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Gentle warming of the title sulfonium salt 1 in aqueous buffer medium afforded an intramolecularly cyclized 
ether 2 and p-nitro(methylthio)benzene, resulting from attack of the 9-hydroxyl oxygen on the em-2-methylene 
carbon. This reaction pattern and the conditions required differ from the reported intermolecular nucleophilic a t -  
tack on a series of aromatic-substituted phenyldimethylsulfonium salts and also, from the hydrolysis of the epimer, 
(endo-2-ylmethy1)sulfonium compound 16. The reaction of 1, which may be considered a model reaction of the bio- 
logical alkylating agent S-adenosyl-L-methionine, was subjected to  extensive kinetic studies over a wide pH range 
in aqueous buffered medium. Evidence was obtained for important participation of the anti-9-hydroxyl group and 
for catalysis effects of general bases. The water-catalyzed rate constant for 1 was kHpO = 5.13 X s-* a t  25 "C. 
When this was compared to the rate evaluated for the hydrolysis of (p-nitropheny1)dimethylsulfonium perchlorate 
(18), the effective molarity was calculated to be -5 X lo4 M. 

Nucleophilic attack a t  a carbon atom adjacent to elec- 
tron-deficient trivalent sulfur (sulfonium compounds) is of 
biochemical importance. For example, S-adenosylmethionine, 
which is a principal coenzyme associated with biological 
methylation, undergoes not only methyl transfer, but also 
nucleophilic attack at  the two methylene carbons attached to 
the sulfur An enzymatic reaction of the latter kind 
has been observed in the conversion of S-adenosylmethionine 
to a-amino-y-butyrolactone (eq 1). This reaction presumably 

-O\ 
+ /c=o 

I I +  
Adenosine-SCH,CH,CH 

CH, NH, 

/O\ 
--+ Adenosine-SCH, + CH? C=O (1) 

I I 7 +  

CH?-CHhH, 

proceeds by intramolecular nucleophilic attack of the car- 
boxylate ion on the four-carbon chain attached to the sulfur. 

0022-326317911944-0325$01,00/0 

Study of the enzyme mechanism is considerably aided by 
mechanistic studies on analogous nonenzymic chemical re- 
actions of appropriate model In studies of this 
kind, one of the preferred factors for understanding the en- 
zyme reactions is neighboring group participation in intra- 
molecular reactions. Model compounds for adenosylmeth- 
ionine should undergo nucleophilic attack a t  the sp3 carbon 
a to trivalent sulfur in aqueous media a t  moderate tempera- 
tures. Facile intramolecular nucleophilic substitution was 
expected, and many model compounds having a substituent 
capable of participation near the reaction center were syn- 
thesized, but the reactions did not proceed as e ~ p e c t e d . ~  The 
first success was communicated by Coward et  al. in 1976, who 
found the reaction (eq 2) involving participation by the in- 

n 
CHI' 

tramolecular hydroxyl group. Until some years ago, we studied 
carbonium ion reactions of the benzonorbornenyl system, in 
which typical cases for aryl participation were obtained.6 
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Working with this system, we report here facile intramolecular 
replacement of the sulfonium group by a hydroxyl group in- 
volving general-base catalysis effects. 

Results 
We converted [(anti-9-hydroxybenzonorbornen-exo-2- 

yl)methyl](p-nitropheny1)methylsulfonium tetrafluoroborate 
(1) into the tricyclic ether 2 (eq 3) in water over a wide pH 

CHI 

3 4 

range. Evidence for the structure of 2 was mainly obtained 
from NMR spectra. The related compound, [(endo-6-hy- 
droxynorborn-endo- 2-yl)methyl] (p-nitropheny1)methyl- 
sulfonium salt (3),  does not yield the corresponding ether 4 
under similar conditions, but rather reacts in a different way.3 
The marked contrast between the reactions of 1 and 3 is of 
considerable interest and may be due to the strict stereo- 
chemical requirements involved in the s N 2  type process at  the 
sp3 carbon.7 

Syntheses. To prepare 1,8,8-dimethylisobenzofulvene (5) 
was trapped with a dienophile, methyl acrylate or acrylonitrile. 
We have previously reported similar trapping experiments8 
When 5 was generated by thermal decomposition of 6 [the 
addition product of 9-isopropylidenebenzonorbornadiene to 
3,6-di(2'-pyridy1)-S-tetra~ine~] in the presence of a large ex- 
cess of methyl acrylate, methyl 9-isopropylidenebenzonor- 
bornene-exo- and -endo-2-carboxylates (7 and 8) were formed 
in a ratio of 7::; and isolated in pure form by elution chroma- 
tography followed by recrystallization (Scheme I). The reac- 
tion with acrylonitrile also gave a mixture of the corresponding 
eno- and endo-2-nitriles, but when this mixture was hydro- 
lyzed in an alkali medium, the carboxylic acid produced was 
entirely the em-carboxylic acid (COOH instead of COOCH? 
in 7) due to epimerization at  (2-2. Ozone oxidation transformed 
7 into the ketone 9, which was subsequently led to the ketal 
10, the alcohol 11 with lithium aluminum hydride reduction, 
the tosylate 12, the thioether 13 by treatment with p-ni- 
trothiophenol and sodium hydride, and the keto thioether 14. 
Reduction of 14 with sodium borohydride predominantly gave 
the anti alcohol 15 in a manner similar to previously reported 
results.9 Treatments of 15 with methyl iodide and silver tet- 
rafluoroborate in nitromethane afforded the desired sulfo- 
nium salt 1. The same reaction sequence starting from the 
endo compound 8 afforded the endo-sulfonium salt 16. 

Kinetics. The reactions of 1 were performed in water me- 
dium in the pH range of 4.65-10.91. The rates were followed 
by the increasing intensities a t  the UV maximum (350 nm) 
due to p-nitro(methy1thio)benzene formation. Effects of 
varying the buffer ion concentration a t  a constant ionic 
strength ( p  = 1.0 M) at several pH values were determined and 
summarized in Table I. The  rate constants, h l ,  extrapolated 
to 25.0 "C, are used for discussion. 

Calculations. Based on general acid-base catalysis, the rate 
constant, h l ,  in the acetate buffer may be defined by 

h i  = ~ A , [ C H ~ C O O - ]  -k ~HA,[CHJCOOH] + h o ~ [ o H - ]  
+ ~ H ~ O  + ~ H [ H ' ]  (4) 

At constant pH, substituting ho for the last three terms re- 
duces eq 4 to 

Scheme I 

6 5 7. e10 . E .  ando 

9 IO.  x .  C O O C H l  

I I .  CHiOH 

14 I5 

cn, 
16 

h i  = b ~ ,  + ( ~ H A ~ / K ~ / ) [ H + ] ~ [ C H ~ C O O - ]  -t ho (6) 

= ~A,'[CH~COO-] + ho (7) 

where the K,' is the dissociation constant of acetic acid, 1.753 
X a t  25.0 "C.l@ 

Figure 1 plots h 1 in reciprocal seconds of Table I against 
acetate ion concentration for three different pH values. Ionic 
strength remained constant at  a given pH. The linearity of the 
plots confirmed the expectation of eq 7 that  hl depends on 
acetate concentration. The slopes, KA,' ,  and intercepts, ho, of 
such plots are given in Table 11. 

Plots of h ~ c /  vs. the hydrogen ion concentrations, [H+] = 
10-pH, for the three given pH values, as shown in Figure 2, 
permit the evaluation of hHAc/Ka' and h A c  by eq 8 a t  25.0 
"C, 

h ~ c /  = ( ~ H A , / K ~ / ) [ H + ]  -I- ~ A C  = 1.825 X 10-2[H+] 
+ 3.25 X lo-; (8) 

where h~~ = 3.25 X M-I s-I,   HA, = 3.20 X lo-? M-l s-l, 
and K,' = 1.753 X lo+. 

The same treatments of k l  obtained from the phosphate 
and carbonate buffers and the 0.001 N NaOH solution (Table 
I, B-D), when extrapolated to the zero buffer concentrations, 

0. I 0.5 1.0 

[ CHICOO-] , M 

Figure 1. Effect of varying acetate ion concentration on the rate 
constants for the intramolecular cyclization of 1 at several pH values, 
25 O C ,  and p = 1.0 M. 
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Table I. Rates for Hydrolyses of [(anti-9- 
Hydroxybenzonorbornen-exo-2-yl)methyl](p-nitrophen- 

y1)methyisulfonium Tetrafluoroborate ( 1 )  

A. acetate buffer, CH3COONa-CH3COOH, p = 1.0 M with 
KC1. oH at 26.5 "C 

4.65 1:l 1.0 
0.5 
0.1 

5.22 3:l 1.0 
0.5 
0.1 

5.70 9:l 1.0 
0.5 
0.1 

k o b s d ,  S-', at "c 
75.0 55.0 

6.00 X lo-* 6.21 X 10-5 
4.57 x 10-4 4.63 x 10-5 
3.40 x 10-4 3.30 x 10-5 

3.55 x 10-4 3.35 x 10-5 

3.49 x 10-4 3.45 x 10-5 

5.71 X 5.56 X 10-5 
4.38 X low4 4.25 X 10-5 

5.46 X 5.36 X 10-5 
4.40 X 4.19 X 10-5 

k125.00C,  b 

S-1 

1.18 X 
8.46 x lo-' 

9.48 x lo-' 

5.40 x lo-' 
9.27 x 
6.87 x lo-' 
6.04 x lo-' 

5.59 x 10-7 

7.20 x 10-7 

B. phosphate buffer, Na2HP04-KH2P04, p = 1.0 M with KCI, 
pH at 26.0 "C 
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Table 11. Dependence of Rate Constants at 25.0 "C on 
Acetate Iona 

pH [H+] X lo6' k ~ ~ '  X lo', M-' s-' k o  X 107, s-1 

4.65 22.4 6.98 4.92 
5.22 6.03 4.58 4.92 
5.70 2.0 3.35 5.45 

a See Figure 1. [H+] = 10-pH. 

Table 111. Rate Constants, ko, at Zero Concentration of 
Buffers Other than Acetate at 25.0 "C 

wH [OH-1 ko,  s - ~  

7.16 1.46 X lo-: 6.12 X lo-' 
7.68 4.83 x lo-' 8.15 X 
8.85 7.14 x 6.86 X 
9.80 6.36 x 10-5 4.42 x 10-5 

10.91 8.19 X 6.36 X 

log [OH-] = pH - pK,. 

7.16 3:l 0.3 9.32 X 8.87 X 10-5 1.45 X 
0.15 7.35 X 6.47 X 10-5 9.24 X loW7 
0.03 5.60 X 4.97 X 10-5 7.20 X 

7.68 9:l 0.3 1.62 X 1.40 X 1.94 X 
0.15 1.16 x 10-3 9.62 x 10-5 1.24 x 10-6 
0.03 8.88 X 7.34 X 9.39 X lo-' 

C. carbonate buffer, NazC03-NaHC03, p = 1.0 M with KC1, 
pH at 25.5 "C 

8.85 1:9 0.3 1.02 X lov3 6.96 X 10-5 7.36 X 
0.15 9.95 X 6.82 X 10-5 7.24 X 
0.03 9.60 X 6.55 X 1 O - j  6.92 X 

45.0 25.0 

0.15 1.06 X 5.09 X 5.09 X 
9.80 1:1 0.3 1.16 X 5.36 X 10-5 5.36 X 10-5 

0.03 9.01 x 10-4 4.54 x 10-5 4.54 x 10-5 

D. 0.001 N NaOH solution. = 1.0 M with KCl, pH a t  25.0 "C 

k o b s d ,  S-', at h125.00C,b 
PH [BHI [BI" 25.0 "C S-1 

10.91 6.36 x 10-4 6.36 x 10-4 

[BIi 

Q [B] and [BH] are molar concentration of base and acid, re- 
Extrapolated by a FACOM computer. But rates at  spectively. 

pH 9.80 and 10.91 were the observed data. 

-.- 
0 IO 20 

[ H * ] x  101 

Figure 2. Dependence on hydrogen ion concentrations of the observed 
acetetate ion catalytic constants, k A i ,  in eq 8, at 25 "C and M = 1.0 
M. 

I .  I 
5 IO 

PH 

Figure 3. pH-rate profile for the intramolecular cyclization of 1 in 
water at zero buffer concentration, 25 "C, and I( = 1.0 M. 

give k o  in Table 111. Figure 3 shows the dependence of the 
logarithms of the ko on pH. 

From eq 5, the ko value in the area independent of p H  in 
Figure 3 is h ~ ~ o ,  5.13 X s-l. Inspection of the ho values 
in Table I1 indicates that the ~H[H']  contribution to ho is 
absent so that a plot of ko against the hydroxyl ion concen- 
tration [OH], [log [OH-] = -(pK, - pH)], as shown in Figure 
4, permits evaluation of the slope, h o ~ ,  and the intercept, 
kH20.  Since the pK, of water at 25.0 "C is 13.997, the treat- 
ment gives hoH = 0.8 M-l sP1.l1 

A solvent isotope effect was determined for the reaction of 
1 in deuterium oxide buffered with acetic acid-sodium acetate. 
The  data are listed in Table IV and the same calculations as 
above give k D z o  = 4.00 X 10-7s-1. Therefore, k H z O / h D z o  = 
5.13 X lo-' s-l/4.00 X ~ O - ' S - ~  = 1.28. 

As a reference compound, the epimeric [ (anti-9-hydroxy- 
benzonorbornen-endo -2-yl)methyl] (p-nitropheny1)meth- 
ylsulfonium tetrafluoroborate (16)  was hydrolyzed in the 
acetate buffer under the following conditions: pH 4.65, 
[CH3COONa]/[CH3COOH] = 1:1, [CH&OONa] = 1.0 M ( p  
= 1.0 M). The reaction proceeded with a rate constant of k o b s d  
= 2.59 X s-l at 75.0 "C, forming the thioether 17, as 
shown in eq 9. Therefore, the reaction pattern is totally dif- 
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Table IV. Rates of 1 in DzO Buffered with CH3COOH- 
CH&OONa, p = 1.0 M with KCl, pH at 27 "C 

hobs& S-', a t  "c k125'C,c,d 
OH" IBlABHl lBlb 67.0 50.4 S-1 

L 1 .  1 L 1  

5 .2  1:l 1.0 3.88 x 10-4 4.60 x 10-5 1.12 x 10-6 
0.6 2.79 X 3.03 X 10-5 6.32 X 
0.l 2.23 X 2.42 X 10-5 5.04 X lo-' 

a For determination of pH in DzO, refer to M. 0. Funk and E. 
T. Kaiser, J .  Am. Chem. SOC., 99, 5336-5340 (1977) and ref 29 
cited therein. [B] and [BH] are molar concentration of 
CH3COONa and CH&OOH, respectively. Extrapolated by a 
FACOM computer. Rlots of k l  vs. [CHaCOO-] give ~ D ~ O  = 4.00 
x 10-7s-1. 

[OH] x 10' 

Figure 4. Dependence on hydroxyl ion concentration of the rate 
constants for the intramolecular cyclization of 1 at zero buffer con- 
centration, 25 "C,  and = 1.0 M. 

16 17 

ferent from that  of 1. The apparent kexo/kendo ratio is 23 a t  75 
"C. 

Discussion 
A survey of the literature indicates tha t  intermolecular 

nucleophilic attack on sulfonium compounds takes place only 
under forced conditions and such a water attack is exceedingly 
slow. As a reference, the reaction of a series of aromatic-sub- 
stituted phenyldimethylsulfonium perchlorates with various 
nucleophiles (eq 10) was studied by Coward and Sweet.12 The 

c10;- 
18 - Z-H, + CH,Nuc (10) 

reaction rate follows the law 

dPld t  = hz[S] [Nuc] (11) 

hobsd = hOH[OH] (12) 

which yields 

when hydroxide is used as the nucleophile under pseudo- 
first-order conditions. It has been reported that the k o ~  term 
for the hydrolysis of (p-chloropheny1)dimethylsulfonium 
perchlorate (Z = C1 in 18) is 2.45 X M-l s-l a t  78.8 "C ,  
the activation parameters are @* = 26.3 kcal/mol, AH* = 
24.8 kcal/mol, and AS* = -5.0 eu, and the Hammett p value, 
as an indication of the substituent effect a t  the para position 
of the aryl ring, is 1.60 a t  78.8 "C under the condition [OH-] 
= 1.0 M. Further, the slope, 0, of Brqhsted plots has been re- 
ported to  be 0.36 for the reactions of (p-nitropheny1)di- 
methylsulfonium perchlorate with various amines. On the 
basis of these data, one can calculate, for the hydrolysis of 
(p-nitropheny1)dimethylsulfonium perchlorate, that   OH^^^^ 
is -10-6 M-1 s-1 and KH20250C is -1O-l'  M-ls-l.13 There- 
fore, the  OH (= 0.8 M-l s-l) for the present reaction is lo6 
times greater than that  for (p-nitropheny1)dimethylsulfon- 
ium perchlorate and also 41 times greater than tha t  (1.92 X 
lo-* M-' s-l at 25 "C) reported for the more flexible cyclo- 
pentyl derivative in eq 2. Comparison between the ~ H ~ O  values 
for 1 and ( p  -nitrophenyl)dimethylsulfonium perchlorate gives 
an effective molarity (EM) of -5 X lo4 M, which is slightly less 
than the value of 5 X lo5 M reported for the reaction in eq 2. 
These facts suggest important participation of the intramo- 
lecular hydroxyl group at the 9 position in 1. In addition, the 
epimer 16, in which hydroxyl participation is geometrically 
impossible, was found to undergo a completely different type 
of reaction, as shown in eq 9, with a slower rate. 

CHI 
2 

Of significant interest is the evidence for general-base ca- 
talysis effects in the acetate buffer medium. The second-order 
rate constants obtained were 3.20 X M-l s-l for 
CH3COOH and 3.25 X M-I s-l for CH3COO-. In the 
cases of the phosphate and carbonate buffers, the rate con- 
stants a t  zero buffer concentrations, k ~ ,  are placed in the 
pH-dependent area in Figure 3. Thus, the above-mentioned 
calculation does not lead to reliable rate constants, h~ and h g ~  

The solvent isotope effect found as k H 2 0 1 k D 2 0  = 1.28 is 
compatible with the value, 1.37, obtained from the reaction5 
in eq 2, which suggests a nucleophilic reaction catalyzed by 
general bases with a transition state early on the reaction 
coordinate. 

Consequently, the present study provides evidence for the 
participation of the neighboring hydroxyl group and catalysis 
effects of general bases on nucleophilic attack at the sp3 car- 
bon over a wide p H  range in aqueous media. 

M-1 s-1.14 

Experimental Section 
Melting points were taken by capillary and are corrected. Infrared 

spectra were determined with a 215 Hitachi grating infrared spec- 
trophotometer, 'H NMR spectra with a Varian T-60A, and ultraviolet 
spectra with an EPS-3T Hitachi recording spectrophotometer. 

Methyl 9-Isopropylidenebenzonorbornene-exo- and -endo- 
2-carboxylates (7 and 8). To a solution of 775 mg (4.25 mmol) of 
9-isopropylidenebenzonorbornadiene in 60 mL of methanol was added 
36.6 g (425 mmol) of methyl acrylate and then, at 10 "C with stirring, 
1 g (4.25 mmol) of 3,6-di(2'-pyridyl)-l,2,4,5-tetrazine. The reaction 
mixture was allowed to stand overnight at  room temperature and then 
concentrated under reduced pressure and extracted with ether to 
remove the insoluble 3,6-dipyridylpyridazine produced. VPC indi- 
cated a 7:3 composition for the product mixture. The ether solution 
was evaporated and subjected to elution chromatography (solvent, 
1:l benzene-hexane). The first fraction was predominantly composed 
of the exo-carboxylate 7 (690 mg) and the second fraction of the 
endo- 8 (280 mg). Both carboxylates were purified by recrystallization 
from n-pentane. 
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For 7: mp 52-53 "C; IR (CHC13) 1730 cm-I (COOCH3); NMR 
(CDC13) 6 1.6-2.6 (m, 3, at  CZ, C3), 1.65 (s, 6, CH3), 3.80 (s, 3, 
COOCHs), 3.85 (m. 1, a t  C4), 4.15 (br s, 1, a t  C1), and 7.2 (4, aromat- 
ic). 

For 8: mp 102-103 "C; IR (CHC13) 1730cm-I; NMR (CDC13) 6 1.65 
(s, 6, CHd,  1.5-1.8 (m, 1, at  C3 endo), 1.9-2.4 (m, 1, a t  CB exo), 3.2 (m, 
I,  at  Cz), 3.60 (s, 3, COOCH3), 3.85 (m, 1, a t  Cd) ,  4.2 (doubling d, 1, a t  
Cl), and 7.2 (4, aromatic). Anal. Calcd for C16H1802: C, 79.31; H, 7.49. 
Found: C, 79.22; H,  7.60. 
9-Isopropylidenebenzonorbornene-exo- and -endo-2-nitriles. 

When added to a solution of 986 mg (5.56 mmol) of 9-isopropyli- 
denebenzonorbornadiene in 100 mL of dioxane at  10 "C, 1.31 g (5.56 
mmol) of 3,6-di(2'-pyridyl)-l,2,4,5-tetrazine dissolved with evolution 
of nitrogen gas. The mixture was left to stand for 3 h, added to 5.9 g 
(111.2 mmol) of acrylonitrile, left to stand overnight at 70 "C, con- 
centrated under reduced pressure, and extracted with ether to remove 
insoluble 3,6-dipyridylpyridazine. The ether solution was evaporated 
and subjected to elution chromatography. The first component was 
the benzoisofulvene dimer (120 mg), the structure of which was re- 
ported previously.8 The second component was mostly the ero-nitrile 
(460 mg) and the third was the endo-nitrile (260 mg). The nitriles were 
purified by recrystallization from n-hexane-ether. 

exo-Nitrile: mp 99-100 "C; IR (CHC13) 2240 cm-' (CN); NMR 
(CDC13) 6 1.5-2.5 (m, 3, at  C2, C3),1.65 (s, 3, CH3), 1.7 (s, 3, CH3), 3.9 
(m,  1, a t  C4), 4.15 (br s, 1, at  C1), and 7.20 (4, aromatic). Anal. Calcd 
for CljH1jN: C, 86.08; H.  7.22; N, 6.69. Found: C, 85.94; H,  7.13; N, 
6.86. 

endo-Nitrile: mp 128.5-129.5 "C; IR (CHC13) 2240 cm-'; NMR 
(CDClx) 6 1.5 (s. 6. CH?), 1.2-1.7 (m. 1, a t  C3 endo), 2.1-2.6 (m, 1, at  
C,i exo), 2.9-3.2 (m, 1, at Cz), 3.85 (m, 1, a t  C4), 4.0 (doubling d ,  1, a t  
CJ, and 7.20 (4, aromatic). Anal. Calcd for C15H15N: C, 86.08; H, 7.22; 
N. 6.69. Found: C. 85.94; H. 5.13; N, 6.66. 
9-Isopropylidenebenzonorbornene-exo-2-carboxylic Acid. 

The above-described reaction mixture (500 mg) produced by the re- 
action of 8,8-dimethylisobenzofulvene ( 5 )  with acrylonitrile, before 
the chromatographic treatment, was heated at  200 "C in 13 mL of 90% 
aqueous ethylene glycol containing 200 mg of sodium hydroxide. The 
mixture was washed with ether, acidified with dilute HCI, and ex- 
tracted with ether. The ether solution was dried and evaporated. The 
residue was recrystallized to obtain 350 mg of the exa-2-acid, mp 
154-155 "C, which was identified with a sample derived from the ester 
7: IR (CHCla) 1720 cm-' (COOH); NMR (CDC13) 6 1.7 (s,6,CH3),  
I .7-2.6 (m, 3, a t  C:!,  C:]), 3.95 (m, 1, a t  Cd), 4.15 (br s, 1, at  CI) ,  and 7.2 
(4, aromatic). Anal. Calcd for C15H1602: C, 78.92; H,  7.06. Found: C, 
79.04; H,  7.12. 

Hydrolysis of the endo-nitrile, described above, under identical 
conditions save the same ewo-acid. 
(9-Ethylenedioxybenzonorbornen-exo-2-y1)methyl p-To- 

luenesulfonate (12). Ozone was absorbed by a solution of 5 g of the 
cwo-carboxylate 7 in 60 mL of methylene dichloride. Usual workup 
gave a crude ketone 9 (4.1 g): IR (CHC13) 1790 (C=O) and 1730 cm-' 

A solution of 4.1 g of the crude ketone in 50 mL of ethylene glycol 
and 200 mL of toluene containing 0.4 g of p-toluenesulfonic acid was 
refluxed with stirring and subjected to azeotropic dehydration for 16 
h. Water was added to the reaction mixture cooled to room temper- 
ature. The organic layer was separated and the water layer was ex- 
tracted with ether. The organic layer and the ether solution were 
combined, washed with aqueous NazC03, dried, and evaporated, 
leaving a residue (10,5.17 g): IR (CHC13) 1730 cm-' (COOCH3). 

The residue was reduced with LiAIH4 in 150 mL of ether. The usual 
workup afforded 4.21 g of alcohol 11: IR (CHC13) 3450 cm-I (OH); 
NMR (CDCl3) 6 1.2-2.1 (m, 3, at  C2, C3), 2.5 (s, 1, OH), 3.1 (s over- 
lapped with d ,  2. at C1, C d ) ,  3.6-4.1 (overlapping m, 6, CH20H and 
ethylene ketal), and 7.1 (4, aromatic). 

The alcohol was treated with 3.45 g of tosyl chloride in 10 mL of 
pyridine at 0 "C. The usual workup gave tosylate 12: mp 168-169 "C 
(from n-hexane-methylene dichloride); NMR (CDC13) 6 1.3-2.2 (m, 
3, at Cp. Cs), 2.45 (s. 3. CH?), 3.0 (s overlapped with d ,  2, at  Ci, C4),3.8 
(m, 4, ethylene ketal), 4.1-4.7 (m, 2, CHzOTs), 7.2 (4, aromatic), and 
7.35, 7.85 (4, aromatic). Anal. Calcd for Cz1Hz205S: C, 65.26; H,  5.74; 
S. 8.30. Found: C, 65.15; H ,  5.68; S, 8.40. 

Conversion of 12 into Thioether 13. A suspension of 786 mg of 
sodium hydride (50% in oil) in 30 mL of tetrahydrofuran was stirred 
at -60 "C under nitrogen atmosphere and to this was added 1 g of 
tosylate 12 and 2.55 g of p-nitrothiophenol. The mixture was refluxed 
for 3 h with stirring, concentrated under reduced pressure, and ex- 
tracted with ether by adding water. The  ether solution was washed 
with water, dried, distilled. and chromatographed over silica gel. 
Following p-nitrophenyl disulfide, 0.9 g of 13 was eluted with 1:l 

(COOCH3). 
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n-hexane-benzene and recrystallized from ether-hexane: mp 125-126 
"C; IR (CHC13) 1340 and 1510 cm-l (NOz); NMR (CDC13) 6 1.5-2.2 
(m, 3, a t  C Z ,  C3), 3.1 (s overlapped with d ,  2, at  C1, C4), 3.4-3.6 (m, 2, 
a t  CHZS), 3.7-4.2 (m, 4, ethylene ketal), 7.2 (4, aromatic), and 7.3,8.1 
(4, aromatic). Anal. Calcd for C Z ~ H ~ ~ N O ~ S :  C, 65.02; H. 5.18; N, 3.79; 
S, 8.68. Found: C, 64.97; H, 5.13; N,  3.73; S, 8.73. 
(9-Ketobenzonorbornen-exo-2-y1)methyl p-Nitrophenyl 

Sulfide (14). A mixture of 775 mg of 13,30 mL of ethanol, and 5 mL 
of concentrated HC1 was refluxed overnight. The mixture was con- 
centrated under reduced pressure and extracted with methylene di- 
chloride. The methylene dichloride solution was washed with water, 
dried, and evaporated, leaving 753 mg of an oily residue. When treated 
with n-hexane-ether, the oil crystallized: mp 141-142 "C; IR (CHC13) 
1340 and 1510 cm-I (NOn); NMR (CDC13) 6 1.7-2.2 (m. 3, at Cz, C3), 
3.2 (d, 2, CHzS), 3.5 (m, 2, at  C1, Cd), 7.3 (4, aromatic), and 7.4. 8.1 (4. 
aromatic). Anal. Calcd for C I ~ H ~ S N O ~ S :  C, 66.44; H,  4.65; N. 4.31: S. 
9.85. Found: C, 66.63; H,  4.65; N, 4.20; S, 9.77, 
(anti-9-Hydroxybenzonorbornen-exo-2-yl)methyl p-Nitro- 

phenyl Sulfide (15). To  a solution of 680 mg of 14 in 20 mL of tet- 
rahydrofuran and 20 mL of methanol was added 79 mg of sodium 
borohydride and the mixture was stirred for 1 h a t  room temperature. 
The usual workup gave 658 mg of a crude alcohol, which was recrys- 
tallized from n-hexane-ether to afford 384 mg of yellow crystals, mp 
101-102 "C dec. A small amount of the syn epimer was removed by 
the recrystallization. The anti configuration of the 9-hydroxyl group 
was proven by the absence of a hydrogen bond in the infrared spectra 
and by formation of 2 from 1: NMR (CDC13) 6 1.5-2.3 (m, 3, at  C2, C3), 
2.4 (s, 1, OH), 3.2 (br s, 2, at  C1, Cd), 3.5 (d, 2, CH?S), 3.95 (s. 1. at Cg). 
7.1 (4, aromatic), and 7.3, 8.1 (4, aromatic). Anal. Calcd for 
C18HliN03S: C, 66.03; H. 5.24; N. 4.28; S. 9.79. Found: C, 66.18; H,  
5.31; N, 4.09; S, 9.89. 

[ (an  ti-9-Hydroxybenzonorbornen- exo-2-yl)methyl](p-ni- 
tropheny1)methylsulfonium Tetrafluoroborate (1). To a stirred 
solution of 102 mg of silver tetrafluoroborate in 2 mL of nitromethane 
was added, at  room temperature, a solution of 172 mg of 15 in 2 mL 
of nitromethane and a solution of 372 mg of methyl iodide in 2 mL of 
nitromethane. The mixture was stirred for 3 h and the yellow-white 
crystals which precipitated were removed by filtration. The filtrate 
was concentrated under reduced pressure. leaving an oil which was 
treated with methanol, ether, and methylene dichloride to afford 149 
mg of yellow crystals: mp 130-131 "C dec (from methanol-ether): IR 
(Nujol) 3550 cm-I (OH); NMR (CD30D) 6 1.5-2.5 (m. 3, at  Cz, Csj, 
3.3 (m, 2, bridgehead), 3.4 (s, 3, CH3): 3.8 (s. 1. at Cg) :  4.4 (d ,  2,  CHgS), 
7.1 (4. aromatic), 8.4 (4, aromatic). Anal. Calcd for C19H2003NSRF4: 
C,53.16;H,4.70;N,3.26;S,7.47.Found: C,52.X8:H.4.91;N,3.14;S, 
7.71. 

Preparation of 9-Substituted (Benzonorbornen-endo-2-gl)- 
methyl Derivatives. Starting from 8, the same reaction sequence as 
above led to (9-ketobenzonorbornen-endo-2-y1)methyl p-ni- 
trophenyl sulfide: mp 124-125 "C (from n-hexane-dichlorometh- 
ane); IR (CHC13) 1340 and 1510 (NOz) and 1790 cm-' (C=O); NMR 
(CDClS) 6 1.0 (9, 1, C3 endo), 2.3-3.1 (m, 4, C2 exo. CH exo. CHzS), 3.5 
(m, 2, at C1, C4), 7.35 (4, aromatic), and 7.3, 8.1 (4, aromatic). Anal. 
Calcd for C18H15N03S: C, 66.44; H,  4.65; N,  4.31: S, 9.85. Found: C. 
66.51; H, 4.78; N, 4.26; S, 9.92. This ketone (76 mg) was dissolved in 
a mixed solvent of 4 mL of methanol and 4 mL of tetrahydrofuran and 
then reduced by sodium borohydride to (anti-9-hydroxybenzo- 
norbornen-endo-2-y1)methyl p-nitrophenyl sulfide: IR (CCld) 
3630 (OH),'1340 and 1510 cm-' (NOa); NMR (CDC13) 6 0.85 (q. 1. CB 
endo), 2.1-3.0 (m, 4. C2 exo, C3 exo, and CHpS 
2.3 (s, 1, OH), 3.9 (s, 1, at  Cg), 7.2 (4, aromatic). and 7.3. 8.1 14, aro- 
matic). The sulfonium compound 16 was obtained from this alcohol 
and used for kinetic studies without purification. 

Hydrolysis Products. On hydrolysis of 1 in an acetate buffer 
medium, the reaction mixture obtained was extracted with ether. The 
ether solution was dried and evaporated. Preparative thin-layer 
chromatography of the residual oil afforded p-nitro(methy1thio)- 
benzene and the cyclized product 2. The infrared spectrum of 2 was 
identical with that of a compound which was almost quantitatively 
obtained upon treatment of (anti-9-hydroxybenzonorbornen-ewo- 
2-y1)methanol with p-bromobenzenesulfonyl chloride in pyridine 
followed by the usual workup, instead of the expected (anti-9-hy- 
droxybenzonorbornen-exo-2-y1)methyl p-bromobenzenesulfonate. 
The structure of the oil was clarified by NMR ICDC14 i, 1.15 (br d of 
d ,  1, Cs exo), 1.81 (d of d ,  1, C3 endo), 2.3 (br d ,  1 ,  at C2), 3.32 (br d o f  
d ,  1, a t  C4), 3.5 (br d ,  1, a t  Cl ) ,  4.1 (br s, 2, CH20) ,  4.4  (br t. 1, at  Cg) ,  
and 7.2 (m, 4, aromatic). 

On hydrolysis of 16 in an acetate huffer medium ([CH&OO-\/ 
[CH3COOH] = 1:1,1 = 1.0 M)  at  75 "C, the workup procedure af- 
forded (anti-9-hydroxybenzonorbornen-end~i-2-yljmethyl p-nitro- 
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phenyl sulfide. The absence of p-nitro(methy1thio)benzene in the 
products was confirmed. When hydrolysis of 16 was carried out in 1 
N NaOH for 5 min at 100 "C, the reaction mixture was colored red and 
showed an intensive absorption at  400 nm. According to literature,12 
the color may have been due to formation of p-nitrophenolate ion and 
dimethyl sulfide. 

Rates  of Hydrolysis as Functions of pH and  Buffer  Concen- 
trations. Hydrolysis studies of 1 were conducted at  1 X lo-* M in the 
given buffer system'5 and summarized in Table I. Portions were taken 
at  various times and read spectrometrically at  the UV maximum a t  
350 nm due to forming p-nitro(methy1thio)benzene. The difference 
between absorption intensities a t  infinite time and a t  any time indi- 
cates the amount of remaining 1. Thus, the pseudo-first-order rate 
coefficients were calculated with a computer. 
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A transannular route to the indolizidine ring system (3) via an intramolecular cyclization of the appropriate azao- 
lefins is described. Treatment of lH-2,3,4,7,8,9-hexahydroazonine (7b) with either bromine or mercuric chloride 
affords, after reduction, the indolizidine alkaloid, 6-coniceine (15). The lactam analogue 1,3,4,7,8,9-hexahydro-2H- 
azonin-2-one (7a) also undergoes regiospecific ring closure when treated with a suitable electrophile (mercuric ace- 
tate) to yield the indolizinone skeleton 21. Similar alkyl-substituted compounds were prepared and the products 
cyclized stereoselectively. The synthetic consequence of this reaction as well as the mechanistic implications are 
discussed. 

Medium-ring compounds are often strained due to cross- 
ring interactions and undergo a variety of transannular re- 
actions2 The transannular cyclization of medium-ring ni- 
trogen compounds such as l would, in principle, provide a 
particularly interesting route to pyrrolizidine (2), indolizidine 
(3), or quinolizidine type alkaloids3 (4) (eq 1). Transannular 

2 I 4  1n=7,8,9 - 2 - 
reactions in heterocyclic systems were first reported in 18814 
and many other transannular reactions in nitrogen hetero- 
cycles have been r e p ~ r t e d . ~  The transannular amine/carbonyl 
interaction has been carefully studied by Leonard,G who used 
such a route in a total synthesis of (f)-isoretronecanol. 

We felt that the reaction of an amine or amide nitrogen with 
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a remote (transannular) double bond possessed the most 
synthetic potential because: (1) additions to C-C double bonds 
are often stereospecific; and (2) the reaction leading to cyclized 
products would possess functionality where it is often found 
in naturally occuring alkaloids. The present paper reports our 
results on the chemistry of nine-membered ring lactams and 
amines. 

Transannular Cyclizations. In previous communica- 
t i o n ~ ~ ~ , ~  we have shown that bromination* of 1-aza-4-cy- 
clooctene ( 5 ) ,  for example, leads to transannular ring closure 
to pyrrolizidines (2). The cyclization is stereospecific, yielding 
exclusively the product (6) expected from opening the bro- 

Br 

5 - 
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