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Abstract: Acetolysis of exo-dehydro-2-norbornyl-3-exo-t brosylate (1-3-exo-t- OBs) at 24, 45, or 65° gave in each case
about 50% rearrangement of the label from C-2,3 to C-1,4,5,6,7 in the product, 1-x-7- OAc, in agreement with the results
from 1-3-exo-d- OBs obtained by Cristol and coworkers. Degradation of the 1-x-z-OAc, however, showed that the distribu-
tion of the T label was approximately 12, 38, 38, and 12%, respectively, at C-2, C-3, C-1,4,7, and C-5,6, not a 50:50 split
over C-3 and C-7 as was previously assumed. It is suggested that the overall T distribution is the net result of a number of
contributing processes, including (1) formation of product from an equilibrating mixture of the Wagner-Meerwein related
homoallylic dehydronorbornyl cations 2a and 2b, (2) elimination to norbornadiene followed by addition of HOAc to give
scrambled 1-x-7- OAc, and (3) the occurrence of 3,2 hydrogen shift before product formation. A possible rationalization of

the discrepancies reported by previous workers is discussed.

Discrepancies in the extents of isotopic scrambling ob-
served in the exo-dehydro-2-norbornyl acetate obtained
from acetolysis of '“C- or D-labeled exo-dehydro-2-nor-
bornyl brosylate have been reported by two groups of work-
ers.12 In 1955, Roberts, et al.,' found that in the acetolysis
of exo-dehydro-2-norbornyl-2,3-14C, brosylate (1-2,3-
4C-OBs) at 45° in the presence of KOAc, 38% of the '“C
label was rearranged from the C-2,3 positions to the rest of
the carbon skeleton in the resulting exo-dehydro-2-nor-
bornyl-x- '4C acetate (1-x-'4C-OAc). On the other hand,
Cristol and coworkers? reported in 1966 that the acetolysis
of exo-dehydro-2-norbornyl-3-exo-d brosylate (1-3-exo-
d-OBs) at 24° in the presence of NaOAc gave a 1-x-d-
OAc product, the mass spectral analysis® of which showed
an essentially 50% rearrangement of the D label from C-2,3
to C-1,4,5,6,7. These differences prompted Lee and Hahn4
to study the reaction once more, using 1-2-endo-d- OBs as
the labeled reactant, It was found that both the results of
Roberts! and of Cristol? were essentially correct, and it was
thought that differences in reaction temperature might have
played a role in giving rise to the different extents of rear-
rangement. Recently, however, Cristol and Beimborn® rein-

vestigated the acetolysis of 1-3-exo-d-OBs under various
experimental conditions including the different tempera-
tures used by Lee and Hahn. Again about 50% rearrange-
ment was observed in all cases. Professor Cristol also indi-
cated that he has examined the data from the thesis of
Hahn, found no errors in the calculations, and was unable
to rationalize the difference between their results and those
of Lee and Hahn.# Since the mass spectral analysis of the
1-x-d- OAc from either 1-3-exo-d-OBS or 1-2-endo-d-
OBs gave only the overall rearrangement of the D label
from C-2,3 to C-1,4,5,6,7 based on fragmentation by the
retrograde Diels-Alder reaction,? we have decided to repeat
the investigation using 1-3-exo-t- OBs and degrade the 1-
x-1- OAc product in order to obtain more detailed informa-
tion which may help to explain the apparent discrepancies
in the published results.

In the acetolysis of 1-2,3-14C-OBs,! reaction via a rap-
idly equilibrating pair of enantiomeric homoallylic ions 2a
and 2b, or the intervention of a symmetrical ion such as 3,
would give rise to 50% rearrangement of the label from C-
2,3 to C-1,7 in the resulting 1-x- ' 4C- OAc. Since less than
50% rearrangement was observed,! a relatively slow equili-
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Table 1, Yields of Products Calculated from Isotopic Dilution for
Duplicate Runs in the Acetolysis of 1-3-ex0-r-OBs

% yield
AcD,
Reaction
temp, °C OAc
24e 0.75;0.45 5.4,6.1 57.2,69.7
45b 0.60;0.47 6.6;8.6 75.3,83.6
652 0.32:0.56 6.8,7.8 88.6; 87.3

@ Data on yields obtained from experiments different from those
whose products were degraded to give the data in Tables IT and III.
b Data on yields and on isotopic scrambling (Tables II and III)
were derived from the same experiments.

Table II, Specific Activities of Degradation Products of
3-Nortricyclenyl-x-t Acetate (4-x--OAc) from Duplicate
Acetolyses of 1-3-exo-t-OBs

Specific activity,® dpm/mmol X 1078

Hcé o&

Reaction

temp, °C
24 14.1;17.2 14.0;17.0
45 25.9,36.8 26.0; 37.0
635 23.1,22.7 23.1;22.8

eMeasured by a Jiquid scintillation counter, ® Assayed as the a-
naphthylurethane. ¢ Assayed as the semicarbazone.

8033

scribed by Cristol and coworkers2® except that the source
of label was NaBH;-t instead of LiAlD4. Acetolysis was
carried out with about 0.5 M 1-3-exo-1- OBs in the pres-
ence of a 10% excess of KOAc at 24, 45, and 65°, respec-
tively, for 11, 1, and 1 hr.* The yields of products, as esti-
mated by isotopic dilution, are given in Table I. It is of in-
terest to note that besides the previously reported products,
exo- dehydro-2-norbornyl acetate (1-x-7- OAc) and 3-nor-
tricyclenyl acetate (4-x-1-OAc), small amounts of the
elimination product, norbornadiene (5-x-t), were also de-
tected. Since isotopic dilution gave the actual yields of the
tritium containing products, it may be pointed out that the
relative yields of 1-x-1-OAc to 4-x-1- OAc for the reaction
at 24°, for example, would be 5.4:57.2 and 6.1:69.7 or 8.6:
91.4 and 8.0:92.0, for the duplicate runs, and this is in com-
plete agreement with a product ratio of 8:92 reported by
Cristol, et al.,2 for a typical solvolysis at 24°.

The acetate products, separated by preparative vpc, were
degraded. Conversion of the 4-x-1- OAc to the alcohol fol-
lowed by its oxidation to 3-nortricyclenone’ showed no sig-
nificant loss in T activity (Table II), indicating no detecta-
ble amount of T label at the C-3 position of the 4-x-7- OAc
product. The 1-x-t- OAc was hydrogenated to give exo-2-
norbornyl-x-z acetate which was converted to the alcohol
and degraded the usual way!?® through oxidation to 2-nor-
bornanone and to cis-cyclopentane-1,3-dicarboxylic acid
which in turn was converted to succinic acid to give the data

Table III, Tritium Distributions in the 1-x-r-OAc Product from Duplicate Acetolyses of 1-3-exo0-1-OBs

—~—————Specific activity,> (dpm/mmol) X 107 3%——m——
b ¢
Reaction [ —_—— Tritium content, %-—————— —
temp, °C OH 0 00H COOH C2¢  C3 C-147 C-56 €23 C14.56.7
24 1375 (100) 1205 (87.6) 709 (51.6) 158 (11.5) 12.4 36.0 40.1 11.5 48 .4 51.6
1230 (100) 1080 (87.8) 626 (50.9) 156 (12.7) 12.2 36.9 38.2 12.7 49.1 50.9
45 2400 (100) 2120 (88.3) 1243 (51.8) 313(13.0) 11.7 36.5 38.8 13.0 48.2 51.8
2950 (100) 2650 (89.8) 1485 (50.3) 399 (11.3) 10.2 39.5 38.8 11.5 49.7 50.3
65 1050 (100) 912 (86.9) 507 (48.3) 153 (14.6) 13.1 38.6 337 14.6 51.7 48.3
818 (100) 723 (88.4) 410 (50.1) 122 (14.9) 11.6 38.3 35.2 14.9 49.9 50.1

« Measured by a liquid scintillation counter; numbers in parentheses are the activities expressed as a percentage of the total activity in the
2-norbornanol. » Assayed as the a-naphthylurethane. ¢ Assayed as the semicarbazone. ¢ %, activity in 2-norbornanol — % activity in 2-nor-
bornanone. ¢ % activity in 2-norbornanone — % activity in cis-cyclopentane-1,3-dicarboxylic acid. / % activity in cis-cyclopentane-1.3-di-

carboxylic acid — 77 activity in succinic acid. 7 Equal to the % activity in the succinic acid.

bration was postulated so that the initially formed homoal-
lylic ion 2a would be partly trapped by solvent before its
isomerization to 2b or to 3. On the other hand, the 50%

Az

rearrangement observed by Cristol, ef /., %3 in the acetoly-
sis of 1-3-exo-d- OBs, was interpreted as in support of 3 or
rapidly equilibrating 2a and 2b, and it was assumed by
these workers that the 1-x-d- OAc product would have a
50:50 distribution of the D label over C-3 and C-7. How-
ever, the present work with 1-3-exo-t-OBs (vide infra)
shows that the scrambling of the T label in the 1-x-7- OAc
product is much more complex than an equal distribution
over C-3 and C-7, the T activity being present at C-2, C-3,
C-1,4,7, and C-5,6. These results thus indicate the occur-
rence of scrambling processes other than, or in addition to,
the previously assumed reaction vie 3 or equilibrating 2a
and 2b.

1-3-exo-1- OBs was prepared from the corresponding al-
cohol obtained from hydroboration of norbornadiene as de-

5+

2a

summarized in Table I1I.

While the data in Tables I and III do show some varia-
tions between different experiments in both per cent yields
of the three products and T contents in the various positions
of the 1-x-r-OAc product, in all cases the overall rear-
rangement of the T label from C-2,3 to C-1,4,5,6,7 did turn
out to be about 50%. These experiments in effect have re-
produced the results of Cristol and Beimborn,® but the T
distribution in the 1-x-1- OAc is certainly much more com-
plex than the assumption of a 50:50 split over C-3 and C-7.
All previous interpretations!-24> of the isotopic scrambling
data are, therefore, inadequate since the possibility of ex-
tensive scramblings as found in the present work has never
been considered.

Examination of the data in Table III suggests that the
only discernible trend may be that the rearrangements of
the label to C-1,4,7 and to C-5,6, respectively, are some-
what lower and somewhat higher at the higher temperature
of 65°. If this trend is real, it could suggest a somewhat
higher activation energy for the scrambling to C-5,6 than to
C-1,4,7. A possible route for the scrambling of the label to
C-5,6 may be a 6,2 (or 5,3) type of hydrogen shift, for ex-
ample, involving ion 2a (eq 1). Such a process would predict
that the resulting 3-nortricyclenyl acetate should contain
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1-0-t-0Ac 4-3-t0Ac

some T label at C-3. The data given in Table II indicate
that this is not the case, thus effectively eliminating 6,2 type
of shifts as a factor in accounting for the T activity at C-
5,6.

Since norbornadiene (5-x-¢) is found as a minor product
in the reaction (Table I), a plausible pathway for locating
the T label at C-5,6 is a process of elimination-addition.
Cristol and coworkers®® have shown that HOAc could add
to §, with or without catalysis by mineral acid, to give 1-
OAc and 4-OAc and some scrambling of the D label from
C-2,3 to C-1,4,5,6,7 was also observed in the 1-OAc-x-d
when the reaction was carried out with HOAc-O-d. In the
present work, it was found that when ordinary, unlabeled
1-OBs was solvolyzed in HOAc-O-t, tritium activity was
taken up in both acetate products, 1-OAc and 4-OAc, as
given in Table IV. These findings thus lend further support
to the occurrence of the elimination-addition process dur-
ing the acetolysis of 1-OBs.

The stereochemistry of the elimination-addition reaction
under the conditions of the acetolysis is not known. If only
cis elimination occurs with 1-3-exo-t- OBs, only unlabeled
norbornadiene (5) would be formed, and this seems unlikely
since T containing 5 was found as a product (Table I).
Purely trans elimination would give rise to 5-2-z, while in
an elimination proceeding via the initially formed ion 2a,
loss of T+ or H* from C-3 could occur resulting in the for-
mation of § and 5-2-1 (eq 2).

Addition of HOAc to 5-2-r would give rise to a 1-x-1-
OAc product with the T label located at C-2,3 and C-5,6,
and possibly also at C-1,7 if rearrangement occurs in the
addition via equilibrating 2a and 2b (e.g., eq 3).

5-2-t l l

1-7-t-0Ac
(3)
In selected experiments carried out for the comparison,
the specific activity of the 1-x-z- OAc product, undiluted by
any inactive carrier, was found to be about 1.5% less than
the corresponding starting material, 1-3-exo-¢- OBs, indi-
cating the possibility of a slight loss of T activity, probably
via elimination to unlabeled 5. On the other hand, the spe-
cific activity of the major product, 4-x-1- OAc, was nearly
the same (more than 99.5%) as that of the reactant, 1-3-
exo-t- OBs, suggesting that elimination-addition may be
relatively much less important in the formation of this
major product. Since the product ratio of 1-x-1- OAc to 4-

Table IV. Tritium Uptake in the Products,
exo-Dehydro-2-norbornyl Acetate (1-OAc) and 3-Nortricyclenyl
Acetate (4-OAc), from Acetolysis of 1-OBs in HOAc-0-t

Reac-

tion Specific activity,

temp, ——-(dpm/mmol) X 1073%———~ —~-9 exchange*——
°C  HOAc-0O-t 1-OAc 4-OAc 1-OAc 4-OAc
45 9870; 9870 420,380 170;228 4.3;3.9 1.7,2.3
65 9870; 9870 413,410 162;216 4.2;4.2 1.6;2.2

o Specific activity of 1-OAc or 4-OAc as a per cent of specific
activity of the HOAc-0O-:.

x-t-OAc is about 8:92, a minor process such as elimination-
addition could materially affect the overall T distribution in
the 1-x-1- OAc while exerting relatively little influence on
the overall T distribution in the 4-x-7- OAc. In this connec-
tion, it may be pointed out that even if the addition of
HOAC to 5-2-t were to give rise to some 4-x-t- OAc besides
the 1-x-1- OAc, since elimination-addition is a relatively
minor process, and since only one-fourth of the T activity
from this minor process could end up at C-3 of 4-x-t- OAc,
the net amount of T activity at the C-3 position of this
major product, 4-x-7- OAc, should be negligibly small, as
was observed (Table IT).

From Table III, it is seen that the averaged T distribu-
tion in the 1-x-z- OAc product derived from the acetolysis
of 1-3-exo-t- OBs is approximately 12, 38, 38, and 12%, re-
spectively, for C-2, C-3, C-1,4,7, and C-5,6. If it is assumed
that the activity at C-5,6 is derived from elimination-addi-
tion, the process should give rise to a similar amount of ac-
tivity at C-2,3. Since the activity at C-2 alone is about the
same as the sum of the activities at C-5 and C-6, some addi-
tional process leading to more scrambling to C-2 is re-
quired. Such a process may be a 3,2 hydrogen shift, possibly
involving ion 2a as depicted by eq 4. It may be noted that eq

E{ . T —» 1:240Ac (4)

h+

2a

4 involves an endo-endo 3,2 hydrogen shift, which has been
regarded as an unfavorable process in the analogous exo-
2-norbornyl system. However, endo-endo 3,2 hydrogen
shifts have been reported by Wilder and coworkers'? and
more recently by Olah and Liang.!!

While it is difficult to devise a detailed mechanism to ac-
count for all the results recorded in Tables I, II, and III, it
is clear from the above discussion that, qualitatively, a
number of scrambling processes may be considered as con-
tributing to the overall T distribution in the acetolysis prod-
uct, 1-x-1-OAc. Following the suggestion of Story and
Clark'? that homoallylic ions should be formulated as sim-
ply as possible, the present results may be interpreted in
terms of the Wagner-Meerwein related ions 2a and 2b
without invoking ion 3. The extensive isotopic scrambling in
the 1-x-1- OAc could arise from product formation after (1)
equilibration of 2a with 2b, (2) 2a undergoing elimination-
addition, and (3) 2a undergoing 3,2 hydrogen shift. The
suggested occurrence of elimination-addition (process 2)
and 3,2 shift (process 3) besides equilibration between 2a
and 2b (process 1) could also provide a possible rationaliza-
tion for the discrepancies reported by Roberts! and Cristol.?
In the work of Cristol with 1-3-exo-d- OBs,? as in the pres-
ent work with 1-3-exo-1-OBs, both elimination-addition
(process 2) and 3,2 shift (process 3) could involve either H
or the labeled atom at C-3. On the other hand, when the

Journal of the American Chemical Society | 96:26 | December 25, 1974


file:///-x-t-
file:///-3-exo-t-OBs
file:///-3-exo-t-

label is '4C at the C-2,3 positions, neither of these two pro-
cesses would directly involve the isotopic label. Therefore,
the net rearrangement from C-2,3 to C-1,4,5,6,7 in the two
reactions should be different since the relative contributions
from processes 1, 2, and 3 to the overall label distribution
would be different in the two cases. On the other hand,
agreement was noted when the labeled reactant was 1-2-
endo-d-OBs* and 1-2,3-14C- OBs! since processes 2 and 3
also would not affect the label in the reaction with 1-2-
endo-d-OBs. Finally, it may be repeated that the present
work with 1-3-exo-t- OBs and the work of Cristol, et al., 25
with 1-3-exo-d- OBs are in agreement insofar as the 50:50
gross distribution between C-2,3 and C-1,4,5,6,7 is con-
cerned, but the scrambling of the labeled atom is shown to
be much more extensive than simply an equal distribution
between C-3 and C-7.

Experimental Section

Solvolyses. A solution of 4.0 to 8.0 g of 1-3-ex0-1-OBs and 1.1
equiv of KOAc in 25-50 ml of HOAc was allowed to react at 65,
45, or 24° for 1, 1, or 11 hr, respectively. The resulting material
was poured into cracked ice and then extracted with petroleum
ether. The extract was washed with H,O, Na,COj; solution, and
again with H,O and then dried over anhydrous MgSOy. After re-
moval of the solvent, the main products, exo- dehydro-2-norbornyl-
x-1 acetate (1-x-t- OAc) and 3-nortricyclenyl-x-t acetate (4-x-t-
OAc), were recovered by preparative vpe (25% Carbowax 20M on
Chromosorb P at 150° or 20% Ucon polar 50-HB-2000 on Chro-
mosorb P at 160°). When necessary, ordinary 1-OAc and 4-OAc
were added as carriers to give sufficient amounts of these products
for degradation.

As an illustration of the use of isotopic dilution in the estimated
of yields, the following example gives the data from which one set
of yields given in Table I was calculated.

After treatment of 214 mg of 1-3-exo-1- OBs, specific activity
187,000,000 dpm/mmol, at 24° for 11 hr, 1011 mg of norborna-
diene (5), 125 mg of 1-OAc, and 860 mg of 4-OAc were added as
carriers. Samples of these three diluted products were obtained by
vpc, and their specific activities were found to be 83,000,
7,800,000, and 11,450,000 dpm/mmol, respectively, for the recov-
ered 5, 1-OAc, and 4-OAc.

If x = mg of 5 produced in the reaction, 187,000,000(x /92.1)
= 83,000[(x + 1011)/92.1], and x = 0.45 mg.

Since the theoretical yield of 5 from 214 mg of 1-OBs is 59.3
mg, the yield of 5 is (0.45/59.3) X 100 = 0.75%.

Similarly, the yields of 1-OAc and 4-OAc, respectively, were
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calculated to be 5.4 and 57.2% for this experiment.

Degradation. Treatment of 4-x-1-OAc with LiAlH4 gave 4-x-
t-OH which was oxidized to the corresponding ketone with CrOs
in HOAc as described by Schaeffer.” The samples of 1-x-t- OAc
were hydrogenated to give exo-2-norbornyl acetate,! converted to
exo -2-norbornanol by reaction with LiAlH,4, and then degraded to
give the T distribution as described previously.!:® The degradation
involved the oxidation of part of the exo-2-norbornanol with CrO;
in HOAc to 2-norbornanone and the oxidation of another portion
of the exo-2-norbornanol with alkaline KMnOy to cis-cyclopen-
tane-1,3-dicarboxylic acid which in turn was converted to cis-cy-
clopentane-1,3-diamine followed by oxidation to succinic acid.
When the 1-3-ex0-1- OH used to prepare the starting material, 1-
3-exo-1- OBs, was hydrogenated to exo- 2-norbornanol-3-exo-t, as
expected its oxidation to 2-norbornanone showed essentially no loss
of activity, while its conversion to cis- cyclopentane-1,3-dicarboxy-
lic acid resulted in the complete loss of the T label. To ascertain
that there was no complication arising from isotopic exchange dur-
ing the degradation, it was found that oxidation of unlabeled exo-
2-norbornanol with CrQO; in HOAc-0-¢ resulted in an inactive 2-
norbornanone and that conversion of unlabeled cis- cyclopentane-
1,3-dicarboxylic acid to succinic acid in the presence of HO-t
showed that the succinic acid, recrystallized from H;O, was not ra-
dioactive.
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