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Abstract: 6,7-Dimethoxy-l,2-dimethyl-eA:o-2-benzonorbornenyl p-nitrobenzoate (9-OPNB) and chloride (9-Cl) solvolyze 
more rapidly than the corresponding unsubstituted l,2-dimethyl-«co-2-benzonorbornenyl derivatives (6-OPNB and 6-Cl) by 
factors of from 16 (9-OPNB in 90% acetone) to 131 (methanolysis of 9-Cl). The rate acceleration by the homopara methoxy 
substituent shows that solvolysis involves assisted ionization in this tertiary exo-2-benzonorbornenyl system. Solvolysis of opti­
cally active 9-OPNB in 90% acetone gives 6,7-dimethoxy-l-methyl-2-methylenebenzonorbornene (12) with 24-40% retention 
of configuration and 6,7-dimethoxy-l,2-dimethyl-e.xo-2-benzonorbornenol (9-OH) with 3-4% retention. Results for methano­
lysis are similar; the El and SNI products (12 and 9-OMe) are formed with 16 and 2% retention. Methanolysis of active 9-CI 
also gives slight excess retention of configuration. The kinetic and product studies show that the bridged intermediate formed 
by assisted ionization is not symmetrical. Evidently, in the l,2-dimethyl-2-benzonorbornenyl system the unsymmetrical homo-
benzylic ion (8a and 10) is more stable than a symmetrical bridged species. 

Two independent criteria establish that solvolysis of exo-
2-benzonorbornenyl derivatives (1) involves assisted ionization 
to give a symmetrical carbonium ion system (2). One of these 

is the effect of substituents in the aromatic ring on solvolytic 
reactivity1 and the other is the symmetry properties of the 
product-forming intermediate.2 It should also be noted that 
the large exo/endo rate ratio (~15 000 for acetolysis of the 
2-benzonorbornenyl brosylates as compared to ~350 for the 
2-norbornyl system) clearly indicates phenyl participation in 
the exo isomer (1-OBS).3"6 Or to put it another way, the 
rate-retarding inductive effect of the aromatic ring is largely 
offset by anchimeric assistance in the exo, but not in the endo, 
isomer. 

Solvolytic reactivity of exo-2-benzonorbornenyl derivatives 
(1) is sensitive to substituents at C-6, the homopara position. 
For example, a 6-methoxyl substituent accelerates the rate by 
factors of 150 (acetolysis of l -OBS) l a to 210 (solvolysis of 
1-Cl).lb'e A 6-nitro substituent has a dramatic rate-retarding 
effect.lc'e Only minor substituent effects are observed in the 
endo system. Thus, the substituent effect for the exo epimer 
is a clear demonstration of aryl participation. 

With regard to the symmetry criterion, the pertinent evi­
dence is that optically active 1 gives completely racemic pro­
ducts.23 This suggests that solvolysis involves assisted ionization 
to give a symmetrical bridged carbonium ion system (2) rather 
than unassisted ionization to give the asymmetric classical ion. 
Two points of view have been expressed with regard to struc­
tural details (symmetry) of the bridged 2-benzonorbornenyl 
cation involved in solvolytic reactions. One holds that the 
symmetrical structure 2a is the most stable one,2-5 the other 
that 2a is a low-lying transition state connecting enantiomeric 

bridged structures (2c).4,5 We tend to favor a static symmet­
rical representation (e.g., 2a or 2b7) because all evidence2 in­
dicates that the only capturable intermediate is symmetrical 
and this seems to be as good as any operational criterion for 
making such distinctions. It should also be noted that 1H and 
13C NMR spectra of the cation under stable ion conditions 
(—78 0 C, superacid) show that the ion is symmetrical on the 
NMR time scale and that positive charge is delocalized into 
the aromatic ring.7 This rules out equilibrating enantiomeric 
classical ions. The NMR data have been interpreted in terms 
of a static symmetrical benzonortricyclyl cation (2b).7 

The 2-methyl-exo-2-benzonorbornenyl system (3) has been 
investigated to determine if changing structure from secondary 
to tertiary results in change from assisted (k&) to unassisted 
(/cc) solvolysis.8 In other systems, replacement of an a hydro­
gen by a methyl substituent increases unassisted ionization (kc) 
about 108 fold9 and kA about 102-103 fold.10 Thus if k±/kc 

(anchimeric acceleration) is <105 for the secondary exo-2-
benzonorbornenyl system (1), unassisted ionization might 
dominate in the tertiary system (3). 

3 .k 4 

5 
In the earlier work8 it was observed that a 6-methoxyl sub­

stituent in 3 increases the rate of solvolysis of the tertiary 
exo-p-nitrobenzoate (3-OPNB) by a factor of 17. Only a 
minor effect is observed with the endo epimer. Clearly, sol­
volysis of 6-methoxy-3 involves assisted ionization. The sit­
uation for the parent tertiary system (3) is not clear because 
the 6-methoxyl may cause a switch from unassisted solvolysis 
(kc > ^A) for 3 to assisted solvolysis (k& > kc) for 6-me-
thoxy-3. In the tertiary 2-methyl-2-benzonorbornenyl system 
the symmetry criterion is not applicable. 

Recently, we investigated the 1,2-dimethyl-exo-2-benzo­
norbornenyl (6) system.11 In this tertiary 2-benzonorbornenyl 
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Table I. Titrimetric (A:t) and Polarimetric (ka) Rate Constants for 
Solvolysis of 9-OPNB 

Temp, °C 103fet, min"1 103ftg, min"1" 

A. 90% Acetone (v/v)6 

78.3 0.125 ±0.001c 0.206 ±0.001c 

100.1 1.20±0.01c 2.25 ±0.01 
123.4 10.6 ± 0.2C 

B. Methanol'' 
78.3 1.18 ±0.05 1.64 ±0 .01 ' 
68.4 0.363 ±0.005 0.544 ±0 .01 ' 

" Solvent contained ~20% excess 2,6-lutidine. * Substrate con­
centration ~0.02 M. c Average of two or more independent experi­
ments. d Substrate concentration 0.0038 M. e Average of constants 
for rotations at four wavelengths. 

system the additional 1-methyl substituent restores the sym­
metry criterion. Since the 1 -methyl substituent has only a small 
accelerating effect in 6 (~5)1 2 and in the tertiary 5-norbor-
nen-2-yl (~3)1 2 and 2-norbornyl (~4)1 3 systems, it appears 
that this substituent has no significant effect on the nature of 
the ionization. The small effect of the 1-methyl substituent is 
consistent with assisted10 as well as unassisted solvolysis. 

In our earlier work1' we observed that solvolysis of optically 
active 6-OPNB and 6-Cl gives active El (57-81% retention) 
and S N I products (3-9% retention) and concluded that sol­
volysis involves the asymmetric classical ion (7) and that evi­
dently ionization changes from assisted in the secondary 2-
benzonorbornenyl system (1) to unassisted in the tertiary 
system 7. This cavalier conclusion was based on the assumption 
that the bridged homobenzylic ion is symmetrical (8b or 8c). 

H-6 k4 (-)-7 W-7 

(-)-8a W-8a 

8 b 8c 
We now present evidence that this assumption is not valid and 
that in fact in the 1,2-dimethyl-exo-2-benzonorbornenyl sys­
tem the delocalized homobenzylic bridged ion evidently is 
unsymmetrical (8a) and thus, formation of active product from 
active 6 does not rule out assisted ionization. 

In the present work we have examined the 6,7-dimethoxy-
l,2-dimethyl-exo-2-benzonorbornenyl system (9)14 '15 and 

(-)-9 (-MO (0-1O 

from the rate-accelerating effect of the methoxyl substituents 
(the entire effect is due to the homopara methoxyl substitu­
ent)16 it is apparent that solvolysis of 9 involves anchimeric 
assistance. However, optically active 9 also gives active El and 
S N I products which shows that assisted ionization leads to an 
unsymmetrical intermediate. 

Table II. Rate Constants for Methanolysis of 9-Cl 

Temp, 0C 103fet,a'6min-' 103A:a,
c min"1 

0.00 6.08 ± 0.06 
10.15 20.78 ±0.7* 31.3 ±1.6« 
10.15 20.81 ±0.8' ' 35.0 ±1.0/ 
17.00 45.0 ± 1 

" Substrate concentration 0.0032 M. * Solution kept basic; small 
increments of NaOCH3 added when end point reached. c Substrate 
concentration 0.102 M. d Reaction mixture acidic except when ti­
trated. e 2,6-Lutidine concentration 0.103 M. /2,6-Lutidine con­
centration 0.2 M. 

The preparation of racemic and optically active 6,7-dime-
thoxy-1,2-dimethyl-exo-2-benzonorbornenyl derivatives (9) 
and determination of absolute rotations and configurations 
have been described elsewhere.14-15 In the present work we 
were interested in the effect of the C-6 (homopara) methoxyl 
substituent on solvolytic reactivity and symmetry properties 
of the product-forming intermediate. The reason for the ad­
ditional 7-methoxyl substituent in 9 is that an optically active 
precursor for 9 can readily be prepared by asymmetric hy-
droboration14 whereas the optically active system with a single 
6-methoxyl substituent would presumably involve a resolution. 
In other work we have shown that in both secondary and ter­
tiary 2-benzonorbornenyl systems, the effect of 6,7-dimethoxy 
substituents is the same as that of a single 6-methoxyl sub­
stituent for both exo and endo isomers.16 Thus the additional 
7-methoxyl substituent in 9 does not interfere with the elec­
tronic effect of the homopara 6-methoxyl group. 

Titrimetric (Ic1) and polarimetric (ka) rate constants for 
solvolysis of 9-OPNB14 in 90% (v/v) aqueous acetone and 
methanol are presented in Table I. All rates are first order and 
in each case ka > kt. This shows that solvolysis is accompanied 
by internal return that results in re-formation of racemic 
substrate. 

For the polarimetric experiments, a slight excess of 2,6-
lutidine was added to the solvent to neutralize the acid pro­
duced by solvolysis. Under these conditions initially formed 
products are optically stable. Without lutidine, active products 
undergo subsequent racemization which disturbs the polari­
metric measurements. In both 90% acetone and methanol, ka 

was unaffected by variation of 2,6-lutidine concentration over 
the range 0.02 (slight excess) to 0.04 M (twofold excess). Thus 
in these cases presumably the lutidine has no effect on the rate 
of solvolysis (kt). 

Kinetic data for the methanolysis of 9-Cl15 are shown in 
Table II. Again good first-order behavior was observed. Rel­
atively high concentrations of 9-Cl (~0.1 M) were required 
for the polarimetric measurements because of the low optical 
purity and rotation of the chloride.'5 At these concentrations 
ka increases with lutidine concentration, and presumably in 
this case ka would be somewhat lower under conditions of the 
titrimetric experiments. 

Relative solvolytic reactivities of l,2-dimethyl-exo-2-nor-
bornyl (11), 1,2-dimethyl-exo-2-benzonorbornenyl (6), and 
6,7-dimethoxy-1,2-dimethyl-exo-2-benzonorbornenyl (9) 
p-nitrobenzoate and chlorides are presented in Table III. For 
these comparisons, temperatures were selected to eliminate 
or minimize extrapolation of rate constants. The tertiary 
norbornyl system (11) is included to illustrate the magnitudes 
of the net rate-retarding effect of the aromatic ring in the 
tertiary 2-benzonorbornenyl systems. 

These data show that in every case, the homopara 6-meth­
oxyl substituent in 9 has an appreciable rate-accelerating ef­
fect. The methoxy substitutents increase kt by factors of 16 for 
solvolysis of 9-OPNB in 90% acetone and 131 for methanolysis 
of 9-Cl. In this connection it is significant that the chlorides 



2508 Journal of the American Chemical Society / 100:8 / April 12, 1978 

Table III. Rates and Relative Rates of Solvolysis of Tertiary exo-
2-Norbornyl (11) and gxo-2-Benzonorbornyl Derivatives (6 and 9) 

Compd 

11-OPNB" 
6-OPNB* 
9-OPNBc 

11-CH 
6-Cl<> 
9-CK 

11 -OPN Bf 
6-OPNB* 
9-OPNBc 

ReI 
kt, min - 1 rate 

A. Methanolysis, 78 
4 . 3 5 X 1 0 - 3 79 
5.50 X l O - 5 1 
1 .14X10- 3 21 

B. Methanolysis, 17 ' 
8.8 X l O " 2 256 
3.43 X l O - 4 1 
4.50 X l O " 2 131 

C. 90% Acetone, 100 
7 .99X10-3 104 
7.62 X 10~5 1 
1.20X10-3 16 

ka, min ' 
0C 

7.08X 10-3 
7.45 X IO-5 

1.59 X IO"3 

5C 

0C 
1.07 X 1O-2 

9.03 X 10- 5 

2.25 X IO - 3 

ReI 
rate 

95 
1 

21 

118 
1 

25 

" Taken from data in ref 17. * Extrapolated from data in ref 11. 
c Taken from Table I. d Extrapolated from data in ref 18. e Taken 
from Table II. f Taken from ref 17. * Taken from ref 11. 

are much more reactive than thep-nitrobenzoates. Extrapo­
lation of kt for methanolysis to 50 0C shows that the chlorides 
are more reactive than the corresponding p-nitrobenzoates by 
factors of 104-5 for 11, IO4-2 for 6, and IO4-6 for 9. Thus, the 

effect of the homopara methoxy substituent is relatively in­
sensitive to large variations in reactivity that result from 
changing the leaving group. 

The magnitude of the dimethoxy substituent effect for sol­
volysis of 9-OPNB in 90% acetone (16-fold increase in Jtt) is 
essentially the same as that observed earlier for the 2-
methyl-2-benzonorbornenyl system (3) (17-fold increase in 
fct).

16 A single 6-methoxyl substituent in 3-OPNB also in­
creases kt 17-fold for solvolysis in 50% acetone.8 

From the rate-accelerating effect of the methoxyl substit-
uents in 9 it is apparent that aryl participation is involved in 
this tertiary exo-2-benzonorbornenyl system. Moreover, there 
is evidence that ionization has not changed from unassisted 
(kc) for 6 to assisted (k±) for 9. The effect of the homopara 
methoxyl substituent is essentially the same for solvolysis in 
methanol, 50% acetone, and 90% acetone even though there 
is a large difference in overall rates. It seems unlikely that 
solvent effects are the same for kc and k± and one would expect 
a different substituent effect for different solvents if both types 
of ionization were involved. From this we conclude that sol­
volysis of 6, as well as solvolysis of 9, involves assisted ioniza­
tion. In this connection it is significant that under stable ion 
conditions, the l,2-dimethyl-2-benzonorbornenyl cation is 
symmetrical on the NMR time scale.19 Moreover, the 13C 
NMR spectrum indicates that some positive charge (although 
less than for the secondary 2-benzonorbornenyl system) is 
delocalized into the aromatic ring. This is supporting evidence 
that solvolysis of 6 involves equilibrating enantiomeric bridged 
ions (8) instead of equilibrating classical ions (7). 

Under conditions of the polarimetric experiments solvolysis 
of 9-OPNB14 in 90% acetone at 100 0C gives 69% 9-OH,14 

30% 6,7-dimethoxy-1 -methyl-2-methylenebenzonorbornene 
(12),14-15 and about 1% of a second El product, 6,7-dime­
thoxy- 1,2-dimethylbenzonorbornadiene (13). In methanol the 
products are 95% 9-OCH3, 5% 12, and a trace of 13. Metha­
nolysis of 9-Cl15 gives 98% 9-OCH3, 1.5% 12, and ~0.5% 13. 
In all cases the product believed to be 13 was formed in 

M e 0<O) 
MeO 

13 

amounts too small for positive identification. Product com­
positions were determined by capillary GC. 

The conditions for the product studies were the same as for 
the polarimetric measurements. Product distributions are 
summarized by eq 1 and 2 and data for solvolysis of optically 
active 9-OPNB14 are presented under these equations. For 
each experiment, the optical purity of the 9-OPNB and ob­
served rotations (measurable to within 0.001°) and optical 
purities14 of the S N I and El products are shown. The indicated 
optical purities of 9-OPNB have been corrected for racemi­
zation that results from ion-pair return by multiplication of 
the initial optical purity (84% for the first experiment) by 
kt/ka.

20 The optical purities of the products were determined 
by comparison of the indicated observed rotations of chloro­
form solutions, with values calculated from the absolute 
rotations14 for the same conditions. 

9-OPNB 

45% OP 
42% OP 
35% OP 
34% OP 

90% acetone 

100 0C 
69% 9-OH + ~ 1 % 13 + 30% 12 (1) 

0.010° (~2%) 
0.006° (~2%) 
0.003° (~1%) 
0.008° (~1%) 

1.172° (13%) 
0.459° (14%) 
0.198° (14%) 
0.406° (8%) 

methanol 

9-OPNB —>• 95% 9-OMe + 78 ' C 

39% OP 0.011° (<-

5% 12 

%) 0.039°(8%) 

(2) 

In some experiments products were isolated by preparative 
GC and in others by preparative TLC. After purification by 
sublimation, samples were shown to be homogenous by capil­
lary GC and by spectral properties. In all cases the origins of 
the observed optical activities were established by comparison 
of ORD properties with those of authentic active samples.14 

Products were isolated after 8-10 solvolytic half-lives. In 
a control experiment, racemic 9-OPNB was solvolyzed in 90% 
acetone containing sufficient optically active 12, the El 
product, to give a measurable rotation. There was no detectable 
change in rotation over a period of 10 half-lives. The same 
results were obtained when active 9-OH (SNI product) was 
added at the outset. Similar results were observed for metha­
nolysis. Thus, the initially formed products are optically stable 
under conditions of the product studies. 

As shown by the data under eq 1 and 2, solvolysis of optically 
active 9-OPNB gives active S N I and El products. In 90% ac­
etone 9-OH and 12 are formed with 3-5 and 24-40% retention, 
respectively. For methanolysis the S N I product (9-OCH3) and 
El product (12) are formed with about 3 and 21% retention 
of configuration. 

Methanolysis of optically active 9-Cl15 also leads to S N I 
product (9-OCH3) with some excess retention of configuration. 
Not enough El product is formed for isolation. The chloride 
could not be obtained with high optical purity15 and purifica­
tion resulted in additional racemization. The homogenous 
samples available for the product studies were only about 8% 
optically pure and correction for ion-pair return lowers the 
average optical purity for solvolysis to ~5%. Rotations of iso­
lated homogenous samples of 9-OCH3 were too low for 
meaningful quantitative determinations. However, in all cases 
small rotations corresponding to a few percent retention were 
observed. 

The kinetic studies (substituent effect) clearly show that 
solvolysis of 9 involves assisted ionization and the product 
studies show that an unsymmetrical product-forming inter-
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mediate is involved. Presumably ionization leads to the un-
symmetrical bridged homobenzylic ion (10) and the partial 
loss of configuration results from interconversion of enan­
tiomeric cations in competition with product formation. The 
results of the product studies are similar to those reported 
earlier for the parent l,2-dimethyl-exo-2-benzonorbornenyl 
system ( 6 ) n with regard to retention of configuration in the 
El and S N I products. In each case the El product is more 
active than the S N I product. This is also observed with 1,2-
dimethyl-exo-2-norbornyl (II)1 7-1 8 and l,2-dimethyl-5-nor-
bornen-exo-2-yl systems.12 

As noted earlier,"'12 the different amounts of retention for 
El and S N I products shows that they are derived from dif­
ferent intermediates. The present results for 9, as well as the 
results for 6, are accommodated by a mechanism proposed 
earlier22 in which most, if not all, of the E1 product is derived 
from the initially formed intimate ion pair and the SN 1 product 
is formed from a solvent-separated ion pair or a dissociated 
carbonium ion. According to this interpretation, the additional 
dissociation required for solvent capture is accompanied by 
additional racemization. The somewhat larger loss of config­
uration for solvolysis of 9 than for solvolysis of 6 suggests that 
the barrier for interconversion of the enantiomeric bridged ion 
is lowered by a homopara methoxyl substituent. 

It should be noted that in systems such as 6 and 9, substrate 
re-formed by ion pair return is presumably at least as active 
as the El product. Thus, lower limits for the rate constants for 
total ionization are ka/0.1 for solvolysis of 9-OPNB and 
ka/0.3 for solvolysis of 6-OPNB. 

Experimental Section 

Optical rotations were determined with a Perkin-Elmer 141 po-
larimeter and NMR spectra were obtained with a JEOL MH-100 
spectrometer. 

Materials. Methanol and 90% acetone were prepared as described 
earlier.12 The preparation of racemic and optically active 6,7-dime-
thoxy-l,2-dimethyl-exo-2-benzonorbornenyl p-nitrobenzoate (9-
OPNB)14 and chloride (9-Cl)15 have been described elsewhere. 
Absolute configurations and rotations of 9 and the solvolysis products 
have been established14'15 and the structural illustrations show the 
correct absolute configurations. 

Kinetic Studies. A. Solvolysis of 6,7-Dimethoxy-l,2-dimethyl-
exo-2-benzonorbornenyl p-Nitrobenzoate (9-OPNB). The titrimetric 
(kt) and polarimetric (ka) rate constants in Table I were determined 
by a standard ampule technique described earlier.12'23 Reactions were 
followed to ~75% completion and good first-order behavior was ob­
served in all cases. A control experiment demonstrated that under the 
conditions for methanolysis of 9-OPNB, p-nitrobenzoic acid produced 
by solvolysis does not undergo detectable esterification with the solvent 
(no change in titer when a 0.02 M solution of p-nitrobenzoic acid in 
methanol is heated for a period corresponding to 10 half-lives). 

In the polarimetric exteriments, optical activity was not completely 
lost provided that 1 equiv of 2,6-lutidine was present. In a typical 
experiment the observed rotation, CX2J6, changed from an initial value 
of -1.457° to a final value of -0.131°. The constant final value in­
dicates that initially formed optically active products are optically 
stable under these conditions. This was confirmed by control experi­
ments outlined below. 

B. Methanolysis of 6,7-Diniethoxy-l,2-dimethyl-exo-2-benzo-
norbornenyl Chloride (9-Cl). The apparatus23 used for the titrimetric 
rates consisted of a glass-jacketed 100-mL volumetric flask containing 
a magnetic stirring bar and a microburet with a long tip that extended 
into the jacketed (thermostated) neck of the volumetric flask. The 
temperature of the stirred reaction mixture in the flask and of the 
contents of the buret tip was controlled by circulating thermostated 
fluid through the jacket of the well-insulated apparatus. 

In a typical experiment, 50 mL of purified methanol,12 containing 
lacmoid indicator, was placed in the volumetric flask. After temper­
ature equilibration at 10.15 °C, 42.8 mg (0.160 mmol) of 9-Cl, mp 
47-49 0C,14 was added to the stirred solution and the buret was put 
in place. The reaction was followed by periodic titration of the entire 
reaction mixture with 0.03 M sodium methoxide in methanol. Thus 

the solvent was unchanged by titration. The zero point titer (after 
complete mixing and temperature equilibration) was 0.008 mL and 
the final titer (after 10 half-lives) was 5.290 mL. Good first-order 
behavior was observed and rate constants were reproducible. The same 
method was used previously to determine kt for methanolysis of 6-Cl1' 
and H-Cl.18 

Variation of the amount of excess titrant has no effect on kv The 
rate is the same if the solution is kept basic (adding varying amounts 
of titrant as soon as the end point is reached) as if the solution is kept 
acidic (careful periodic titrations of the acid reaction mixture). 

The polarimetric rates were determined with a thermostated 1-dm 
all-glass jacketed polarimeter tube. Because of low rotations, higher 
concentrations (~0.1 M) were required than for the titrimetric rates 
(~0.003 M). In a typical experiment, 30.0 mg (0.112 mmol) of 
(-)-9-Cl15 was added to 1.10 mL of cold (MO 0C) methanol con­
taining 12.1 mg (0.113 mmol) of 2,6-lutidine. This solution was placed 
in a jacketed polarimeter tube and after temperature equilibration 
at 10.15 0C the observed rotation was a589-0.196°. The final rotation 
after 10 half-lives for kt was a^ -0.086 °. Good first-order behavior 
was observed and ka was reproducible. The final rotation was constant 
for an extended period. As shown in Table II, when the amount of 
2,6-lutidine was doubled (0.2 M), ka increased about 10%. 

Product Studies. A. Solvolysis of 9-OPNB and 9-Cl. Conditions, 
including substrate and 2,6-lutidine concentration, were the same as 
for the corresponding polarimetric experiments included in Tables 
I and II. In typical cases, 50-mL batches of solution, sealed in 
heavy-walled ampules, were placed in a thermostat for 8 half-lives. 
Most of the solvent was removed under reduced pressure and the 
residue extracted with ether. The ether solution was extracted with 
aqueous sodium bicarbonate and washed with water. After drying 
(Drierite) the extract was concentrated. For solvolysis of 9-OPNB 
in 90% acetone the product composition (eq 1) was determined by 
capillary GC (SE-30 containing 2% Carbowax, 50 ft, oven and injector 
at 140 °C). Consistent results were obtained for a number of inde­
pendent experiments. 

For solvolysis of optically active 9-OPNB in 90% acetone, ho­
mogenous samples of 9-OH and 12 were isolated by preparative GC 
(10% FAPP on 45/60 Chromosorb W, 5 ft X V4 in., 140 °C) or by 
preparative TLC (E. Merck, 0.25-mm silica gel F-254 precoated 
plates) with 1:4 ether-hexane. Observed./?/values: 9-OH (0.33), 13 
(0.53), 12 (0.77). Capillary GC showed that homogeneous samples 
were obtained by both methods. 

For methanolysis of 9-OPNB, product compositions were also de­
termined by capillary GC (SE-30, 100 ft) and homogeneous samples 
of 9-OCH3 and 12 were separated by preparative GC (10% QF-I, 5 
ft X V4 in., 140 0C). The same methods were used for methanolysis 
of 9-Cl. 

B. Control Experiments. To 5 mL of a 0.02 M solution of racemic 
9-OPNB containing a 20% excess of 2,6-lutidine was added 125 mg 
of (-)-12. This solution had as46 -5.416°. After heating for 65 h at 
100 °C (6.5 half-lives) the rotation was a546 -5.406°. 

In a parallel experiments, 39.7 mg of (-)-9-OH was added instead 
of active 12. The rotation of the solution was Qi546 —0.276°. After 
heating for 65 h at 100 °C the rotation was the same. These experi­
ments show that the products are optically stable under the conditions 
of the product studies. 

Similar experiments showed that the products are optically stable 
under conditions of methanolysis of active 9-OPNB and 9-Cl. It was 
also shown that the compositions of synthetic mixtures of 9-OH (or 
9-OCH3), 12, and 13 are not changed by heating for 10 half-lives with 
the amount of /j-nitrobenzoic acid producted by solvolysis. 

Acknowledgment. This work was supported by the National 
Science Foundtion (MPS75-15879) and the Air Force Office 
of Scientific Research (AFOSR-71-1974). 

References and Notes 

(1) (a) D. V. Braddon, G. A. Wiley, J. Dirlam, and S. Winstein, J. Am. Chem. 
Soc, 90, 1901 (1968); (b) H. Tanida, H. Ishitobi, and T. Irie, ibid., 90, 2688 
(1968); (c) H. Tanida, H. Ishitobi, T. Irie, and T. Tsushima, Ibid., 91, 4512 
(1969); (d) H. Tanida, Ace. Chem. Res., 1, 239 (1968); (e) H. C. Brown and 
G. L. Tritle, J. Am. Chem. Soc, 90, 2689 (1968). 

(2) (a) W. P. Giddings and J. Dirlam, J. Am. Chem. Soc, 85, 3900 (1963); J. 
P. Dirlam, A. Diaz, S. Winstein, W. R. Giddings, and G. C. Hanson, Tetra­
hedron Lett., 3133 (1969); (b) S. J. Cristol and J. M. Sullivan, J. Am. Chem. 
Soc, 93, 1967(1971). 

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



2510 Journal of the American Chemical Society / 100:8 / April 12, 1978 

(4) P. R. Story and B. C. Clark, Jr., in "Carbonium Ions", Vol. Ill, G. Olah and 
P. v. R. Schleyer, Ed., Wiley, New York, N.Y., 1972, Chapter 23. 

(5) P. D. Bartlett, "Nonclassical Ions", W. A. Benjamin, New York, N.Y., 1955, 
p 314. 

(6) C. J. Lancelot, D. J. Cram, and P. v. R. Schleyer in ref 4, Chapter 27. 
(7) G. A. Olah and G. Liang, J. Am. Chem. Soc, 97, 2236 (1975). 
(8) J. P. Dirlam and S. Winstein, J. Am. Chem. Soc, 91, 5905 (1969). 
(9) J. L. Fry, J. M. Harris, R. C. Bingham, and P. v. R. Schleyer, J. Am. Chem. 

Soc, 92, 2540 (1970); P. G. Gassman and J. M. Pascone, ibid., 95, 7801 
(1973). 

(10) R. M. Coates and E. R. Fretz, J. Am. Chem. Soc, 99, 297 (1977). 
(11) H. L. Goering, C-S. Chang, and J. V. Clevenger, J. Am. Chem. Soc, 96, 

7602(1974). 
(12) H. L. Goering and C-S. Chang, J. Am. Chem. Soc, 99, 1547 (1977). 
(13) H. C. Brown and M. H. Rei, J. Am. Chem. Soc, 86, 5004 (1964). 

The stability of pyramidal arrangement of ligands around 
the three-coordinate sulfur atom causes the existence of optical 
isomerism in a large group of suitably substituted sulfinyl 
compounds of general structure shown below.3-4 Until now 

O 

Il 

R1 R2 

sulfoxides,5'6 sulfinates,3 thiosulfinate S-esters,7 sulfinamides,8 

unsymmetrical sulfites,9 amido sulfites,10 and amido thiosul-
fites10 belonging to this group of compounds have been ob­
tained in optically active forms. The majority have been pre­
pared mainly by means of the reactions of diastereomeric 
sulfinates and sulfinamides with organometallic reagents.6 

Some of them have been synthesized by asymmetric oxidation 
of the corresponding sulfenyl compounds or by means of other 
asymmetric syntheses." 

We now report a novel nonclassical method of resolution of 
chiral sulfinyl compounds via /3-cyclodextrin inclusion com­
plexes.1 2 Cyclodextrins (hosts) are optically active since they 
consist of optically active glucose molecules. Cyclodextrin 
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resolution of chiral O-alkyl alkylphosphonates, R(RO)P(O)H, 
via a- and /3-cyclodextrin inclusion complexes. In the present 
paper we describe our studies on the resolution of chiral sul­
foxides, sulfinates, and thiosulfinate S-esters. We should 
mention that until the present time 2,5-dithiaspiro[3,3]heptane 
2,5-dioxide15 and ethyl p-tolyl sulfoxide16 were the only chiral 
sulfur compounds which have been resolved by the nonclassical 
method by forming diastereomeric metal complexes containing 
optically active ligands. 

Resolution of Chiral Sulfoxides. During the first stage of our 
work on the resolution of chiral sulfinyl compounds via /3-
cyclodextrin inclusion compounds we attempted to resolve 
several alkyl benzyl sulfoxides (1), alkyl phenyl sulfoxides (2), 
and alkyl p-tolyl sulfoxides (3). The choice of sulfoxides for 

R-S—CH 2 Ph R — S - P h R—S—C6H4-CH3-P 
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these preliminary studies was dictated by two facts. The first 
is that they are chemically and configurationally stable. Sec­
ondly, specific rotations and absolute configurations of enan­
tiomeric sulfoxides are known4 and for this reason stereo-
specificity of the inclusion of sulfoxides into /3-cyclodextrin may 
be easily estimated. 

Resolution of sulfoxides was carried out according to the 
standard procedure elaborated by Cramer.13 The sulfoxides 
1, 2, and 3 in 5-molar excess were added to a 1.5% solution of 
/3-cyclodextrin in water. The precipitated inclusion compounds 
were decomposed by trichloroethylene-water at 60 0 C and the 
released, included sulfoxides isolated by column chromatog­
raphy. The optical rotations, optical purities, and absolute 
configurations of the included sulfoxides are given in Table 
I. 

It was found that the inclusion of sulfoxides 1-3 into /3-
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