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PREPARATIONS AND TRANSFORMATIONS OF 

BICY CL0[2.2.1]HEPTANES 
BIFUNCTIONAL EXO-2-PHOSPHORUS SUBSTITUTED 

ANDREW C. PETERSON, STEVEN M. LEVSEN and SHELDON E. CREMER* 
Department of Chemistry, Marquette University, 

Milwaukee. Wisconsin 53201 -1881. USA 

Dedicated to John Verkade on the occasion of his 60th birthday 

(Received February 16. 1996; in final form March 29, 19%) 

The secondary phosphonate ester exo-2-(dimethoxyphosphoryl)bicyclo[2.2.1 Jheptane 1 was prepared by 
literature methods on a mole scale. This synthetic method was extended to include the stereoselective 
preparation of the erodiethyl phosphonate analog 3 in 71% yield. Derivatization of these exo-phos- 
phonates 1 and 3 required vigorous conditions, but proceeded in moderate to high yields. The configu- 
ration about carbon-2 was retained in all but one case. Isomerization about carbon-2 was observed during 
the desulfurization of exo-thiophosphonic dichloride 15 with triphenylphosphine at 240°C. A 3:2 ratio 
of exo- to endo-phosphonous dichlorides 16 resulted. When the reaction was conducted at 100°C. exo- 
phosphonous dichloride 16 was formed without epimerization at carbon-2 (97% exo isomer). The exo- 
dichloride 16 isomerized to the endo-isomer upon treatment with triphenylphosphine at 240-260°C. The 
intermediate phosphaalkene 17 was implicated to precede this isomerization. Moreover, intentional isom- 
erization of the parent compound 3 could be readily effected by treatment with LDA at -78°C. Attempts 
were also made to stereoselectively displace a benzyl group from the prochiral phosphorus center in 
exo-dibenzylphosphonium salt 21. However, alkaline hydrolysis of exo-methyldibenzylphosphonium 
bromide 21 under a variety of conditions gave a 1:l mixture of exo-2-(benzylmethylphos- 
phoryl)bicyclo[2.2.1 lheptane 22. 

Key words: Bicyclo[2.2. llheptane, norbomyl, phosphaalkene. phosphonate, epimerization, isomerization. 

INTRODUCTION 

Organophosphorus systems have been utilized in a wide array of important appli- 
cations.’ Within the last thirty years versatile methods have been developed to pre- 
pare phosphorus compounds which contain chiral centers.’ As a result, these devel- 
opments have extended the utility of organophosphorus systems into several 
important areas.3 For instance, optically active phosphorus compounds display im- 
portant biological a~t iv i ty .~  The use of phosphonates as nonhydrolyzable bioisosteres 
of biologically important phosphates is another application which has received much 
attention.’ Phosphorus compounds which contain chiral centers have been employed 
as ligands in conjunction with asymmetric transition metal catalysis6 In addition, 
chiral phosphorus centers have been utilized to induce asymmetry into nearby pro- 
chiral carbon centers.’ 

The stereoselective synthesis of organophosphorus compounds has attracted much 
attention; many of these preparations have been discussed in several excellent re- 
views.’ Investigations of the stereochemical aspects of nucleophilic displacement at 
phosphorus have been conducted in this laboratory for several years. Most of the 
substrates were 4-6 membered rings or bicyclic systems.’ As an extension of this 
earlier work, a program to investigate the stereochemical aspects of nucleophilic 
displacement at bifunctional exocyclic, prochiral phosphorus centers was initiated. 
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The bicyclo[2.2. llheptyl (norbornyl) group was initially chosen both as an inexpen- 
sive source of asymmetry1o and as a model for the popular bornyl chiral auxiliary." 
A variety of synthetic methods for preparation of phosphorus substituted norbornanes 
have been developed." However, few reports describe the derivatization of hindered 
phosphorus groups which are attached to c h i d  carbon centers. This paper describes 
initial synthetic efforts for preparation and stereoselective transformations of bifunc- 
tional exo-2-phosphorus substituted bicyclo[2.2.1 Iheptanes. 

RESULTS AND DISCUSSION 

Stereoselective synthesis of the em-2-phosphorus substituted bicyclo[2.2. llheptane 
system was accomplished using the method of Callot and Benezra.Ih The addition 
of dimethylphosphite to norbornene was conducted under free radical conditions 
(catalytic benzoyl peroxide) to give exo-2-(dimethoxyphosphoryl)bicyclo[2.2.1]- 
heptane 1 in 85% yield (Equation 1). 

I 

k 
1 R=CH3 (85%) 

3 R = CH2CH3 (71%) 

Benzene was preferable to CCl, as a solventLa since it was stable under the free 
radical conditions. This preparation could be carried out on a large scale. Only traces 
of the endo isomer were observed by 'H. I3C or "P NMR spectroscopy. Quin and 
coworkers have determined that stereospecific Jpc coupling constants can be used to 
determine the exo or endocyclic orientation of the phosphorus substituent in 1 and 
related compounds.'*' Additions to bicyclo[2.2. llheptanes usually occur preferen- 
tially at the exo face." 

It was of interest to determine whether the hydrogen of dimethylphosphite was 
delivered from the e m  or endo face of the intermediate radical 2. Dimethylphosphite- 
d, was prepared in 33% yield (98% deuterated, determined via 'H NMR spectros- 
copy) by deuterium exchange of dimethylphosphite with methan~l-d~. '~ Treatment 
of norbornene with dimethylphosphite-d, under the free radical conditions furnished 
deuterated em-phosphonate 1-d in 56% yield (Equation 2). 
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PHOSPHORUS SUBSTITUTED HEF'TANES 243 

The "C NMR spectrum of 1-d was identical to that of phosphonate 1 except for 
the collapse of the doublet at S 31.4 into six lines (JcD = 20.3 Hz and Jpc = 5.4 Hz). 
A 2:l mixture of endo- to em-deuterated phosphonates l-d was estimated by 3'P 
and 'H NMR spectroscopy. The *H NMR spectrum (61 MHz, CDCI,) of phosphonate 
l-d showed two incompletely resolved signals at 6 1.68 (66% 'JpD = 4.4 Hz, ex0 
isomer) and 6 1.42 (33% 'JpD = 1.3 Hz, endo isomer). The em-deuteno isomer l-d 
is expected to have a larger 'JpcCD coupling constant due to the approximate 0" 
torsional angle between the phosphorus and deuterium atoms. The PCCD torsional 
angle in the endo-isomer 14 is approximately 120" and should result in a coupling 
constant which approaches 0 Hz by analogy to the known Karplus relationships 
between phosphorus and 

It was further found that the treatment of diethylphosphite with norbornene under 
conditions similar to the preparation of phosphonate 1 gave a 71% yield of the 
purified em-diethyl analog 3 (Equation 1). Again, only traces of the e d o  isomer of 
3 were observed. 

Since dialkyl phosphonates are relatively unreactive,16 conversion of phosphonates 
1 and 3 into a more reactive substrate was desired. This was accomplished by treating 
1 with two equivalents each of anhydrous NaI and chlorotrimethylsilane in CH,CNL7 
which furnished 4 in 75% yield after distillation (Equation 3). 

N ~ I ,  CRCN, M ~ S E I ,  rf 124 75% 
or 

MqSBr, rt, 7 d, 86% 
1 (3) 

k 
4 

It was later found that treatment of neat em-phosphonate 1 with two equivalents 
of bromotrimethylsilane'8 for 7 days at rt also gave 4, but in 86% yield. Compound 
4 hydrolyzed readily and was used immediately or stored in a sealed ampule. Alter- 
native derivatization was accomplished directly by treatment of 1 with two equiva- 
lents of phosphorus pentachloride at 90°C for 1 h (Equation 4). 

k 
1 R=CH3 
3 R=CH2CH3 
4 R=SiMe3 

k 
5 

This procedure furnished 5 in 75% yield after distillation. This procedure'' proved 
a superior preparation of 5 in terms of convenience, scale and ease of product pu- 
rification. Tebby and coworkers had previously synthesized 5 by the treatment of 
norbornane with trichlorophosphine and molecular oxygen.M More vigorous condi- 
tions (105°C. 16 h) were necessary to convert 3 into 5 with two equivalents of PCl,; 
however, the yield increased to 82%. Treatment of 4 with two equivalents of PC1, 
in CCl, gave 5 in 53% yield. Confirmation of the identity of the dichloride 5 was 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
4
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



244 A. C. PETERSON. S. M. LEVSEN and S. E. CREMER 

obtained by treatment with a 10% solution of NaOMe in MeOH at rt for 1 h. This 
procedure furnished 1 in 60% yield and established that the dichlorination had pro- 
ceeded with the preservation of the stereochemistry at carbon-2. 

It was anticipated that diastereoselective monodisplacement of the alkoxy group 
in exo-phosphonates 1 and 3 may occur if only one equivalent of PCl, were used.” 
When 1 was treated with one equiv. of PCl, in anhydrous benzene at 15-16”C. a 
1 : 1 mixture of diastereomeric exo-methylphosphonochloridates 6 was formed in 86% 
yield (Equation 5). 

6 R=CJ& (86%) 
7 R=CH2C& (70%) 

Purification of 6 by distillation produced only glassy, “polymeric” material. This 
behavior of alkoxyphosphonochloridates has been noted.= The same procedure was 
then employed with 3 as the substrate; the crude product contained a small amount 
of 5. Careful distillation gave a 70% yield of 7,  contaminated with a minor amount 
of polymeric material (determined via ”P NMR spectroscopy). Compound 7 was not 
as prone to polymerize as 6 under the conditions for purification. 

Standard conditions’6 (conc. HCl, reflux 12 h) for the hydrolysis of exo-phos- 
phonate 1 produced exo-phosphonic acid 8 in 57% yield after crystallization (Equa- 
tion 6). 

corn. HCl, ~ I K ,  12 h 
57% 

1 

8 

No endo isomer was observed (via NMR spectroscopy). 

esters 10 and 11 were developed (Equation 7). 
Conditions for the conversion of exo-phosphonates 1 and 3 into their half-acid 

1 R=C& 
3 R=C&CH3 

a) 1, 2.7M NaOMe, reflux. 26 h b) 3, 5% NaOH. THF, 0°C. 10 min; 2 d, rt c) 9% 10% aq. HCI 
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PHOSPHORUS SUBSTITUTED HEF'TANES 245 

2 equiv. PWH, 2 equiv. Et3N 

CHzCh, 24 4 71% 

12 k 

14 

SCHEME 1 

When 1 was stirred with a 2.7 M solution of sodium methoxide in methanol at 
reflux, 9a was produced in 97% yield. The sodium salt 9a was then acidified to give 
the em-isomer of the half acid 10 in 98% yield (96% overall yield from 1). These 
transformations (1 to 9a to 10) occurred with complete preservation of stereochem- 
istry at carbon-2 to furnish only the em-isomers. Preparation of 11 from 3 using 
analogous conditions (sodium ethoxide, ethanol, reflux) failed; however, when 3 was 
treated first with a 5% aq. NaOH solution in THF at rt for 2 days and then neutralized 
with a 10% aq. HCl solution, 11 was produced in 75% yield. The latter procedure 
represents a direct and mild method for the conversion of phosphonates into half- 
acids without isomerization about the a-carbon center. 

The em-phosphonic dichloride 5 was also converted into several bifunctional 
phosphonic acid derivatives (Scheme 1). The em-dichloride 5 was converted into 12 
in 71% purified yield by treatment with two equivalents each of triethylamine and 
phenol at reflux for 24 h. This represents a slight improvement in the reported yield 
of an earlier synthesis of 12 from 5 (NaOPh, ether, 61%).20 Similarly, 13 was pro- 
duced in 50% yield on treatment of 5 with two equivalents each of ethanethiol and 
Et,N in CH,Cl, at rt for 17 days. This reaction was extremely sluggish and 5 was 
susceptible to aqueous hydrolysis. However, reproducible yields of pure 13 were 
obtained. It was also found that double displacement reactions on 5 gave higher 
yields in CH,Cl, than in diethyl ether. Products, such as 13, demonstrated improved 
tolerance to the workup conditions when the reaction was conducted in CH,Cl,. 

The reaction of organometallic reagents with phosphonic acid derivatives has been 
reported to generally give unsatisfactory results.I6 However, when 5 was treated with 
exactly two equivalents of phenyllithium in cyclohexane-ether at -78°C and then 
warmed to rt, 14 was formed in 70% yield; none of the endo-isomer of 14 was 
observed. The strongly basic lithlum reagent did not appear to remove the a-phos- 
phoryl proton in this case. It was consumed more rapidly in the substitution process. 
Deprotonation of 14 did occur when an excess of phenyllithium was used. 
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The conversion of 5 to thiophosphoryl and phosphonite derivatives was also in- 
vestigated (Equation 8). 

Fcl (8) 
p2s10 5 

150 - 160 'C, 8 h 
57% B 

15 16 

It was found that 5 was smoothly converted to 15 in 57% yield upon treatment 
with phosphorus pentasulfide at 150- 160°C over an 8 h period. Despite the relatively 
high temperatures involved, none of the endo-isomer of 15 was identifiable by NMR 
spectroscopy. The exo-thiophosphonic dichloride 15 was then treated with triphen- 
ylphosphine following literature conditionsI6 (240-26o0C, neat). Under these vig- 
orous conditions trivalent phosphonous dichloride 16 was produced in 61% yield as 
a 3:2 mixture of exo:endo-isomers. In an attempt to clarify the mechanism of this 
isomerization, 16 was heated at 240-260°C in a nitrogen atmosphere for 24 h. No 
isomerization of 16 was evident by "P NMR spectroscopy nor was intermediate 18 
detected. In separate experiments 15 was heated with half of an equivalent of PPh, 
from 150°C to 240°C and heated with half an equivalent of PPh, at 240°C for 8 h. 
In both of these experiments no isomerization of 15 was observed. When 16 was 
heated with one equivalent of triphenylphosphine at 240-260"C, a final 3:2 ratio of 
exo- to endo-phosphonous dichlorides 16 was observed. Therefore, the isomerization 
likely occurs via reversible deprotonation of 16 by triphenylphosphine under these 
vigorous reaction conditions to give the phosphaalkene intermediate 17. 

The intermediate 17 is then protonated at either the exo or endo face with tri- 
phenylphosphine hydrochloride to give the observed mixture of isomers. However, 
when 15 was treated with Ph,P at 100°C (note: control of the reaction temperature 
and distillation temperature is critical) for 2 h, exo-phosphonous dichloride 16 was 
produced (84%) without epimerization at carbon-2 (97% exo-isomer by 'H and 31P 
NMR spectroscopy). This result strongly suggests that the desulfurization step should 
precede the deprotonation step under the previously described conditions (240- 
260°C) which promoted isomerization to give a mixture of endo- and exo-dichlorides 
16; thus, phosphaalkene 17 is the logical intermediate in the isomerization. 

After ascertaining that 5 reacts without isomerization with organolithium reagents, 
a solution of 5 in ether was treated with two equivalents of a solution of benzyl- 
magnesium chloride in ether (Scheme 2) and heated at reflux for 8 days to give 19 
in 64% yield. This yield was surprising in view of the notorious resistance of phos- 
phonic acid derivatives towards Grignard reagents.I6 In addition, none of the endo- 
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20 19 

NiOH, SO% W K H f l  

or 
- CGBr, e(hcr & @ H 2 P h  60 "C,744S% -&kH2- 

% 
: cH2Ph KOH,70%DMSO : C& 

B f  a, 14 100% k 
a, 184 74% 

22 21 

SCHEME 2 

isomer of 19 was observed. The exo-dibenzyl oxide 19 was then converted to 20 in 
74% yield by a two-step sequence23 using trichlorosilane and E t a  in benzene at 
reflux for 8 h, followed by quatemization with bromomethane. In one run the inter- 
mediate 20 was isolated for spectroscopic characterization. None of the endo-isomer 
of 20 was formed. Isolation of the intermediate 20 is not recommended in routine 
work, since it rapidly oxidizes in the presence of air. It was of interest to see if the 
benzyl groups attached to the prochiral phosphorus atom in 21 could be diastereo- 
selectively hydrolyzed under alkaline conditions. When 21 was treated with one 
equivalent of NaOH in 50% EtOH-H,O at 60°C for 7 days, methylbenzylphosphine 
oxide 22 was produced as a 1:l mixture of diastereomers (by "P NMR) in 45% 
yield and unreacted 21. Neither the endo-isomer of salt 21 or oxide 22 were observed 
by NMR spectroscopy. It was also found that the treatment of 21 with one equivalent 
of KOH in 70% DMSO-H,O at rt for 1 h gave a 1:l diastereomeric mixture of only 
the exo-phosphine oxides 22 in quantitative yield. The dramatic rate increase for 
hydrolysis of phosphonium salts in DMSO has been noted." 

"C NMR spectral data were used to establish the exocyclic versus endocyclic 
nature of the phosphorus substituent of all compounds isolated in this study using 
the method of Quin and coworkers.12J.25 It was found that this method could be 
extended with confidence to include the orientation of the phosphorus substituent for 
the classes of norbomyl phosphorus compounds which are reported for the first time. 
For instance, only small differences in the chemical shifts and coupling constants 
were noted in all of the tetravalent phosphorus compounds subject to this investi- 
gation. Quin12J.u and others12f*'2h have found that the magnitudes of 31P and 13C cou- 
pling constants are sensitive to the number of bonds between the coupled nuclei. In 
this regard, the magnitude of the 3Jpccc coupling constants for trivalent phosphorus 
compounds are a function of the torsional angle between the bond connecting the 
carbon atoms in the coupling pathway and the orientation of the phosphorus lone 

On the other hand, the magnitude of the 3Jpccc coupling constants of tetra- 
covalent and quin-covalent phosphorus compounds are a function of the torsional 
angle relating the phosphorus to a-carbon bond and the bond between the terminal 
carbons of the coupling pathway. This Karplus relationship is sensitive to the nature 
of the phosphorus substituents and provides a reliable method to determine the ex- 
ocyclic nature of the compounds prepared for this study as well as for the complete 
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assignment of carbon resonances. At least one X-ray crystallographic determination 
of a phosphorus-substituted bicyclo[2.2. llheptane has been done?6 Although the as- 
signment of the exocyclic versus endocyclic orientation of the phosphorus substituent 
in the norbornyl system is on solid NMR spectroscopic grounds,"' work is in prog- 
ress in this laboratory to provide X-ray crystallographic support for these as- 
signments. 

EXPEFUMENTAL 

Proton NMR spectra were recorded on a Varian 360L or GE Omega 300NB spectrometer. Chemical 
shifts are reported on the delta scale from internal TMS. Both "C and "P NMR spectra were recorded 
with proton decoupling on a Jeol JNM-FX6OQ or a GE OMEGA 300NB spectrometer. Chemical shifts 
for "C NMR spectra are reported from internal TMS. or the upfield resonance of internal 
(CH3)3Si(CH33S03NaHZ0 (TSP) when D,O was the solvent. Coupling constants (Iw) are reported in Hz 
in parentheses. Chemical shifts for "P NMR spectra are reported in parts per million downfield from 
external 85% H W , .  Isomer ratios were obtained with pulse delays which were 5 times the typical TI 
value" for the analogous family of compounds. GC-MS results were obtained from a Hewlett-Packard 
model 5970 spectrometer at 70 eV using a 0.25 mm X 30 m DB-1 capillary column. IR spectra were 
recorded on an Analect Instruments FX 6200 FTIR spectrometer. Elemental Analyses were performed 
by Midwest Microlab, LTD., Indianapolis, Indiana. High Resolution mass spectrometry (EI and FAB) 
were conducted by the Midwest Center for Mass Spectrometry [partial support by the National Science 
Foundation, Biology Division (Grant No. DIR9017262)l. All boiling and melting points (Thomas-Hoover 
apparatus) were uncorrected. Reactions. unless otherwise noted, were conducted under a nitrogen at- 
mosphere. Moisture sensitive compounds and reagents were handled in a Labconco glovebox. Diethyl 
ether and THF were distilled from sodium or potassiurdbenzophenone ketyl. Cyclohexane, CHzCII and 
CH3CN were distilled from PzO,. All reagents were obtained from Aldrich Chemical Co and used as 
received unless otherwise noted. Diethyl phosphite was obtained €room Eastman Kodak. Triethylamine 
was distilled from KOH under nitrogen. 

The "P NMR spectra were utilized primarily to insure the purity of the products. In addition, the 
sensitivity of "P NMR greatly assisted in the observance of traces of the end0 isomers. All product 
ratios were determined by integration of the "P NMR spectral resonances obtained from experiments 
conducted with predelay values five times the expected relaxation time.n A 'IP NMR spectrum was also 
taken of the crude reaction mixtures to insure that no isomerization occurred during the workup or 
purification procedures. 

(t)-exo-2-(Dimetho~pxyphosphoryl)bicyclo[2.2.Ilheptune I.'" A solution of benzoyl peroxide (0.5 g) in 
benzene (5  mL) was added in one portion to a mixture of bicyclo[2.2.l]hept-2-ene (50 g. 0.53 mol) and 
dimethylphosphite (117 g, 1.1 mol). The reaction temperature quickly rose. The reaction temperature 
was promptly arrested at 170°C by lowering the reaction mixture into an ice-H,O bath. After the reaction 
temperature cooled to 12OoC, the reaction mixture was heated at 110-120°C with an oil bath for 15 
min. The excess starting materials were removed by distillation (42°C 2.5 mm). The product was then 
distilled to give 92.1 g (85%) of phosphonate 1: bp 76°C (0.1 mm), lit.'" bp 127-132°C (10 nun). 'H, 
"c, 'IP NMR are in agreement with lit.'" 

Dimethyf phosphite-d. Prepared by the method of Emmick and Letsinger." A mixture of dimethyl 
phosphite (10.1 g. 91 mmol) and methyl alcohold (9.2 g. 0.28 mol) was stirred at rt for 2 d. The methyl 
alcohol was removed by distillation ( W C ,  20 mm) through a silver-jacketed column. This procedure 
was repeated twice, The residue that remained in the distillation flask was 98% phosphite-d 3 by 'H 
NMR spectroscopy: 3.34 g (33%. based on starting dimethyl phosphite); 'H NMR (60 MHz, CDCl,) 6 
3.81 (d, I = 11.5 Hz). 

( t ) - e x o - 2 - ( D i m e r h o ~ p ~ o s p ~ ~ ~ ) - ~ 3 - Z H I ] - . 2 .  Ilheprane 1-d. A mixture of bicyclo[2.2. I Ihept- 
2-ene (1.3 g. 14 mmol), dimethyl phosphite-d (3.0 g, 27 -01) and benzoyl peroxide (0.5 g) in a thick- 
walled pressure tube sealed with a Teflon screw cap was partially immersed into a 110- 130°C oil bath 
for 9 h. After the reaction mixture cooled to room temperature, the excess starting materials were 
removed by distillation (45-50°C, 20 mm). The residue which remained was distilled to give 1.54 g 
(56%) of phosphonate-d 14: bp 62-68°C (0.05 mm); 'H NMR (60 MHz, CDCl,) 6 3.76 (d, I = 10.2 
Hz, 3 H, OCH,), 3.74 (d, J = 10.2 Hz, 3 H), 2.63 (m, 1 H), 2.47 (m, 1 H), 2.37 (m, 1 H), 2.20-1.00 
(m, 7 H). The "C NMR spectrum (15 MHz, CDc13) was identical to the spectrum of the nondeuterated 
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PHOSPHORUS SUBSTITUTED HEPTANE.5 249 

4 except that the signal at 6 31.4 collapsed to six lines (Jm = 20.3 Hz, JPC = 5.4 Hz); "P NMR (101 
MHz, CDCI,) S 36.43, 36.38. 'H NMR (61 MHz, CDCI,) 6 1.68 (J  = 4.36 Hz, endo-2-d) and 1.42 
(J  = 1.34 Hz, exo-24)  in an approximate 2.1 ratio, not completely resolved; GC-MS: m/e (96); 205 
(M', 6). 190 (3). 176 (37). 175 (13). 164 (5) .  163 (3), 138 (100). 137 (24), 124 (7). 110 (30). 96 (16). 
95 (15). 79 (32). 

(2)-exo-2-(Diethoxyphosphoryl)bicyclo[2.2. llheptane 3. Approximately half of a solution of benzoyl 
peroxide (0.25 g) in benzene (3 mL) was added at once to a 100°C mixture of bicyclo[2.2.1]hept-2-ene 
(5.0 g, 53 mmol) and diethyl phosphite (14.7 g, 0.1 1 mmol). The reaction temperature immediately rose 
to 128°C. The heat was removed and the temperature cooled to 100°C. Then, the remainder of the 
benzoyl peroxide solution was added, and the heat was reapplied. The temperature rose to 128°C. The 
heat was removed and the reaction mixture was stirred until the mixture reached ambient temperature. 
The excess starting materials were removed by distillation (28°C. 0.1 mm). The crude phosphonate 2 
was obtained upon distillation: 8.78 g (71%); bp 84°C (0.15 mm); 'H Nh4R (60 MHz. CDCI,) 6 4.07 
(2 overlapped pentets, I = 7.1 Hz, 4 H. OCH2). 2.70-2.20 (m, 2 H). 2.20-1.0 (m, 9 H), 1.33 (f I = 
7.1 Hz. 6 H, CH,); I3C NMR (75 MHz, CDCI,) 6 61.40 (6.8, OCH,), 38.31 (2.5, C-1). 37.50 (148.9, C- 
2). 36.39 (C-7). 33.65 (3.7, C4). 31.29 (6.1. C-3). 31.20 (19.5, Cd), 27.94 (1.5, C-5). 16.60 (5.9, Me); 
"P NMR (121 MHz, CDCI,) 6 33.9. Anal. Calcd. for CllH21QP: C. 56.89; H. 9.11. Found: C, 56.77; 
H, 9.30. 

LDA treatment of 3. To dry 100 mL Bask was added 3 (2.0 g, 8.6 mmol) in 50 mL dry THE LDA 
(9.0 mmol) was added dropwise at -78°C maintaining a temperature below -70°C. After stirring at 
-78°C for 1.5 h the mixture was quenched with 10% aq. HCI. The exolendo ratio of isomers was 
determined to be 5050 by 'IP NMR specmscopy. 

(+)-exo-2-[Bis(~imethylsi~~)phospho~l~bicyclo[2.2. Ilheptane 4. A solution of anhydrous Nal (48.6 
g, 0.32 mmol) in CH3CN (500 mL) was added to a mixture of 1 (30.0 g. 0.15 mol) and trimethylchlo- 
rosilane (41.9 mL, 0.33 mol) in CH,CN (500 mL) at room temperature dropwise over a 1 h period. The 
reaction mixture was stirred at room temperature overnight. The liquid was carefully poured from the 
white precipitate, and the volatile materials were distilled (25°C. 20 mm) to leave a dark red liquid. The 
red liquid was distilled to give 4 as a light yellow solid: yield 35.5 g (75%); bp 100°C (0.3 mm); 'H 
NMR (300 MHz, CDCI,) 6 2.67 (m. 1 H), 2.23 (m, 2 H), 2.14-0.98 (m. 8 H), 0.36 (s, 18 H); 13C Nh4R 

3). 32.41 (20.9, C-6). 29.09 (1.5, C-5). 1.79 (Me); "P Nh4R (121 MHz, CDCI,) 6 26.7. 
Bromotrimethylsilane (5.0 g, 33 mmol) was added slowly to 1 (3.3 g, 16 

mmol). The resultant mixture was stirred at mom temperature for 7 days. The reaction mixture was 
concentrated in vacuo. The crude product was distilled to give 4 as a clear, light yellow liquid: yield 
9.1 g (86%). bp 625°C (0.03 mm). HRMS Calcd. for Cl,Hm03PSiz: 320.1393. Found: 320.1389. 

(2)-exo-2-(Dichlorophosphoryl)bicyclo[2.2. llheptane 5 .  Phosphorus pentachloride (12.8 g. 61 mmol) 
was added to 1 (5.0 g. 25 mmol) at 0°C over a 20 min period. The resultant heterogeneous mixture was 
heated at 90°C for 1 h. After the reaction mixture cooled to room temperature. phosphorus oxychloride 
was removed by distillation (bp 34°C. 20 mm). The crude product was then distilled to give 5 as a clear, 
colorless liquid: yield 3.9 g (75%); bp 66°C (0.1 mm). lit." bp 115-116"C (1 mm); 'H. I%. "P NMR 
in agreement with lit.m JR (neat) 1269 cm-l. P=O. Anal. Calcd. for C7HllCl20P: C, 39.46; H, 5.20. 
Found: C; 39.65; H, 5.31. 

Alternate Procedure: Phosphorus pentachloride (19.91 g, 96 mmol) was added to 2 (10.6 g, 45 
mmol) in portions over a 15 min period. The resultant heterogeneous mixture was heated at 105°C for 
I6 h. After the reaction mixture cooled to room temperature, phosphorus oxychloride and the excess 
PCI, were distilled (bp 2540°C. 20 mm). Distillation of the crude product gave 5: yield 7.9 g (82%). 

A solution of 4 (35.5 g, 0.1 1 moll in CCl, (100 mL) was added dropwise over 
a 40 min period to a heterogeneous mixture of phosphorus pentachloride (53.3 g, 0.25 mol) and CCl, 
(100 mL) at room temperature. The resultant mixture was stirred at room temperature for 13 h and then 
heated at reflux for 1 h. The volatile materials were removed in vacuo to leave a dark red liquid. 
Molecular distillation (25°C. 0.5-1.0 mm) provided 5 (12.6 g, 53%) as a red liquid. The color was 
removed by stirring the product over activated zinc powder'& and then decanting the clear Liquid from 
the zinc metal. Further purification was accomplished by distillation: bp 53°C (0.1 mm). 

Reaction of exo-dichloride 5 with sodium methoxide to give (+)-ero-dimethylpsphoMte 1. The di- 
chloride 5 (1.0 g, 4.7 mmol) was added dropwise to a 10% solution of sodium methoxide in methanol 
(10.3 mmol NaOMe) at room temperature. A white solid precipitated. and the reaction mixture was 
stirred at rt for 1 h. Ether (30 mL) was added to the reaction mixture. The mixture was washed with 

(75 MHz. CDCI,) 6 40.52 (149.9, C-2), 39.15 (1.5. C-I), 37.68 (C-7). 37.24 (3.9, C4), 32.90 (3.9, C- 

Alternate Procedure: 

Alternate Procedure: 
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0.5 N HCI (20 mL) and HZO (2 X 20 mL). The organic layer was dried over NazS04 and concentrated 
in vucuo to give 0.58 g (60%) of 1. 

(+)-exo-2-(Methoxychfomphosphoryf)bicycfo[2.2. Ilheptune 6. A solution of 1 (4.6 g, 23 mmol) in 
benzene (20 mL) was added to a mixture of phosphorus pentachloride (5.0 g, 24 mmol) in benzene (40 
mL) (which was cooled in an ice-H,O bath) dropwise at a rate to keep the reaction mixture at 15- 16°C. 
The solid XI, gradually dissolved. The reaction mixture was warmed to rt and stirred for 6 h. Phosphorus 
oxychloride and benzene were distilled under a 1 mm vacuum. The residue contained crude 7 as a 1:l 
mixture of diastereomers: yield 4.0 g (86%); 'H NMR (60 MHz, CDCI,) S 3.78 (d, J = 12 Hz, 1.5 H, 
OMe), 3.76 (d, J = 12 Hz, 1.5 H), 2.95-0.80 (m, I 1  H); I3C NMR (75 MHz. CDCI,, 1:I mixture of 
diastereomers) 6 52.80 (8.8, OMe) and 52.60 q (8.8, OMe), 45.79 (120.6, C-2) and 45.23 (10.7, C-3). 

c-5); "P NMR (121 MHz, CDCI,) S 50.6 and 50.3 in I : I  ratio. Upon distillation of the crude chloride 
6, a glassy polymeric material resulted. 

(+-)-exo-2-(E~hoxychlomp~sphoryl)bi~cfo[2.2.I]hepfane 7. Phosphorus pentachloride (9.3 g, 44.8 
mmol) was added to a solution of 3 (10.4 g. 45 mmol) in benzene (50 mL) cooled with an ice-H,O bath 
in portions at a rate to keep the reaction temperature at 10-15°C. The reaction mixture was warmed to 
rt over a 30 min period and stirred overnight. The reaction mixture was then concentrated, and the crude 
phosphonochlorodate 7 was distilled: 6.9 g (70%), contaminated with polymeric material; "C NMR (75 
MHz. CDCI,. 1:l mixture of diastereomers) 6 62.62 and 62.43 (8.6. OCH,), 45.53 (120.9. C-2) and 

31.43 (20.5, C-6). 28.31 37.04 (C-7), 36.33 (3.9, C-4) 2), 38.65 (2.4, C-I) and 38.37 (1.0, (2-1). (2.0, 

45.30 (120.9, C-2). 38.22 (2.4, C-I) and 37.88 (1.2, G I ) ,  36.59 and 36.54 (C-7). 35.91 (4.3. C-4) and 
35.78 (4.3. C-4). 31.94 (6.7, C-3) and 31.57 (5.5, C-3). 31.04 (21.4, (2-6) and 31.00 (20.8, C-6). 27.90 
and 27.88 (C-5). 15.57 (7.3, Me) and 15.54 (6.7, Me); "P NMR CDCI,. (crude reaction mixture) 6 41.2 
and 41 .O in a I : 1 ratio. 

(+-)-exo-2-(Dihydroxyp~sposphoryl)bicycfo[2.2.I]heprane 8. A mixture of 1 (10.0 g. 49 mmol) and con- 
centrated HCI was heated at reflux for 12 h. The concentrated HCI was removed by distillation at 
atmospheric pressure. Upon cooling, 8 crystallized as a white solid: yield 4.9 g (57%); mp 174-175°C; 
'H NMR (60 MHz, DMSO-4) 6 8.40-7.40 (br s. 2 H. OH), 2.70-2.10 (m. 2 H), 2.10- 1.85 (m, 9 H); 
"C NMR (15 MHz, 40) S 41.2 (136.7, C-2). 40.5 (1.5, C-I). 39.1 (C-7). 38.6 (4.4, C-4), 34.3 (5.4, 
C-3). 33.9 (18.6, C-6), 30.3 (1.5. C-5); "P NMR (24.6 MHz, D,O) 6 33.8. Anal. Calcd. for C,HI,OIP: 
C, 47.73; H, 7.44. Found: C, 47.51; H. 7.45. 

(~)-exo-2-(Mefhoxyhydm~yp~sphoryl)bi~cfo~2.2. /]heprune 10. A mixture of 1 (2.0 g, 9.8 mmol) and 
sodium methoxide (2.74 M in CH,OH, 4.0 mL. 1 1  mmol) was heated at reflux for 26 h. Methanol was 
removed in vucuo to leave a white solid, The solid was washed with several portions of pentane and 
then dried in vacuo to give 9 as a white solid: yield 2.02 g (97%); mp. did not melt to 270°C; 'H NMR 
(300 MHz, D,O) S 3.54 (d, J = 10.1 Hz, 3 H, OMe). 2.37-2.13 (m. 2 H), 163-1.14 (m. 9 H); "C 
NMR (75 MHz, D,O) 6 53.61 (6.1. OMe). 40.75 (137.95, C-2). 40.66 (C-I), 39.23 (C-7). 38.65 (3.7, 

Calcd. for C8HI,0,P 189.068 1. Found: 189.0686. 
The sodium salt of 9 (1.62 g, 7.6 mmol) was dissolved in 10% HCI (20 mL). The aqueous solution 

was extracted with CHCl, (3 X 25 mL), dried with Na,S04 and concentrated in vucuo to give 10 as a 
colorless oil: yield 1.59 g (98%); 'H NMR (300 MHz. CDCI,) S 11.60 (br s, 1 H, OH), 3.69 (d, J = 
10.7. 3 H, OMe), 2.54 (d. I = 9.3 Hz. 2.31 (s, 1 H), 1.77-1.15 (m, 9 H); 13C NMR (75 MHz. CDCI,) 
S 51.26 (7.3, OMe). 37.98 (C-I), 37.84 (145.0, C-2). 36.88 (C-7), 36.26 (3.9, C-4). 31.73 (18.1. C-6), 
31.72 (5.9. (2-3). 28.47 (C-5); "P NMR (121 MHz, CDCI,) 6 37.7; HRMS m/e (%) 190 (M+, 13). 175 
(31). 161 (48). 137 (58), 123 (100). 95 (36); HRMS Calcd. for CIIHIsO,P: 190.0759. Found: 190.0757. 

(+)-exo-2-(Erhoxyhydm~yphosphoryf)bicyclo[2.2. I]hepfane 11. An aqueous NaOH solution (5%. 7 
mL) was added to a solution of 3 (1.7 g, 7.8 mmol) in THF (35 mL) at 0°C (ice-H,O bath) in one 
portion. The resultant two-layer mixture was warmed to rt and stirred for two days until the H,O layer 
became acidic. The crude reaction mixture was extracted with ether (3 X 30 mL). The organic extracts 
were dried over MgSOl and concentrated in vucuo. The crude product was molecularly distilled (90°C. 
0.1 mm) to give purified 11: 1.2 g (75%). 'H NMR (300 MHz, CDCI,) 6 12.39 (s, 1 H, OH). 4.06 (4, 
J = 7.0 Hz, 1 H, OCH,), 4.03 (4. J = 7.0 Hz, 1 H, OCH,), 2.55-2.48 (m, 1 H, H-I), 2.32-2.25 (m, I 
H, H a ) ,  1.84-1.09 (m. 9 H), 1.29 (t. J = 7.0 Hz, 3 H); "C NMR (75 MHz, CDCI,) S 60.75 (7.3, 

3). 28.37 (C-5), 16.29 (Me). "P NMR (121 MHz, CDC13) S 36.9. Anal. Calcd. for C,H,,O,P C: 52.94; 
H, 8.39. Found: C. 53.07; H, 8.43. 

C-4). 34.81 (6.1. C-3). 34.14 (17.1, C-6). 30.54 (C-5); "P NMR (121 MHz. DZO) 6 33.1; HRMS (FAB) 

OCH,), 37.90 (145.3, (2-2). 37.84 (C-I), 36.73 (C-7). 36.14 (3.7. C-4). 31.63 (18.9, C-6). 31.58 (5.5, C- 
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(t)-exo-2-(Diphenoxyphosphoryl)bicyclo[2.2.I]heptane 12. A solution of 5 (5.6 g, 26 m o l )  in CH2CIZ 
(25 mL) was added dropwise over a 15 min period to a solution of phenol (4.9 g. 53 -01) and 
hiethylamine (8.1 mL, 58 mmol) in CHzClz (100 mL) at rt. The mixture was heated at reflux for 24 h, 
cooled to rt and added to ether (50 mL). The resultant mixture was washed with sat'd NaHCO, (50 mL), 
brine (50 mL) and H,O (50 mL). The organic layer was dried over MgSO, and concentrated in vacuo 
to give crude 12 which was further purified by molecular distillation (140-150"C, 0.1 mm) and then 
recrystallized three times from petroleum ether (3040°C): yield 6.14 g (71%); mp 65-67°C; 'H, ',C, 
"P NMR are in agreement with lit.m GC-MS: m/e (46); 328 (M'. 81). 299 (73), 261 (100). 235 (3). 95 
(67). 94 (79). 77 (55). 67 (55). Anal. Calcd. for C,,H,,O,P C. 69.50 H, 6.45. Found C, 69.56; H. 6.35. 

(t)-uo-2-(~,~-~iet~xyphosp~~l)bicyclo[2.2.I]hcptcmc 13. A solution of 5 (4.9 g, 23 mmol) in CHzCIz 

amine (7.0 mL, 50 mmol) in CH2CI, (100 mL) at rt. The resultaot mixture was stirred at rt for 17 days and 
then added to ether (100 mL). The ethereal solution was washed with sat'd NaHSO, (100 mL), H,O (50 mL), 
and brine (50 mL) and then was dried over Na2S0, and Concentrated in vacuo to give crude l3 as a light 
yellow liquid. The crude 12 was purified by molecular distillation (90°C. 0.05 mm): yield 3.0 g (50%); 'H 

(m, 2 H), 1.77-1.67 (m, 1 H). 1.66-1.43 (m. 3 H). 1.34 (t, I = 7.3 Hz, 3 H), 1.32 (t. I = 7.3 Hz, a,). 
1.28-1.10 (m, 3 H); "C NMR (75 MHz. CDC13) 6 49.92 (70.8, C-2). 38.94 (1.8. C-I), 37.29 (C-7). 36.46 

16.40 (4.8, Me); "P NMR (121 MHr CDCI,) 6 74.6 GC-MS: d e  (%); 264 (M+, 8). 235 (8), 204 (16). 176 
(10). 142 (11). 113 (11). 95 (100). 67 (37). Anal. Calcd. for C,,H2,0PS,: C, 49.97; H, 8.01. Found: C. 50.29; 
H, 8.20. 

(~)-exo-2-(Diphcnylphosphoryl~bicyclo/2.2.2.IIhcp~ 14. Pheoyllithium (0.2 M io 20330 cyclohexaoe- 
ether. 2.0 mL. 3.9 mmol) was added to a solution of S (0.40 g, 1.9 mmol) in ether (I5 mL) dropwise at -78°C 
over a 15 min period. The reaction mixture was wanned to rt, slowly turning orange with formation of a large 
amount of white precipitate. An aqueous NaOH solution (15%. 10 mL) and ether (15 mL) were then added. 
Ihe ethereal solution was separated, dried over Na,SO, aod concentrated in vacuo to give solid 14 which was 
recrystallized twice from beozene-cyclohexaoe: 0.39 g (70%); mp 164-165°C; 'H NMR (300 M H z ,  CDCI,) 

CDCI,) 6 133.9 (95.2, arom. C-1') and 133.6 (mm. 95.2. arom. C-1'). 131.3 (2.4. arom. C4')  and 131.2 (2.4, 
arom. C-4'). 131.0 (9.8. arom. C-2') aod 130.9 (8.5, m m .  C-2'). 128.5 (11.0. m m .  C-3') and 128.4 (11.0. 
arom. C-3'). 39.78 (73.3, C-2). 37.95 (1.2. C-I), 37.06 (C-7), 36.21 (3.1. C4). 31.86 (14.7. C-6). 31.21 (4.3, 
C-3). 28.47 (C-5); 'IP NMR (121 MHz. CDCI,) 6 34.2. Anal. Calcd. for CI&0P: C, 77.01; H, 7.14. Fouod 
C, 77.19; H. 7.19. 

(~)-exo-2-[(Dichlom)thiophosphorylIbicyclo[2.2.I]hcpranc 15. A mixture of S (6.7 g, 32 mmol) aod phos- 
phorus pentasulfide (5.6 g, 13 mmol) was heated with ao oil bath (oil bath temperature at 150-160"C for 8 
h. The dark red liquid which resulted was distilled to give 15: 4.15 g (57%); bp 91°C (0.9 mm); 'H NMR 
(300 MHz. c@6) 6 2.69-2.58 (m, 1 H), 2.40-2.27 (m, I H), 2.13-2.05 (m, 1 H). 1.98-1.87 (m, 2 H), 
1.45-1.20 (m. 3 H). 1.03-0.81 (m, 3 H); "C NMR (75 MHz,  CDCI,) 661.88 (64.6, C-2). 40.91 (C-I), 37.27 

99.8. Anal. Calcd. for C7HllC12PS: C, 36.70; H. 4.84. Found: C. 36.20 H. 4.63. 

(t)-uo-2-Bicyclo[2.2.Ilhepryl phosphonous dichloride 16. A mixture of 15 (20.0 g, 87 mmol) and triphen- 
ylphosphine (46 g, 0.18 mmol) was heated at l00"C for 2 h. The phosphioous dichloride 16 was distilled 
directly from the reaction mixture (Note: the distillation flask must be kept below 100°C or racemization will 
occur to give a mixture of exo- and endo-16): 97% uo-isomer by NMR spectroscopy; 14.4 g (84%); bp 44°C 
(0.4 mm); 'H Nh4R (300 MHz, GD6) 6 2.22-2.13 (m. 1 H), 2.09-2.00 (m. 1 H), 1.97-1.88 (m, 1 H), 
1.32-1.05 (m. 5 H), 1.00-0.68 (m, 3 H); "C NMR (75 M H z .  CDCI,, in agreement with lit.12') 6 54.61 (45.8, 

"P NMR (121 MHz. CDCI,) 6 186.9 (lit.'" 6 187.5). 
In a separate experiment, a mixture of 15 (5.15 g, 23 mmol) and triphenylphosphioe (8.3 g, 32 mmol) was 

heated to 240°C under a flow of nitmgen. The product 16 was carried through a U-shaped tube and colleded 
in a flask cooled with dry ice-acetone. This procedure produced 14.4 g (84%) of a 3:2 mixture of u o -  and 
cndo-phosphooous dichlorides 16. 

In separate experiments a mixture of IS (1.5 g. 9.5 mmol) and PPh, (1.24 g, 4.5 mmol) was heated and the 
reaction monitored by "P NMR. In the first, the mixture was heated from 150°C to 240°C over 1.5 h. The 
reaction was complete. In the second. the mixture was plunged into a 240°C oil bath for 8 h. No isomerization 
of unreacted 15 was observed in either case. 

(35 mL) was added dropwise over a 15 mio period to a solution of ehaeth  '01 (2.9 g. 46 -1) aod ttiethyl- 

NMR (300 MHZ. CDCl,) 6 2.96-2.80 (m, 4 H. SCHZ), 2.75-2.67 (w 1 H), 2.49-2.31 (a 1 H), 2.07-1.80 

(3.6. C-Q), 32.48 (5.5, C-3). 31.66 (18.3, (2-6). 28.40 (1.2, C-5). 25.19 (3.1. SCHZ) and 25.09 (3.1, SCH3, 

6 7.84-7.68 (m 4 H). 7.52-7.35 (tU 6 H). 2.66-2.23 (m. 3 H). 2.04-1.10 (n 8 H); '% NMR (75 MHZ, 

(4.9. C-4). 37.11 (C-7). 34.80 (6.8, C-3). 32.03 (23.0. C-6). 28.63 (2.0, C-5); "P NMR (121 MHz, CHCI,) 6 

C-2). 38.60 (17.7. C-1). 37.07 (C-7). 36.99 (3.2, C4). 33.18 (14.7. C-3). 31.31 (7.9, C-6). 28.57 (1.8, C-5); 
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Anempted thermal isomerization of exo-phosphonous dichloride 16. The exo-phosphonous dichloride 16 ( I  .5 
g. 7.6 mmol) was heated to 240-250°C for 4 days. No isomerization occurred as indicated by the "P NMR 
spectrum. 

Isomerization of exo-phosphonous dichloride 16 wirh triphenylphosphine. A mixture of 16 (1.5 g, 7.6 mmol) 
and mphenylphosphine (2.0 g, 7.6 mmol) was heated at 240-260°C for 24 h. The "P NMR spectrum (24 
MHz, Cdk) of this mixture showed signals at 6 195.5 (39%. endo-16) and 6 186.7 (61%. exo-16). 

~ ~ ) - ~ ~ ~ - ~ - ~ ~ i b ~ ~ ~ ~ h o s ~ h o ~ ~ ) b i ~ c l o i ~ . 2 . l l h e ~ t a n e  19. One half of a solution of benzylchloride (4.4 g, 35 
mmol) in ether (25 mL) was added to magnesium turnings (0.84 g. 35 mmol) in one portion at ri. After 5 min 
the mixture began to reflux. The remainder of the benzylchloride solution was added, and the readion mixture 
was stirred for 15 min without additional heating. A solution of 5 (3.3 g. 16 mmol) in ether (20 mL) was 
added dropwise over a 1 h period at rt. Gradually, a white solid precipitated. The reaction m i x m  was then 
heated at reflux for 8 days. cooled to rt and added to sat'd WCl (75 mL). The aqueous layer was exrracted 
with CHCI, (3 X 50 mL). The combined organic extracts were dried over NazSO, and concentrated to give 
19 which was recrystallized from 2:I benzene-cyclohexane and dried in vacuo (80°C. 0.1 mm): 3.26 g (64%); 
mp 166-167"C; 'H NMR (300 MHZ, CDCI,) 6 7.39-7.20 (m. 10 H). 3.25-2.85 (m, 4 H). 2.52-2.44 (m, 1 
H). 2.34-2.27 (m, 1 H), 1.91-1.68 (m. 2 H), 1.61-1.48 (m, 2 H), 1.48-1.40 (m, 1 H). 1.38-1.25 (m, 1 H). 
1.24-1.18 (m, 3 HI; "C NMR (75 MHz, CDCId 6 132.66 (6.7. arom. C-1') and 132.23 (7.3, arom. C-1'). 
129.83 (4.9. arom. C-2') and 129.73 (4.9, arom. C-2'). 128.72 (1.8. arom. C-3') and 128.63 (2.4, arom. C-3'). 
126.75 (3.1. arom C-4') and 126.71 (2.4, arom. C-4'). 38.69 (66.5, C-2). 37.98 (1.8. C-I), 37.34 (C-7). 36.11 
(3.1. C4),  35.16 (59.2, Bn-CH3, 34.19 (59.2, Bn-CH,), 31.56 (14.0. C-6). 31.40 (4.9, C-3). 28.26 (C-5); 
"P NMR (121 MHz, -1,) 6 48.5. Anal. Calcd. for G,H,OPS: C, 77.75; H, 7.77. Found: C. 77.81; H, 7.70. 

f - ' ) - e x o - 2 - f M e t h y ~ b e n z y ~ h o ~ p ~ n i o ~ b i ~ c ~ l i Z . Z . ~ ] h e p t ~  bromide 21. Trichlorosilane (2.8 mL, 28 m o t )  
was added to a mixture of 19 (1.8 g, 5.4 mmol) and hiethylamine (3.8 g, 27 mmol) in benzene (25 mL) in 
one portion at rt. The resultant mixture was heated at reflux for 8 h, cooled to R and added to benzene (95 
mL). To the diluted reaction mixture which was cooled in an ice-HzO bath was slowly added an aqueous 30% 
solution of NaOH (18 mL) over a 2 h period. The resultant mixm was stirred until two layers were evident 
(1.5 days). The layers were separated. The organic layer was washed with H 2 0  (3 X 10 mL) and brine (3 X 
10 mL). dried with MgSO, and concentrated in vacuo to a I5 mL volume. A solution of bromomethane 
(3 mL) in ether (8 mL) was added to the concentrate. The resultant mixture was stined at rt for 18 h. The 
white solid 21 which had precipitated was filtered and washed. The crude salt 21 was recrystallized from 
CH3CN-EtOAc and dried in vacuo: 1.6 g (74%); mp 207-208°C; 'H NMR (300 MHz, CDCI,) 6 7.50-7.30 
(m, 4 H), 7.30-7.12 (m, 6 H), 4.32 (1. I = 14.8 HI I H), 4.20 (t. I = 14.6 Hz, 1 H), 3.97 (t. I = 14.8 Hz. 1 
H), 3.81 (t.I= 14.7 Hz, 1 H), 2.53-2.42 (m, 1 H). 2.27-2.21 (m, I H). 2.19-2.12 (m, I H), 1.92-1.72 (m, 
1 H). 1.82 (d, I = 12.8 HI 3 H), 1.60-1.46 (m, 1 H), 1.46-1.26 (m, 2 H), 1.26-1.10 (m, 4 H); '% NMR 
(75 M H z ,  CDCI,) 6 129.87 (5.2, arom. C-2') and 129.76 (5.2. arom. C-2'). 128.74 (arom. C-3') and 128.70 
(arom. C-3'). 127.94 (8.9, arom C-1'). 127.80 (3.7. arom. C-4') and 127.74 (4.4, C-4'). 37.99 (C-7). 37.94 
(C-I), 35.83 (3.7. C4). 33.10 (44.0, C-2). 32.66 (4.9. C-3). 31.60 (14.0, C-6). 27.52 (44.6, Bn-CH,), 27.05 
(C-5). 26.93 (44.6. Bn-CH2), 2.81 (50.1, Me); "P NMR (121 MHz, CDCI3) 6 31.2. Anal. Calcd. for 
C,H,BrP C. 65.51; H, 7.00. Found: C, 65.61; H. 7.09. 

In one experiment the intermediate 20 was collected by concentration of the benzene solution. The crude 
20 was slowly, molecularly distilled (20OOC. 0.8 mm) to give an oil which solidified on standing in a nitrogen 
atmosphere. The phosphine 20 tapidly oxidized in air and was used immediately: 'H NMR (300 MHz, CD6) 
6 7.23-7.02 (m, 10 H), 2.72 (m, 2 H), 2.61 (m. 2 H), 2.14-2.06 (m, 1 H), 1.95-1.88 (m, 1 H). 1.69-1.62 
(m, 1 H), 1.52-0.91 (m. 8 H); '% NMR (75 MHz, C&) 6 139.63 (5.5). 139.06 (3.7). 130.16 (3.7). 130.08 
(2.4). 128.98 (3.7). 126.34 (1.8). 41.15 (15.9). 40.23 (14.0). 37.82 (2.4). 37.59 (4.3). 35.95 (10.4). 35.06 (21.4) 
and 32.87 (20.1). 32.15 (6.1). 29.74; "P NMR (121 MHz, CJ&) 6 -7.9. 

Alkaline hydrolysis of ero-dibenzylmethylphsphonium bromide 21: exo-2-Benzylmethylphosposphoryl)bicy- 
clo[2.2.l]hepmne 22. The ao-dibenzylmethylphosphonium bromide 21 (2.0 g. 5.0 mmol) was added to a 
solution of KOH (306 mg, 5.5 mmol) in 70% DMSO-HzO (8 mL) in one. portion at mom temperature. All of 
the phosphonium salt reacted within 15 min (as indicated by NMR spectroscopy). The reaction mixture was 
stirred at ri for an additional 45 min. The mixture was Concentrated in vacuo (0.1 mm). The crude product 
was chromatographed (60-200 mesh silica) on a 13 X 2.5 cm column with 99.5% CHzCI,-MeOH as the 
eluent. After concentration and drymg in vacuo, 22 was obtained as a 1:l mixture of diastereomers: 1.23 g 
(IOO%); mp 89.5-91°C; 'H NMR (300 MHz.  CDCI,) 6 7.62-7.08 (m. 5 H), 3.39-2.97 (m, 2 H), 2.70-2.59 
(m, 0.5 H), 2.48-2.32 (m, 1.5 H), 2.04-1.10 (m, 9 H). 1.35 (d, I = 11.9 Hz. 1.5 H), 1.21 (d. I = 11.9 Hz, 
1.5 H); "C NMR (75 MHs CDCI,, 1:l mixture of diastereomers) 6 132.66 (6.1. arom. C-1') and 132.39 (6.7, 
arom. C-1'). 129.23 (4.9, arom. C-2'). 128.49 (2.4, C-3') and 128.46 (2.4, C-3'); 126.49 (3.1. C-4') and 126.46 
(3.7, arom. C-4'). 40.18 (69.0, C-2) and 39.52 (69.0, C-2), 40.11 (69.0, Bn-CH3 and 39.40 (69.6, Bn- 
CHI), 37.70 (1.2, C-I) and 37.34 (1.8, C-I), 37.07 (C-7) and 37.03 (C-7). 36.00 (3.1, C 4 )  and 35.88 (3.1. C- 
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4). 31.59 (14.6, C-6) and 31.44 (14.0. C-6). 30.98 (4.3, C-3) and 30.77 (4.9, C-3). 28.24 (C-5) and 28.05 (C- 
5). 12.45 (66.5, Me) and 11.49 (66.5, Me); ”P NMR (121 MHz, CDCI,) 6 47.2 and 46.4 in a I : I  ratio. Anal. 
Calcd. for C,,H,,OP: C, 72.56; H, 8.52. Found: C, 72.65; H, 8.53. 

In a separate experiment, a solutiori of NaOH (60 mg, 1.5 mmol) in I:1 EtOH-H,O (1.5 mL) was added 
to 21 in one portion. The mixture which resulted was heated at 60°C for 7 days, cooled to rt and then extracted 
with benzene (3 X 30 mL). The combined organic extracts were dried over Na,SO, and concentrated in vacuo 
to give 0.14 g (45%) of a 1: I mixture of diastereomeric em-phosphine oxides 22. This was determined by ”P 
NMR spectroscopy. The ”P NMR spectrum (24 MHz, CDCI,) of the crude reaction mixture showed 59% 
hydrolysis (41% unreacted 21) and a 1:l ratio of signals at 6 47.2 and 46.4 (em-phosphine oxide diastemmers 
22). 
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