaction time and temperature 
were increased. Thus, although it was not very serious 
for the acid-catalyzed additions, it became critical for 
the uncatalyzed additions where both a higher tem- 
perature and longer reaction time were necessary. 
The use of acetic aoid-dr eliminated this problem, and 
the later experiments which we carried out were with 
the completely deuterated acid. 

Discussion of Results.-The results given above 
force the conclusion that there are a t  least two path- 
ways utilized in thlese electrophilic additions to ben- 
zonorbornadiene. Thus, the results are similar in 
general to those with norbornadiene, where multiple 
(at least three) pathways were required to accommo- 
date Our results show that the kinetically 
controlled distribution of deuterium in the polar addi- 
tion of deuterium chloride to  benzonorbornadiene in 
methylene chloride at  -78" or in deuterium oxide a t  
room temperature is divided equally between the 
ethylene VI and methylene VI1 bridges. The pmr 
spectrum indicates that the deuterium on the ethylene 

bridge is a t  C3 and exo, and that the deuterium on the 
methylene bridge at  C7 is syn to the ex0 C2 chlorine. 
The stereochemical data are incompatible with the 
formulation of an endo protonated T complex (true 
for acetic acid addition as well), and are thus identical 
with additions to trimethylenenorborneneJ and nor- 
bornadienea6 

Dewar and FaheyZ6 noted that hydrogen chloride 
and hydrogen bromide added to acenaphthylene and 
to indene predominantly by cis addition and con- 
cluded that the reaction involved first the formation of 
a carbonium ion-[X(HX),]e ion pair. They argued 
that the cis addition occurred when the cation co- 
ordinated with an X anion from its gegen ion rapidly 
(before inversion of the cation with respect to the anion 
by any of a variety of processes), and argued against 
a concerted cis addition. Our results with benzo- 
norbornadiene confirm their hypothesis of the involve- 
ment of ionic intermediates rather than the involve- 
ment of a cyclic cis addition process. The data permit 
us to assume that there is only one cationic inter- 
mediate, formulated as a nonclassical species XIX, or 
that there is a set of classical ions, X X  and XXI, which 
equilibrate so rapidly compared with their rate of co- 
ordination with chloride ion that they simulate XIX.  
The nonclassical cation XIX has been proposedz7 to  
accommodate the complete loss of activity associated 
with the acetolysis of optically active exo-benzonor- 
bornenyl p-bromobenzenesulfonate, although the pre- 
liminary report of their work did not show that loss of 
activity in the p-bromobeneenesulfonate by internal 
return7 could be neglected. 

xx XIX 

XXI 

Although the apparent stereochemistry of addition 
of acetic acid to benzonorbornadiene is identical with 
that of hydrogen chloride (only exo acetate is formed), 
the deuterium distributions resulting from the addi- 
tions of deuterium acetate are quite different from the 

(26) M. J. 9. Dewar and R. C. Fshey, J. Am. Chem. Sac., 86, 2245, 2248 

(27) W. P. Giddingsand J. Dirlam, i b i d . ,  85, 3900 (1963). 
(1983). 
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equal distribution at  the ethylene and methylene bridges 
observed with deuterium chloride. Thus (Table 11, 
expt 3 and 4), even with sulfuric acid catalysis, the 
amount of deuterium at C7 was only 46.7 and 42.5%, 
respectively, with the lesser amount of deuterium at  
CI occurring when the original mixture had a lower 
acetic acid/olefin ratio. These results are not con- 
sistent with the concept that the single intermediate 
XIX is the progenitor of all of the product, as this 
should give 50% of deuterium at C3 (XIII) and 50% 
at  C7 (XIV). In the absence of mineral acid, the 
amount of Wagner-Neerwein rearrangement accom- 
panying addition was reduced further, with only 27% 
deuterium at C7 when the starting mixture contained 
15 mole % of bensonorbornadiene and 85 mole % of 
acetic acid (Table 11, expt 5) and only 8% at  C7 
when the starting mixture had 19 mole % of benzo- 
norbornadiene, 37 mole yo of cyclohexane, and 44 mole 
yo of acetic acid (Table 11, expt 6). 

These observations are analogous to those6 with nor- 
bornadiene and can be rationalized in two ways.28 
One may assume that unsymmetrical cations such as 
the classical ions X X  and XXI  are involved, with XIX 
being formed first by proton (deuteron) transfer. 
In the uncatalyzed system the ion pair XXII  would be 
formed and in the acid-catalyzed system the ion- 
dipolar molecule XXIII  would be formed. These 
species could then either collapse to XI11 (or its con- 
jugate acid) or isomerize by a Wagner-Meerwein 
shift to the corresponding ion pair or ion dipole in 
which XXI  is the cation. If the rates of coordination 
of X X  and XXI  with acetate and acetic acid are 
competitive with that of isomerization, the mecha- 
nisms are acceptable. The facts that with acid cataly- 
sis the Wagner-lleerwein equilibration process repre- 
sents over 85% of the reaction (twice the percentage 
of deuterium at C;) and in the uncatalyzed reaction 
(Table 11, expt 5 )  only 54% are in accord with this 
interpretation, as one may assume that coordination of 
X X  xi th  acetic acid (from XXIII) would be slower 
than that with acetate ion (from XXII) .  Similarly, 
with addition of cyclohexane, the life time of the ion 
pair XXII  toward collapse to XI11 should be cut 
down considerably by the nonpolarity of the solvent, 
consistent with the observation that only 17y0 of the 
product results from a Wagner-lleerwein process. 

v 

XXII XXIII OAC 

XXIV 

An equally acceptable hypothesis assumes that two 
quite different routes are utilized in the acetic acid 
additions. One, leading to complete mixing of CB 

(28) I n  previous papers6 we have discussed the nature of the acid catalysis 
and the question of the number of acetic acid molecules involved in the 
transition states for the addition reaction. The work we are reporting in this 
paper gives us no further information about these questions, and for simplic- 
ity we shall display mechanisms involving only one acetic acid molecule, and 
assume that, in acid catalysis, the catalyzing species is the conjugate acid of 
acetic acid, ignoring its gegen ion. 

and C,, involves a nonclassical ion XIX (or a set of 
rapidly equilibrating cations, such as X X  and XXI,  
which simulates XIX) involved in an ion pair with 
acetate ion or in an ion dipole with acetic acid. These 
systems then lead to equal amounts of XI11 and XIV, 
and their importance may be measured by twice the 
deuterium content a t  C7.29 The alternate route, 
leading to the excess cis-exo addition over that involved 
in the Wagner-Meerwein equilibration, could be a 
single-step process not involving a carbonium ion 
intermediate, but rather a four-center transition state. 
The model for the uncatalyzed reaction is shown as 
transition state XXIV; that for the catalyzed reaction 
would have an additional proton present.30 The 
solvent effects which we have observed in these addi- 
tions are readily rationalized by these mechanisms. 
Compared with the uncatalyzed reactions, acid cataly- 
sis should favor proton transfer without coincident 
acetic acid coordination. Furthermore, the concerted 
addition process should be favored in the uncatalyzed 
case by reduced polarity of solvent,6 as the alternative 
process involves the formation of ions from neutral 
molecules. 

Experimental Section 
Reagents.-Beiizonorbornadiene (111) 98% by. vpc, was 

prepared by the method of Wittig.31 Deuterium oxide, 99.7%, 
was obtained from General Dynamics Corp. and reagent acetyl 
chloride from J. T. Baker Chemical Co. Acetic acid-O-dl, 
acetic acid-dc and sulfuric acid-& were obtained from Merck 
Sharp and Dohme of Canada Ltd. The lithium aluminum 
deuteride, 98%, was obtained from Metal Hydrides, Inc. 

Preparation of Deuterium Chloride.-Deuterium chloride was 
prepared by the addition of acetyl chloride to deuterium oxide.26 
The gas was collected in a trap cooled with liquid nitrogen and 
then distilled directly into the reaction vessel. Contamina- 
tion by addition of hydrogen chloride to benzonorbornadiene 
(111) averaged about 5% as seen by the mass spectral data for 
theadducts (TableI).  

ezo-2-Chlorobenzonorbornene (IV) .-Benzonorbornadiene 
(111, 5.0 g, 35 mmoles) was shaken with 25 ml of concentrated 
hydrochloric acid in a sealed tube at  room temperature for 15 
hr. The reaction mixture was extracted with ethyl ether, and 
the ethereal solution was washed with water and dried over an- 
hydrous magnesium sulfate. Removal of the ether under 
vacuum left a dark oil, the pmr of which indicated no starting 
olefin 111. The oil was distilled twice, bp 55' (0.2 mm), yielding 
5.1 g (81%) of the hydrochloride of IV,  n 2 5 ~  1.5664. 

Anal. Calcd. for C11H11C1: C, 73.94; H, 6.21; C1, 19.85. 
Found: C, 74.02; H, 6.36; C1, 19.71. 

Kinetics of Solvolysis of IV.-ezo-5-Chlorobenzonorbornene 
( IV)  , 1.423 g (7.96 mequiv) , and 0.964 g ( 11.8 mequiv) of so- 
dium acetate were dissolved in 80 vol aqueous ethanol 
and made up to 100 ml of solution. Aliquots ( 5  ml) were placed 
in Pyrex tubes, sealed, and immersed in a constant-temperature 
bath at 103.5 f 0.2'. The chloride ion formed was determined 
by a Volhard titration.a2 The chloride ion determination was 
substracted from that for the infinity titer and the natural 
logarithm of this value was plotted us .  time. The infinity titer 
agreed within 275 of the initial amount of IV. Duplicate 
runs were made. 

Addition of Deuterium Chloride to Benzonorbornadiene (111) 
in Methylene Chloride.-Deuterium chloride, about 0.5 mole, 

(29) I n  the norbornadiene case,l one could estimate how much of the 
product came from coordination of the cation with the gegen ion or gegen 
molecule formed coincidentally with the cation, and how much formed from 
solvent separated ion pairs or ions. This is not possible with benzonorbor- 
nadiene. 
(30) We have represented these a s  four-membered ring transition states, 

a s  it appears that  certain additions of water and methanol utilize similar 
mechanisms.J However there is no evidence that  equivalents six-membered 
ring transition states are not in fact involved; these mould be the reverse of 
mechanisms generally accepted for pyrolytic eliminations.23 
(31) G. Wittig and E. Knauss, Chem. Ber., 91, 895 (1958). 
(32) D. S. McKittrickand C. L. A. Schmidt, Arch. Biochem., 6 ,  273 (1945). 
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was passed through 100 ml of reagent methylene chloride con- 
taining 4.40 g (31.0 mmoles) of benzonorbornadiene (111) at  
-78". The reaction vessel was kept at this temperature for 48 
hr. Solvent and excess deuterium chloride was removed under 
vacuum. No unreacted benzonorbornadiene (111) could be 
detected in the pmr spectrum. The adduct was purified by a 
distillation. 

When t'he reaction time was shortened to 4 hr the addition 
proceeded to 8570 of completion. At 4-hr reaction time with 
about 0.25 mole of deuterium chloride, the per cent. reaction 
was 23. The deuterium chloride adducts were separated 
(vpc pure) by a fractional distillation. 

Addition of Deuterium Chloride to Benzonorbornadiene (111) 
in Deuterium Oxide.--Deuterium oxide, 23 ml, was saturated 
with deuterium chloride a t  room temperature and added to 4.50 
g (31.7 mmoles) of benzonorbornadiene (111) in a tube and 
sealed. The sealed tube was shaken vigorously a t  room tem- 
perature for 11 hr. 'The reaction mixture was extracted with 
diethyl ether, dried over anhydrous magnesium sulfate, and the 
ether was removed under vacuum. The pmr spectrum of the 
crude reaction product indicated addition had proceeded t.0 
75% of completion. The deuterium chloride adduct was re- 
moved from unreacted benzonorbornadiene by a fractional 
distillation, the addiiet fraction being redistilled and a center 
cut taken for the mass :and pmr spectra. 
ezo-5-anti-7-Dichlorobenzonorbornene (XI) .-Benzonorborna- 

diene (III), 8.74 g (61.5 mmoles) was dissolved in 600 ml of 
reagent carbon tetrachloride, and anhydrous chlorine was 
passed through the solution until t.he color of chlorine persisted 
(about 12 min). Excess chlorine and solvent were removed 
under vacuum yielding 13.1 g (quantitative) of the crude di- 
chloride. The product was characterized as the 5,7-dichloride 
X I  by comparison of the pmr spectrum with the one for 5,7- 
dibromobenzonorbornene of established conf ig~ra t ion .~~ A 
second isomer was observed in the vpc of crude dichloride, ca. 
453, which was ide~i t i f ied~~ as the 5,G-trans adduct. The 5,7- 
dichloride X I  was purified by a distillation, bp 86" (0.2 mm), 
followed bv a recrvstallization from petroleum ether (bp 60- 
70"),  mp 56-51'. " 

Foiind: C.  62.09: H, 4.61: C1. 33.03. 
A n d .  Calcd for Cl1H1&lS: C,  61.99; H, 4.73; C1, 33.28. 

Deuterium Distribution in 'Mixtures of VI and VII. Mass 
Spectral Analysis.-The isotope corrected34 relative peak in- 
tensities for samples 1-5 in Table I are given in Table 111. Two 

7 

Expt  

1 
2 
3 
4 
5 

TABLE I11 
- Relative intensities -- Max 

m / e  m / e  m / e  % D 
115 l l b  117 a t  C7 

116 364 0 0 
68 251 185 50.4 

146 546 395 49 4 
908 3331 2618 53 2 
744 2680 2018 51.4 

&fin 
% n  
a t  C7 

0 
44.4 
43.9 
46.1 
44.9 

% D in 
molecular 

ion 

0 
95.9 
93.3 
96.5 
94.9 

sets of calculations were made to reflect the maximum and 
minimum possible values for the deuterium content at C,, 
i . e . ,  the isoindene (indene) fragment. This was necessitated 
by the uncertainty arising from the formation of the indenyl 
cation. The maximum value for the deuterium content a t  
C, was determined by assuming that the deuterated isoindene 
ion ( m / e  117) lost only hydrogen in forming the indenyl fragment. 
Statistical considerations and isotope effects3513* make this a 
reasonable assumption. Since the peak at  m/e 116 is then 
corrected for the maximum value of indenyl-D ( m / e  also 116), 
its comparison with isoindene-D (m/e 117) gives the maximum 
value for deuterium iii the isoindene fragment. A minimum 
value for the deuterium content at C, was calculated by assuming 
that there was an eqiial chance of losing a hydrogen or deuterium 
from the isoindene-D (n /e  117) peak. Both sets of calculations 
were determined by a series of approximations, an example of 
which is given below for the determination of the maximum 
value lor the deuterium content a t  C7 in run no. 2 in Table I. 

(33) G. 1V. Nachtigall of this laboratory, unpublished results. 
(34) J. H. Beynon, "Mass Spectrometry and Its Applications t o  Organic 

(35) J. H. Beynon, ibid., p 453. 
(36)  Reference 17, Chapter 5 .  

Chemistry," Elsevier Publishing Co., Amsterdam, 1960, Appendix I .  
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The maximum and the minimum values so determined are given 
in Table 111, the range for each set being about 6y0. For the 
lack of anything better, averages were taken and are the values 
reported in Table I. 

First approximation: neglect contribution of indenyl-D to m/e 
116. 

The D content a t  C7 in run no. 2, Table I. 

Second approximation: peak at  m/e  115 (indenyl-H) constitutes 
only 57.6% of total indenyl cation. 

- =  m'e '15 total indenyl cation = 118 0.576 

hence, indenyl-D = m./e 115-118 = 50 

m/e 117 x 100 
= 47.976 '% at " = m/e 117 + ( m / e  116 - 50) 

Third approximation: repeat of second approximation, peak 
a t  m/e 115 constituting only 52.1% of total indenyl cation. 

Fourth approximation: repeat. 

Fifth approximation: repeat. 

% D at  C7 = 49.9% 

yo D at C7 = 50.3% 

% D a t  C7 = 50.4% 
em-3-Benzonorbornenyl Acetate (XII) .-Benzonorbornadiene 

(111), 4.31 g (30.4 mmoles), was heated at  60 f 2" in 50 ml of 
0.18 M sulfuric acid in acetic acid for 18 hr. The reaction was 
initially a light purple but became colorless upon work-up. 
Work-up was accomplished by adding 7 5  ml of water and ex- 
tracting with diethyl ether. The ether extracts were washed 
consecutively with water, a 107' sodium carbonate solution, 
and more water. The ether extracts were dried over anhydrous 
magnesium sulfate and the ether removed wder  vacuum. The 
pmr spectrum of the crude product indicated no unreacted olefin 
111. The acetate was piirified by a distillation yielding 5.60 
g (91%) of vpc pure product, bp 84" (0.2 mm), n% 1.5342. 

Anal. Calcd for ClaHlaOS: C, 77.20; H, 6.98. Fomid: 
C, 77.32; H, 7.14. 

A sample of the acetate XI1 was converted to t'he alcohol 
X V I  by basic hydrolysis,ll mp 75-76', lit." 74.1-75.4" and lit.$' 
74.5-75.5'. The spin-spin multiplet for the proton LY to  the 
hydroxyl grotrp in the prnr spectrum of XT'I occms at 7 6.17. 
As with the corresponding acetate this multiplet collapses to a 
doublet, Jcia = 7.1 cps, with finer splitting being less than 1 
cps5J5,'6 in the cis-ezo-deuterated alcohol XVII. 

cis-ezo-3-Deuterio-2-benzonorbornenol (XVII) .-Benzonorbor- 
nadiene (111), 7.77 g (54.7 mmoles), and 1.95 g (46.5 mmoles) 
of lithium aluminum deuteride were placed in a 500-ml, 3-necked, 
round-bottom flask and 200 ml of dry ethyl ether was added.$' 
A continuous stream of dry nitrogen was passed through the ap- 
paratus which included a dropping fuuiiel and a condenser with 
a drying tube. The reaction flask was cooled in an ice bath;  
the contents were stirred while 8.80 g (61.0 mmoles) of freshly 
distilled boron trifluoride etherate (Eastman Kodak) was added 
dropwise over a period of ca. 15 min. The mixture was stirred 
for 18 hr more at  room temperatiire. The reaction flask was 
cooled and 2 ml of water was added dropwise followed by 7.5 nil 
of a 10% sodium hydroxide solution and then 5.8 ml of 30% 
hydrogen peroxide. The mixture was stirred at room tempera- 
ture for 1 hr. The ether layer was removed by decant~atioii and 
the residues were washed again with 100 ml of ether. The 
combined ether extracts were washed with water and dried over 
anhydrous magnesium sulfate, and the ether was removed under 
vacuum. Only one peak could be det,ected by vpc. The 
crude alcohol was recrystallized from petroleum ether (bp 
60-70") yielding 7.88 g (89y0) of the deuterated alcohol XT'II. 
The melting point, 75-76", agrees with previously reported values 
for ezo-2-benzonorbornenol, 74.1-75.4"" and 74.5-75.5' . 3 7  

Addition of Acetic Acid-0-dl or -d4 to Benzonorbornadiene (111). 
A. Acid Catalyzed.-Benzonorbornadiene (111), 2.81 g (26.0 
mmoles), was dissolved in 10.0 g (156 mmoles) of acetic acid- 
0-dl and 100 $1 of sulfuric acid-dn was added. The contents 
were sealed off and placed in an oil bath at 60 f 2" for 27 hr. 
The solution was then poured into 75 ml of ether. The resulting 
ethereal solution was washed successively with a 10:) sodium 

(37) P. Bruck, Tetrahedron Letters, No. 10, 449 (1962). 
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acetate solution, a 10% sodium carbonate solution, and finally 
water. The ether extracts were dried and the ether was re- 
moved under vacuum. No starting olefin I11 could be de- 
tected by vpc. The crude product was purified by a vacuum 
distillation. A second run was made using 0.843 g (5.9 mmole) 
of benzonorbornadiene, 9.0 g (0.14 mmoles) of acetic acid-dn, 
and 90 pl of sulfuric acid-&. The reaction was run a t  60 f. 
2' for 24 hr. After work-up the acetate was recovered by pre- 
parative vpc. 

B. Uncata1yzed.-Benzonorbornadiene (111), 3.06 g (21.5 
mmoles) , was dissolved in 7.58 g (118 mmoles) of acetic a c i d 4  
and sealed. The sealed tube was heated at  111 f 2' in an 
oil bath for 7 days. Most of the acetic acid-da was recovered by 
a distillation before the normal work-up. The acetate, which 
was formed only to the extent of 757,) was recovered by prepara- 
tive vpc. 

C. In Cyclohexane .-Benzonorbornadiene (III), 6.90 g 
(48.6 mmoles) was dissolvedin 7.21 g (113 mmoles) of acetic acid- 
d4 and 7.8 g (93 mmoles) of cyclohexane (sulfuric acid washed 
and redistilled) was added. The solution was sealed and heated 
a t  136 f 2' in an oil bath for 14 days. The usual work-up vias 
carried out and the acetate, formed to the extent of 5y0, was sepa- 
rated from unreacted benzonorbornadiene by preparative 
vpc. 

Treatment of cis-ero-3-Deuterio-2-benzonorbornenyl Acetate 
(XIII) under the Acid-Catalyzed Addition Conditions.-Acet,ate 
XIII,  250 mg (1.76 mmoles) was dissolved in 2.0 g (31 mmoles) 
of acetic acid-& and 20 r l  of sulfuric acid-dz was added. The 
solution was heated in a sealed tube at  60 f 2' for 24 hr. 
Work-up was in  the usual procedure and the acetate was re- 
covered by preparative vpc. 

cis-ero-3-Deuterio-2-benzonorbornenyl Acetate (XIII) .--cis- 
exo-3-J)euterio-2-benzonorborneol (XVII), 7.60 g (47.2 mmoles) , 
was dissolved in 15 ml of reagent, acetic anhydride and 15 ml of 
pyridine and heated a t  100' with stirring for 3 hr. The reddish 
solution was then poiired int,o 100 ml of water and extracted 
with diethyl ether. The ether extracts were washed succes- 
sively with 10% hydrochloric acid, water, a lOyG sodium carbo- 
nate solution, and finally water. The ether extracts were 
dried and the ether was removed under vacuum. The crude 
acetate was carefully distilled, bp 80" (0.1 mm), yielding 5.98 
g (637,) of the deuterat.ed acetate XIII. The vpc retention 
time was identical with that of ero-3-benzonorbornenyl acetate 
(XII )  obt.ained by the addition of acetic acid t80 111. 

Pyrolysis of em-2-Benzonorbornenyl Acetate (XII) .-The 
pyrolysis of t,he acet~ate XI1 was accomplished by adding, 
dropviise, a t  a rate of about 5 ml/hr, a lOy0 benzene solution of 
XI1 onto a 0.25 X 12 in. column filled with glass helices and 
heated to 575". The pyrolysates were collected in a Dry Ice 
trap at  the bottom of the column. The excess benzene was 
removed under vacuum yielding an essentially quantit,ative 
yield of 1,2-benzocycloheptatriene (XV) and the isomeric 
methylnaphthalenes.** The pyrolyses of the deuterated ace- 
tates were carried out in a similar manner. The mass spectral 
data in relat,ive intensities are given in Table IV.  By compari- 
son wit.h the spectrum from XI1 a fairly reliable value of 6% 
can be calculated for the deuterium content of the pyrolysates 
from XIII.  For larger deuterium contents in the pyrolysates, 

TABLE IV 
D content 

uf Pyrolysates 
Acetate aoetete, % m/e 141 m/e 142 m/e 143 

XI1 0 1310 1546 . . .  
XI11 97.5 2677 3474 203 
Mixture of 88 1896 3456 1506 

From acid-catalyzed addition of CD3CO*D to 111. 
XI11 and XIVa 

as from a mixture of the deuterated acetates XI11 and XIV, 
this comparison introduces large uncertainties in the calculations, 
and this approach was discarded. 

Saponification of the Acetates.-The acetates were converted 
to the alcohols for mass spectral analysis by refluxing for 48 hr 
in a mixture of 10 ml of ethanol and 10 ml of a 507, potassium hy- 
droxide solution. Work-up was accomplished by an ether 
extraction from the basic solution. The alcohol in every case 
was recovered in essentially quantitative yield. 

Deuterium Distribution in Mixtures of XVII and XVIII. 
Mass Spectral Analysis.-The isotope correcteds4 relative peak 
intensities of samples 1-7 in Table I1 are given in Table V. 

TABLE 1' 
% D in --- Relative intensities-- Max % Min % molecular 

No. m/e 115 m/e 116 m/e 1 1 7  DrttC7 D a t  C7 ion 

la 990 2753 0 0 0 0 
2 832 2534 35 1.37 1.36 98.6 
3 1878 5878 3178 43.5 38.6 87.9 
4 1384 4494 2222 38 .0  34.6 85.2 
5 651 1309 373 26.6 23.4 91.4 
6 1043 3097 255 7 . 8  7 . 7  91 .8  
7 869 2662 368 12 .7  12 .4  98 .7  

a This sample was always run in parallel with runs 2-7 for cor- 
rection purposes. 

Numbers 2-7 have been further corrected for the small but sig- 
nificant m/e  117 peak. Since no significant change occurred 
in the very small m/e 118 peak in the deuterated samples 2-7 
as opposed to sample 1, a correction of the m/e 117 peak was 
made assuming the same ratio of mle 117 to the molecular ion 
in the deuterated and undeuterated samples. Justification for 
this approximation comes in the result for the deuterium dis- 
tribution in cis-ezo-3-deuterio-2-benzonorborneol (XVII) which 
indicat.es that 1.47, of the deuterium is a t  (2.1. Analogous re- 
suks with cis-em-3-deuterio-2-norborneo16 indicated that the 
cyclopentadiene ion fragment (m/e 66) contained about 3y0 
of the available deuterium. The presence of deuterium in these 
fragments possibly arises from a process inside the ionization 
chamber.38 The calculations were made in exactly the same 
manner as for the denterium chloride adducts and maximum and 
minimum values for deuterium content in the isoindene ion (C,) 
are given in Table 5:. 

Analytical.-The gas chromatographic analyses were formed 
on a 2 m X 0.25 in. silicon 710 column (307,) on Chromosorb, 
35-80 mesh, a t  a column temperat'ure of 164" and a helium 
flow rate of about 110 cc/min. The retent,ion times of 111, I V ,  
XII, and XVI were 7, 15, 36, and 34 min, respectively. Nuclear 
magnetic resonance spectra were obtained in carbon tetrachlo- 
ride using a Varian Associat,es Model A-60 spectrometer with 
tetramet.hylsilane ( 7  10.0) as the int'ernal standard. Mass 
spectra were obtained on a Consolidated Electrodynamics Corp. 
Model 21-103C spectrometer. All spectra were determined 
wit,h an ionizing current of 50 pa and an ionizing energy of 70 
ev. Microanalyses were performed by Galbraith Laboratories, 
Inc., Knoxville, Tenn. Melting points are uncorrected. 
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