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oxygen, which was kept isotropic. The function minimized in the
refinement was 3 w(F,? - F %)?, where weights w were 1/0%(F2).
Atomic form factors were from Doyle and Turner,!® and, for
hydrogen, from Stewart, Davidson, and Simpson.’* In the final
refinement cycle, all shifts were <0.2¢. The final difference Fourier
peaks were <0.30 e A3, except those very close to known atoms.

One water hydrogen is located on a center of symmetry. The
water molecule is half-populated; however, if both centrically
related waters happened to be present in the same cell, they would
share this hydrogen, and be separated by a fairly short hydro-
gen-bond distance, 2.645 (5) A. The other water hydrogen was
not found in difference Fouriers, but must be located between
the water oxygen and the chlorine ion because these atoms are
hydrogen-bonded (d = 3.16 A). The nitrogen of the N-dimethyl
group is protonated, and hydrogen-bonds to the chlorine ion with

(13) Doyle, P. A.; Turner, P. S. Acta Crystallogr. 1968, A24, 390.
(14) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.

a distance of 3.043 (3) A. There is also a close intermolecular
contact between the ortho chlorine on the aromatic ring and the
carbonyl oxygen of the amide group in the molecule related by:
-x,y + 1/,, 11/5 - 2. The final agreement index R = 0.079 for
all 4566 reflections, and the standard deviation of fit = 2.14. The
CRYM system of computer programs was used.!? The atomic
coordinates and thermal parameters are deposited at the Cam-
bridge Crystallographic Data Centre. In addition, tables of bond
lengths and angles, torsion angles, and close intermolecular
contacts are available as supplementary material.
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Optimum conditions for the reaction of 1,4-butanediyldimagnesium dibromide and alkyl phosphorodichloridates
are described. The general geometric requirements of the cyclization reaction transition state are discussed.
Alkylation reactions of phospholanate esters 2b and 2¢ are reported. Conformational analysis of various
phospholanate esters is discussed in terms of 3Jpc and 3Jpy data, NOE experiments, and crystal structures of
related phospholane derivatives. trans-2,5-Dibenzyl phosphinate esters 15b and 15¢ were converted to
(25*,55*)-1,2,5-tribenzyl-1-oxophospholane 18 by reductive alkylation. Phosphine oxide 18 was shown to participate
in an olefination reaction with 4-tert-butylcyclohexanone.

Phospholanic acid (1, 1-hydroxy-1-oxophospholane;
tetramethylenephosphinic acid) represents the parent
compound of a class of saturated five-membered ring
phosphinic acid derivatives.! Since phosphinate esters
can be converted by straightforward methods into sub-
stances of potential utility to organic and organometallic
chemistry, we initiated an investigation of the development
of practical methods for the preparation of phospholanate
esters 2 and ring alkylated derivatives 3. This paper de-
scribes the chemistry and conformational analysis of ra-
cemic phosphinate esters 2 and 3. Future publications will
address the preparation of these materials in chiral form.

R (o]

o 0 o} l‘!"“‘c'
oL L L TS

OH R OR 43: R = Me

ab: R = Et
R 4c: R = I-Pr
' 2 3 4d: R = 2,6-Me,Ph
4e: R = (2,6-t-Bu,)-4-MePh

Classical methods of preparation of phosphorus(IV)
derivatives of phospholane have involved reaction of 1,4-
butanediyldimagnesium dibromide with amidous phos-

* Recipient of a Junior Faculty Research Award of the American
Cancer Society (1990-1993). Author to whom correspondence should
be addressed.
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phorodichloridates,? intramolecular Arbuzov reaction of
4-chlorobuty! diethyl phosponite,® and McCormack cy-
cloaddition of 1,3-butadiene with phosphorus trichloride.*
Each of these methods suffered from low overall yield.

In an attempt to establish a practical alternative for the
preparation of phospholanic esters, we investigated reac-
tions of alkyl phosphorodichloridates® 4 with 1,4-butane-
diyldimagnesium dibromide.! During the course of these
studies two independent reports describing the preparation

(1) Reviews of methods of phosphorus heterocycle ring construction:
Quin, L. D. The Heterocyclic Chemistry of Phosphorus; Wiley: New
York, 1981; Chapter 2. Hellwege, D. M.; Berlin, K. D. Top. Phosphorus
Chem. 1969, 6, 1. Mann, F. G. In The Chemistry of Heterocyclic Com-
pounds: Heterocyclic Derivatives of Phosphorus, Arsenic, Antimony,
and Bismuth; Weissberger, A., Taylor, E. C., Eds.; Wiley: New York,
1070; pp 12-61.

(2) Kosalopoff, G. M.; Struck, R. F. J. Chem. Soc. 1957, 3739. Ko-
salopoff, G. M. J. Am. Chem. Soc. 1955, 77, 6658.

(3) Helferich, B.; Aufderharr, E. J. Liebigs Ann. Chem. 1962, 658, 100.

(4) Hasserodt, U.; Hunger, K.; Korte, F. Tetrahedron 1963, 19, 1563.

(5) Petrov, K. A; Bliznyuk, N. K.; Korotkova, V. P. Zh. Obshch. Khim.
1960, 30, 2995.

(6) Several recipes are available for the preparation of 1,4-butane-
diyldimagnesium dibromide. Nenitzescu, C. D.; Nesciou, L. J. Am. Chem.
Soc. 1950, 72, 3483. Yvernault, T.; Casteignau, G.; Estrade, M. C. R.
Acad. Sci. Paris 1969, 269, 169. We employed an equivalent of di-
bromoethane to enhance di-Grignard formation relative to Wurtz cou-
pling and to provide an additional equivalent of MgBr, to drive the
Schlenk equilibrium 2[(BrMg)CH,CH,CH,CH,(MgBr)} = ([CH,),]JMg),
+ 2MgBr, in favor of the monomeric di-Grignard reagent: Holtkamp, H.
C.; Schat, G.; Blomberg, C.; Bickelhaupt, F. J. Organomet. Chem. 1982,
240, 1.

0022-3263/91/1956-3137$02.50/0 © 1991 American Chemical Society
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Table I. Cyclization Reactions

MgBr

/0
i CHCl, V- Vs
N /P““'c' —_— Nem — P\
RO' ol o0°c OR
MgBr
MgBr 4n-e Sa-e 2a-0

[di- [phosphoro- additn yield

entry Grignard] dichloridate] R time (h) (%)
1 05 M 42,05 M Me 0.5 21
2 0.5 M 4b,06 M Et 0.5 34
3 0.5 M 4¢c,056M i-Pr 0.5 34
4 05 M 4d,05M 2,6-MeyPh 0.5 23
5 0.5 M 4e,05M 2,6-t-Bus-4- 0.5 16

MePh

6 0.2 M 4b,02M Et 0.5 37
7 02M 4b,02M Et 9 50
8 02 M 4c,02M i-Pr 85 48

of trans-2,5-disubstituted phospholanes were published.’

Results and Discussion

Methyl-, ethyl-, and isopropyl phosphorodichloridates
4a—c were prepared by the method of Saunders,® while
2,6-dimethylphenyl phosphorodichloridate® (4d) and 4-
methyl-2,6-di-tert-butylphenyl phosphorodichloridate (4e)
were prepared by reaction of the lithium phenolate with
phosphorus oxytrichloride in ether at 0 °C. The cyclization
reaction was effected by slowly cannulating an ice-cold
solution of di-Grignard reagent and a separate ice-cold
solution of phosphorodichloridate into a reaction vessel
precooled to 0 °C. Dichloromethane was selected as sol-
vent because exploratory experiments conducted in either
ether or tetrahydrofuran produced a complex mixture of
products and much lower yields of phospholanate ester.
The results of various such experiments are presented in
Table 1.

In comparing entries 1-5 it is evident that yields of the
phosphinate esters were uniformly low. The reactions of
1,4-butanediyldimagnesium dibromide with aryl phos-
phorodichloridates 4d—e resulted in formation of a sig-
nificant amount of the free phenol, suggesting that for
these substrates, displacement of phenoxide was compe-
titive with displacement of chloride from the bifunctional
intermediate 5. In the hopes of improving the yield of the
cyclization reaction, several experiments were conducted
at higher dilution. As documented by entries 2 and 6 of
Table I, it was observed that reducing substrate concen-
tration from 0.5 M to 0.2 M resulted in a 3% increase in
yield of the phospholanate ester. However, it was observed
that by slowly mixing the reactants together, much higher
yields (48-50%) of phospholanate ester were obtained
(entries 7 and 8). The response of the cyclization reaction
of 1,4-butanediyldimagnesium dibromide with phospho-
rodichloridates 4b and 4c to concentration and mixing time
suggests that a competing side reaction is polymerization.
It is instructive to consider the physical reasons for this
behavior.

Nucleophilic displacements at P(IV) centers are gen-
erally recognized'® to proceed by one of three pathways:
(1) SN1(P), (2) Sn2(P), and (3) addition~elimination. The
reaction of 1,4-butanediyldimagnesium dibromide with

(7) Wilson, S. R.; Pasternak, A. Syn. Lett. 1990, 199. Burk, M. J;
Feaster, J. E.; Harlow, R. L. Organometallics 1990, 9, 2653.

(8) Saunders, B. C.; Stacey, G. C.; Wild, F.; Wilding, I. G. E. J. Chem.
Soc. 1948, 699.

(9) Kosolapoff, G. A.; Arpke, C. K.; Lamb, R. W.; Reich, H. J. Chem.
Soc. C 1968, 815.

(10) Emsley, J.; Hall, D. The Chemistry of Phosphorus; Harper and
Row: New York, 1976; Chapter 8.
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alkyl or aryl phosphorodichloridates and subsequent cy-
clization of intermediate 5 most likely occur by either
Sn2(P) or addition—elimination pathways. Since the yield
of the cyclization reaction depends on the fate of inter-
mediate 5, we focus disucssion on the chemistry of 5. In
thinking about possible mechanisms involved in the ring
closure step, the addition—elimination path involves a
trigonal bipyramid (tbp) as a discrete intermediate, while
the Sy2(P) mechanism involves a trigonal-bipyramidal
transition state.

The Sn2(P) mechanism involves inversion of configu-
ration at phosphorus. Hence, formation of phospholanate
ester by an Sy2(P) pathway involves a geometry similar
to 6. An alternative mode of the Sy2(P) mechanism in-
volving displacement of alkoxide or phenoxide via trajec-
tory 7 is also conceivable. This latter reaction would be
expected to be more favorable for phosphorodichloridates
4d and 4e, since phenoxides are much better leaving groups
than alkoxides and nucleophilic displacement at phos-
phoryl centers shows a significant dependence on the
strength of the covalent bond between phosphorus and the
leaving group.!® Nucleophilic attack according to the ge-
ometry depicted in 7 also represents the least sterically
hindered trajectory of attack. Such steric hindrance is
most likely significant in the cases of 6d (R = 2,6-Me,Ph)
and 6e (R = 2,6-t-Buy-4-MePh) since in these cases the R
groups are very bulky. The phosphinic acid chloride 8
produced by displacement of phenoxide would be expected
to form dimer or higher oligomer by further reaction with
a Grignard reagent present in the reaction medium.!!

MgBr MgBr
Q-
e — O, e —
T% \m .%4 \Cl

Ct O~p
6 2 7 8

The phospholanate esters 2 are themselves susceptible
to nucleophilic attack by Grignard reagents.!? Berlin,
Mislow, and Cram have demonstrated that phosphinate
esters react with Grignard reagents to form phosphine
oxides.!? In order to ascertain the compatibility of the
phospholanate esters 2 and the di-Grignard reagent, we
conducted two series of control experiments. In separate
experiments, ethyl phospholanate (2b) and 2,6-di-
methylphenyl phospholanate (2d) (1 mmol) were each
reacted with 1,4-butanediyldimagnesium dibromide (1
mmol) in dichloromethane (0.1 M in each reactant) at 0
°C for periods of time ranging from 1 to 8 h. Surprisingly,
neither 2b nor 2d underwent any detectable reaction with
the di-Grignard reagent. This result suggests that the
phospholanate esters are stable to 1,4-butanediyldi-
magnesium dibromide under the conditions in which the
phosphinate esters are formed. The lack of reactivity of
2d suggests that for aryl phosphorodichloridate reagents
4d and 4e, the major side reaction competing with dis-
placement of chloride is displacement of phenoxide in
either substrates 4d—e or intermediates 5d—e.

Returning to the question of cyclization of intermediate
5, the first step of the addition—elimination mechanism is
similar in geometry to the direct Sy2 pathway. Thus,
nucleophilic attack at phosphorus can occur by trajectories
6 and 7, producing 9 and 10. The least sterically hindered
attack trajectory corresponds to 7. An added complexity
associated with this reaction path is the possibility of

(11) Ikai, K.; lida, A.; Yamashita, M. Synthesis 1989, 595.

(12) Berlin, K. D.; Pagilagan, R. U. J. Org. Chem. 1967, 32, 129,
Korpiun, O.; Mislow, K. J. Am. Chem. Soc. 1967, 89, 4784. Nudelman,
A,; Cram, D. J. J. Am. Chem. Soc. 1968, 90, 3869.
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pseudorotation!3 on the tbp intermediates 9 and/or 10
prior to expulsion of the leaving group. In trigonal-bipy-
ramidal intermediates with a sterically demanding phenoxy
moiety, the tbp 9 is expected to be more stable than tbhp
10 since bulky substituents prefer equatorial positions in
molecules of trigonal-pyramidal geometry.1# Thus, in
cyclizations of 5d and 5e steric approach control favors
production of a thp intermediate of geometry 10, while thp
stability most likely favors 9. The decomposition of thp
species is believed to occur by departure of the leaving
group from an apical position.!®® This decomposition
process would presumably be rapid for intermediates 9d.e
and 10d,e, which possess very bulky OR groups, since these
tbp intermediates most likely possess significant B-strain.
The strain is released upon departure of the leaving group.
In general, the presence of a five-membered ring in trig-
onal-bipyramidal phosphorus intermediates leads to en-
hanced rates of pseudorotation relative to acyclic struc-
tures. The pseudorotation of one trigonal bipyramid to
an isomeric trigonal bipyramid occurs by way of a square
pyramidal transition state.!# In pentavalent phosphorus
intermediates of square-pyramidal geometry:}4¢ (1) five-
membered rings preferentially span basal positions, (2)
electronegative ligands prefer to occupy basal sites, (3)
w-donor ligands prefer to occupy the axial site, and (4)
steric effects are minimized by positioning bulky groups
in the apical position. The pseudorotation of 10 to 9 (and
vice versa) with the oxy anion acting as pivot produces a
square-pyramidal transition state in which criteria 1-3 are
satisfied. However, the bulky phenoxide moiety is forced
into a basal position.” Since the bond angles between ad-
jacent basal positions in an idealized square pyramid are
86°, the conversion of either 9 or 10 to the square-pyram-
idal transition state forces adjacent ligands into a closer
proximity to the phenoxide moiety than in either 9 or 10
(90° and 120° bond angles to nearest neighbors). Hence,
an increase in intramolecular nonbonded interactions oc-
curs on passage of either 9 or 10 to the square pyramid.
This increase in steric strain most likely produces an en-
ergy barrier for pseudorotation. Thus it is possible that
the 10 — 9 interconversion might be slow relative to ex-
pulsion of the axial phenoxy leaving group and formation
of acid chloride 8. Hence, the formation of significant
amounts of the free phenol in reactions of phosphorodi-
chloridates 4d and 4e can be rationalized by preferential
formation of tbp 10 by steric approach control, followed

(13) (a) Berry, R. S. J. Chem. Phys. 1960, 32, 933. (b) Westheimer,
F. H. Acc. Chem. Res. 1968, 1, 70. Hudson, R. F.; Brown, C. Acc. Chem.
Res. 1972, 5, 204, Trippett, S. Pure Appl. Chem. 1974, 74, 545.

(14) (a) Holmes, R. R. Pentacoordinated Phosphorus, ACS Mono-
graph 176, Vol. 2; American Chemical Society: Washington, DC, 1980.
(b) Corfield, J. R.; De’Ath, N. J.; Trippett, S. J. Chem. Soc. C 1971, 1930.
In these reactions, kinetic attack of hydroxide on the phosphonium salt
by steric approach control produced a thp with a bulky substituent oc-
cupying an axial position. The bulky substituent experienced competitive
expulsion from the tbp intermediate despite the fact that a better leaving
group was directly attached to phosphorus. These observations were
rationalized by suggesting that pseudorotation of the initially formed tbp
intermediate was disfavored since for steric reasons the pseudorotation
process possessed a high activation barrier. Consequently, the better
leaving group experienced difficulty in gaining access to an apical posi-
tion, hence its departure was inhibited.
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Table II. Alkylation Reactions

I CHzPh

CH,Ph
0 y A 0
P// 1. LTMP, THF 4 PhCH,8r /,0 7
R T " —_— P, P,
o OR additive "oR "R
D, D2

entry  additive R D;:D, yield (%)
1 none Et 60:40 (12b:13b) 91
2 2-HMPA Et 25:75 (12b:13b) 83
3 2 HMPA® Et 33:66 (12b:13b) 75
4 none i-Pr  70:30 (12¢:13c) 72
5 2 HMPA i-Pr 23:77 (12¢:13¢) 78

s Deprotonation carried out in the presence of HMPA.

by loss of phenoxide in direct competition with pseudo-
rotation to tbp 9. A mechanistic analogy for this situation
can be drawn to the hydrolysis of sterically hindered acyclic
phosphonium salts.!#®

The alkoxy analogues 5a—c¢ undergo cyclization compe-
titively via trajectories 6 and 7. It seems reasonable to
postulate that pentacoordinated intermediates are formed
and undergo pseudorotation in these cases since 10 is
predicted to be the kinetic tbp intermediate formed on
both steric and electronic grounds. Since the phosphola-
nate esters 2b,¢ are produced in these reactions, pseudo-
rotation to 9 followed by departure of chloride must occur.
The dependence of yield of 2b and 2¢ to mixing time
(Table I, entries 2, 3, 7, and 8) indicates that in all cases
the ring closure reaction experiences a significant activation
barrier. It is only when the reactants are mixed together
slowly that ring closure can compete with the bimolecular
polymerization reaction.

The reaction of 2,5-hexanediyldimagnesium dibromide!®
with ethyl phosphorodichloridate produced a 1:2:1 mixture
of three diastereomers (11a:11b:11¢), which were separable
by medium pressure liquid chromatography. The struc-
tural assignments were based on 'H NMR analyses.!$
Thus, the methyl groups attached to the 2 and 5 positions
of the phospholane ring in compounds 11a and 11c¢ ap-
peared in each case as a chemically equivalent doublet of
doublets (11a: 6 1.20, Jyy = 7.3 Hz, Jpy = 16.0 Hz) and
(llc: é 1.14, JHH =170 HZ, JPH = 14.8 HZ). Since the
methyl groups bonded to positions 2 and 5 of the phos-
pholane ring of trans derivative 11b are chemically non-
equivalent, each of these groups appeared as a distinct
doublet of doublets: (5 1.18, Jyy = 7.1 Hz, Jpy = 159 Hz
and 6 1.22, Jyy = 7.1 Hz, Jpy = 15.9 Hz). Evidence for
the orientation of the ethoxy moiety relative to the 2,5-
methyl groups in 11a and 11l¢ was provided by NOE ex-
periments. Isomer lle, upon irradiation of the methyl

Me

MgBr  E1OP(Q)CH, P,/° bp /,o i ) //0

Mg8r —_— "'ocu,cn,‘ / "‘ocn,cn,‘ / ™ OCHCH,
e e e »}oJ"% NOE

11a 11b 11¢

signals at & 1.14 showed a 1.4% enhancement of the OCH,
signal. Isomer 11a did not display any NOE effect. The
observed 1.4% NOE effect in 11c is consistent with a cis
orientation of methyl and ethoxy moieties. The observa-
tion that a statistical ratio of the three cyclization products

11a—c was formed in the reaction suggested that we pursue

(15) McDermott, J. X.; White, J. F.; Whitesides, G. M. J. Am. Chem.
Soc. 1976, 98, 6521.

(16) Related YH NMR analyses for cis-2,5-dimethyl derivatives of the
phosphol-8-ene ring system have been reported: Quin, L. D.; Barket, T.
P. J. Am. Chem. Soc. 1970, 92, 4303. Bond, A.; Green, M.; Pearson, S.
C. J. Chem. Soc. B 1968, 929.
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Table III. Alkylation Reactions

. CHzPh CH,Pn CH Ph
H P//o 1. LTMP, THF Q ° PhCH,Br EF/, O/°
",O,R additive
Li CHzPh CH;Ph
entry  additive R D;:D, yield (%)
1 none Et 78:22 (14b:15b) 78
2 2-HMPA Et 39:61 (14b:15b) 88
3 none i-Pr  86:14 (14c:15¢) 75
4 2 HMPA i-Pr 57:43 (14c:15¢) 71
Table IV. Alkylation Reactions
CH,Ph CH,Ph CH,Ph CH.Ph
© 1.LTMP, THF ° PhCH,Br /o
D=8, 2 ¢ d
"'O’R additive ‘oR
Li CH,Ph CH,Ph
entry  additive R Dy:D, yield (%)
1 none Et 60:40 (15b:16b) 88
2 none i-Pr  55:45 (15¢:16¢) 59

other, conceivably more stereoselective routes to 2,5-di-
substituted derivatives of phospholanic acid. Conse-
quently, we directed our attention to alkylation reactions
of phospholanate esters 2b and 2c.

To the best of our knowledge, our work constitutes the
first study of the stereochemistry of alkylation reactions
of esters of phospholanic acid.” The phospholanate esters
2b and 2c¢ were deprotonated with lithium 2,2,6,6-tetra-
methylpiperidide (LTMP)!® at ~78 °C and then reacted
with benzyl bromide in either the presence or absence of
HMPA. Inspection of Tables II-IV reveals that the lith-
ium phosphinate anion in THF tends to prefer to alkylate
syn to the phosphinyl oxygen moiety. However, in the
presence of HMPA the trans diastereomer D, is formed
preferentially. The configurational assignments of various
phospholanate esters 12-16 were established by 'H NOE
experiments. The NOE experiments were interpreted by
consideration of preferred conformations of each ester.
The preferred conformations were determined by analysis
of the 'H and 8C NMR spectra of the phospholanate
esters.

The conformational analysis of organophosphorus com-
pounds benefits greatly from the NMR active phosphorus
nucleus and the dependence of 2J, %/, and 4J on the spatial
relationship between phosphorus and other nuclei.l?-2
Several independent investigations??% probing the rela-

(17) Mathey reported alkylation reactions of alkyl esters of A®-
phospholenic acid. To the best of our knowledge, this is the only report
of an alkylation reaction of any phosphinate ester: Mathey: F.; Lampin,
J. P. C. R. Acad. Sci. Paris 1970, 270, 1531.

(18) Olofson, R. A.; Dougherty, C. M. J. Am. Chem. Soc. 1973, 95, 582.

(19) Bentrude, W. G.; Setzer, W. N. (Chapter 11), and Quin, L. D.
(Chapter 12) In Methods in Stereochemical Analysis, 8: Phosphorus-31
NMR Spectroscopy in Stereochemical Analysis - Organic Compounds
and Metal Complexes, Verkade, J. G., Quin, L. D., Eds.; VCH: Deerfield
Beach, FL, 1987 and references cited therein.

(20) Jpooy: (a) Hall, L. D.; Malcolm, R. B. Can. J. Chem. 1972, 50,
2092. (b) Boros, E. J.; Coskran, K. J.; King, R. W.; Verkade, J. G. J. Am.
Chem. Soc. 19686, 88, 1140. (c) Lee, C. H.; Sarma, R. H. J. Am. Chem.
Soc. 1976, 98, 3541.

(21) Jpocc: (a) Lapper, R. D.; Mantsch, H. H.; Smith, I. C. P. J. Am.
Chem. Soc. 1973, 95, 2878. (b) Alderfer, J. L.; Tso, P. O. P. Biochemistry
;(9)7{,8(1)6, 2410. (c) Davies, D. B.; Sadikot, H. Org. Magn. Reson. 1982,

(22) Hall, L. D.; Donaldson, B. Can. J. Chem. 1972, 50, 2111.

(23) Tsuboi, M.; Kuriyagawa, F'.; Matsuo, K.; Kyogoku, Y. Bull. Chem.
Soc. Jpn. 1967, 40, 1813.
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Table V. Coupling Constants®

entry compd %Jpocw Jroce  *roc  *Jeccen
1 2a 10.7 6.8
2b 7.8 6.0 6.6
3 2c 8.3 4.0 6.8
4 12b 7.6 6.0 6.6 11.2
5 13b 7.9 5.6 6.5 12.9
6 14b 7.5 5.9 6.9 114
7 15b 7.6 5.7 7.1 9.8, 12.3
8 16b 7.8 5.0 8.5 12.2
9 12¢ 8.5 3.8, 4.5 6.7 11.2
10 13¢ 7.8 3.9% 6.7 13.1
11 l4¢ 8.3 3.8 6.7 11.5
12 15¢ 7.9 3.5, 4.1 7.0 9.5, 12.7
13 16¢c 7.3 3.9 6.9 13.1

14 17 13.1

9 Spectra were recorded in CDCL; and the absolute values of the
coupling constants are reported in hertz. ®Broad doublet, proba-
bly an unresolved, overlapped doublet of doublets.

tionship of the magnitude of the 3/pocy coupling constant
to the POCH dihedral angle have established that trans
POCH rotamers (§ = 180°) possess large coupling con-
stants (22-28 Hz) while gauche POCH rotamers (¢ = 60°)
possess much smaller values (2-3 Hz). Inspection of entries
2-8 of Table V reveals a fairly constant value of approx-
imately 8 Hz for 3Jpgcy in derivatives of ethyl phospho-
lanate, suggesting that these substances possess a fairly
uniform average POCH conformation. The magnitude of
the value of 3Jpocy is consistent with a three-site model
favoring a significant population of an anti P-O-C-C
conformation. Further evidence for this preferred con-
formation is provided by 2Jpocc. Large ®Jpoec values (28
Hz) indicate a 180° dihedral angle between phosphorus(I'V)
and carbon while smaller values (<2 Hz) are characteristic
for a gauche relationship.* Derivatives 2b and 12b-15b
possess %Jpocc values of approximately 6 Hz, consistent
with a three-site model bearing a preference for the trans
POCC rotamer.

A related issue concerns the preferred O0=P—0—C
conformation. In a seminal investigation, Siddall and
Prohaska® recorded and analyzed the 'H NMR spectra
of 61 organophosphorus esters. The two important ob-
servations were that rotation about the P-O-C linkage is
rapid and that the esters possess a large population of a
single preferred general conformation. We propose a more
refined version of the general conformational model of
Siddall in which the phospholanate esters described in this
paper prefer an s-cis conformation about the 0=P—0—C
linkage. The s-cis conformation benefits from resonance
interaction? of an oxygen lone pair with the pr—-dz P==0
bond (primary stereoelectronic effect)?” and interaction of
a second oxygen lone pair with the P-O ¢* orbital (sec-
ondary stereoelectronic effect).” We assume that the ester
oxygen moiety is sp? hybridized and that the oxygen-cen-
tered orbitals involved in the primary and secondary
stereoelectronic effects are orthogonal.

o [«

|
WPl LB e Y P R
7O h 7 \3/

s-cis

(24) Murari, R.; Abd El-Rahman, M. M. A.; Wedmid, Y.; Parthasar-
athy, S.; Baumann, W, J. J. Org. Chem. 1982, 47, 2158 and references
cited therein.

(25) Siddall, T. H., III; Prohaska, C. A. J. Am. Chem. Soc. 1962, 84,
3467.

(26) Cruickshank, D. W. J. J. Chem. Soc. 1961, 5486. Verkade, J. G.
Bioinorg. Chem. 1974, 3, 165.

(27) For a definition of these terms, see: Deslongchamps, P. Ster-
eoelectronic Effects in Organic Chemistry; Pergamon: New York, 1983;
pp 55-56.
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Phospholanic Acid

Figure 1.

Inspection of Table V reveals that *Jpocy of isopropyl
phospholanate esters is larger than Jpcy of ethyl phos-
pholanate esters. This behavior is inconsistent with a
three-site model, which would predict that 3Jpgcy would
be smaller for 2¢ than 2b, since a larger population of
gauche POCH rotamers would be expected for 2¢ relative
to 2b. By analogy to results obtained in the spectral
analyses of oligonucleotides,?!? the isopropyl phospholanate
esters may be described by a two-site model, where the
P=0 bond makes equal angles 6 with the C-H bond of
the isopropyl moiety. On the basis of the equation20e2!b
S%Jpocu = 18.1 cos? 8 — 4.8 cos 6, the two-site model with
6 ~35° is consistent with the observed J values. The
%Jpocc coupling constants are also consistent with this
analysis. The concept is most readily understood with a
symmetrical compound like isopropyl phospholanate (2¢).
If the entire population consists of two rotamers in rapid
equilibrium, then a constant value of Jym = *Jpocc) +

%Jpocom) should be observed, where C(a) and C(b) are the
methyl groups of an isopropyl moiety of one rotamer of
the pair.  Calculating®® the ®Jpocc values using the

]

W o ! o
H o H
x /\ v ME?&Q = e
i
2e M‘e Ma

equation *Jpoec = 9.5 cos? ¢ — 0.6 cos ¢ and dihedral angles
¢ of 85° and 155° produces values of *Jpocc(e = 0.1 and
%Jpoccm) = 8.3 or Jyum = 8.4 Hz. Since the conformational
equilibrium mvolves two mirror image rotamers, time
averaging makes the methyl groups in 2¢ magnetically
equivalent and *Jpocc = *pocem) = 1/ eeum = ~4.2 hz,
which compares well with the experimental value of 4.0
Hz. For compounds that are unsymmetrical, with C(a) and
C(b) chemically nonequivalent (12¢, 15¢), the J,,, values
are 8.3 and 7.6 Hz, respectively.

Finally, the dihedral angle dependence of 3Jpcee in
phosphine oxides,?® phosphonates,? and other P(IV) de-
rivatives® has been determined. Typical values are 3Jpacc
= 14 Hz for § = 180°, 6 Hz for # = 60°, and 18-20 Hz for
6 = 0°. The values of 3Jpccpy, of the coupling reported in
Table V between phosphorus and the ipso carbon of the
aromatic ring of the benzyl side chain is usually in the
range of 11-13 Hz, suggesting a significant population of
the trans P-C—C-Ph rotamer in solution.

To the best of our knowledge, there have not been any
systematic studies of the conformational analysis of the
saturated phospholane ring system?®! in which phosphorus

CL.

(28) Wiseman, J. R.; Krabbenhoft, H. 0. J. Org. Chem. 1976, 41, 589,

(29) (a) Buchanon, G. W ; Benezra, C. Can. J. Chem. 1976, 54, 231. (b)
Buchanon, G. W.; Bowen, J. H. Can. J. Chem. 1977, 55, 604. (c) Theim,
J.; Meyer, B. Org Magn. Reson. 1978, 11, 50. (d) Ernst, L. Org. Magn.
Reson 1977, 9, 35.

(30) Quin, L. D.; Gallagher, M. J.; Cunkle, G. T.; Chestnut, D. B. J.
Am. Chem. Soc. I!ISI] 102, 3136.
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Table VI. '3C NMR Chemical Shifts and Jpc Coupling
Constants®

entry compd C, Cy Cy Cs

1 2a 229 (89.9) 222 (120) 22.2(12.0) 229 (89.9)
2 2b 246 (90.0) 23.2 (12.0) 23.2 (12.0) 24.6 (20.0)
3 2¢ 261 (90.3) 229 (12.1) 22.9(12.1) 25.1(90.3)
4 2d 25.8(889) 229 (126) 229 (12.6) 25.8(88.9)
5 2e 28.5(90.1) 22.7(13.3) 22.7(13.3) 28.5(90.1)
6
=
8
9

12b 383 (89.2) 30.3(16.1) 20.7(9.7) 25.4 (88.8)
13b  39.8 (90.4) 29.5(15.3) 20.7(9.9) 25.0 (86.6)
14b  38.2(86.9) 26.8 (14.8) 26.8 (14.8) 38.2 (86.9)
15b  40.6 (89.3)* 28.9 (13.4)° 28.0 (12.3)° 39.8 (86.0)°

10 16b  39.0 (86.0) 26.3 (14.1) 26.3 (14.1) 39.0 (86.0)
11 12¢ 38.6(89.6) 30.0(16.1) 20.5(9.8) 25.9 (88.8)
12 13¢  39.2 (91.4) 289 (15.1) 20.3(9.8) 25.2 (86.0)
13 l4c 38.4 (87.2) 26.4 (14.7) 26.4 (14.7) 38.4 (87.2)
14 15¢  40.2 (90.0)¢ 28.7 (13.3)* 27.6 (12.3)* 40.0 (85.8)¢
15 16c 388 (85.9) 25.8(13.8) 25.8 (13.8) 38.8 (85.9)
16 1la 29.7 (88.0) 29.6 (15.0) 29.6 (15.0) 29.7 (88.0)
17 lle 31.6 (87.8) 29.3 (14.3) 29.3 (14.3) 31.6 (87.8)
18 17 393 (89.7) 27.9(13.2) 27.9(13.2) 39.3 (89.7)

?Spectra were recorded in CDCly and the chemical shifts are
reported relative to tetramethylsilane; coupling constants are in
parentheses and reported in hertz. °®These values may be inter-
changed. °These values may be interchanged. ¢These values may
be interchanged. ©These values may be interchanged.

is present as P(IV).32 Relevant to this issue, however, is
an X-ray structure determination® of phospholanic acid.
The key finding of this study was that the heterocyclic ring
was nonplanar. The gross features of the ring conforma-
tion in the crystal structures of methyl phenyl phospho-
lanium iodide*® and other phospholane derivatives®* are
similar to those of phospholanic acid. As a basis for dis-
cussion, a selected view of the crystal structure of phos-
pholanic acid was generated from the original published
coordinates®® with the computer program Molecular Ed-
itor* and is reproduced in Figure 1. Viewing phospholanic
acid from the corner of the ring at which phosphorus re-
sides (Figure 1) provides a structure that resembles a
half-chair form.

The most useful piece of spectroscopic data relating to
ring conformation for the various phosphinate esters de-
scribed in this report are '3C chemical shifts and opc
coupling constants. Such data are presented in Table VI.
Inspection of entries 1-5 of Table VI reveals that for un-
substituted phospholanate esters 2a—e C, and C; are
equivalent and C4 and C, are equivalent both in terms of
chemical shift and Jpe. This suggests the presence of a
single symmetrical conformation or the presence of several
rapidly equilibrating conformations, with the values of &
and Jpc in Table VI representing time-averaged values.
Given the crystal structure data, we favor the latter hy-
pothesis. We propose as a working model that the con-
formational energy surface of the phospholanate ring

(31) General reviews of five-membered ring phosphorus heterocycle
conformations: Galllagher, M. J. In Methods in Stereochemical Analysis,
8: Phosphorus-31 NMR Spectroscopy in Stereochemical Analysis-Or-
ganic Compounds and Metal Complexes; Verkade, J. G., Quin, L. D.,
Eds.; VCH: Deerfield Beach, FL, 1987; pp 304-310. Qum. L.D. The
Hetemcyc!w Chemistry of Phusphorus Systems Based on the Phos-
phorus-Carbon Bond; Wiley: New York, 1981; Chapter 8. Gallagher, M.
J.In Stemochemwtry of Heterocyclic Compounds Armarego, W.L. F,,
Eds.; Wiley: New York, 1977; pp 386-391.

(32) A single example: Qujn, L.D,; Stocks, R. C. J. Org. Chem. 1974,
39, 1339.

(33) (a) Alver, E.; Kjoge, H. M. Acta Chem. Scand., 1969, 23, 1101. (b)
Alver, E.; Holtedahl, B. H. Acta Chem. Scand. 1967, 21, 359. (c) Fitz-
gerald, A.; Smith, G. D.; Caughlan, C. N.; Marsi, K. L.; Burns, F. B. J.
Org. Chem. 1976, 41, 1155. (d) Lee, J. O.; Goodacre, G. W. Naturwis-
senschaften 1968, 55, 543. (e) Day, R. D.; Husebye, S.; Deiters, J. A.;
Holmes, R. R. J. Am. Chem. Soc. 1980, 102, 4387.

(34) Smith, A.; Wargo, R.; McFerrin, D. P. Drexel Umvers:ty. Phila-
delphia, PA 19104 1986.
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system contains two low-energy half-chair forms that are
in rapid equilibrium. The rapid conformational equilib-
[e] o]
AL s
\Ai'vk,, == HJV'I’A(
H o R H

rium assures the time-averaged magnetic and geometric
equivalence of C, «» C; and C; <> C, on the NMR time
scale. It appears reasonable that substitution at C; or C,
would tend to favor a large population of that conformer
which places the C,; substituent in a pseudoequatorial
position. This conclusion is supported by the crystal
structures of 3-methylphospholanium salts.*¢ The effect
of substitution at C, of the phospholanate ring on ring
conformation is less predictable. The relevant chemical
shift and Jp¢ values for various C,-substituted phospho-
lanate esters appear as entries 67 and 11-12 of Table V1.
In these cases, ring carbons C, and C; were distinguished
by application of a combination of ‘H-'H decoupling and
two-dimensional NMR heteronuclear correlation spec-
troscopy (APT* and HETCOR®¥). Both the decoupling
and HETCOR experiments established the proton—carbon
connectivities, and the APT spectrum differentiated C,
from Cg on the basis of methine vs methylene type carbon.
The downfield shift of C, in these derivatives relative to
the parent compounds was also consistent with these as-
signments.’ The assighments of C; and C, was made on
the basis of treating the CH,Ph moiety as a group and
assuming a $-deshielding effect of this group and a small
v shielding effect.3 The Jpc coupling constants to C; and
C, in 12b, 13b, 12¢, and 13c are significantly different.
This suggests that these structures spend a significant
amount of time in a conformation in which C; and C,
assume different dihedral angle relationships to P. We
interpret these results in the following way. Substitution
of the phospholane ring at C, forces the heterocycle to
assume a conformation that minimizes steric repulsions
between the C, substituent and the exocyclic substituents
attached to phosphorus. In effect, the CH,Ph moiety
should prefer to be gauche to both the P=0 and POR
groups of the phosphinate ester moiety. The Jpc data of
Table VI require that the dihedral angle relationship of
C; and C, to P must be nonequivalent in the most highly
populated conformer. This effectively limits the possi-
bilities to one structure: an envelope form with C, occu-
pying the flap position. Since molecular models indicate
that steric repulsions are minimized and that the P-C-C-
C; and P-C-C-C, dihedral angles are significantly dif-
ferent in this structure, we suggest that the envelope form
best describes the C,-substituted derivatives.

H

H
5 4 5 4
o. /— °§/_
7 N2 3 2 3

il CH,Ph | CH,Ph
o} R/O

12b: R = Et 13b: Rm Et
12¢: R = I-Pr 13¢: R = I-Pr

On the other hand, cis-2,5 disubstitution, regardless of
configuration at phosphorus (Table VI, entries 8, 10, 13,
15, 16, and 17) restores symmetry and Jpc at C;3 becomes
identical with Jpc at C,. We suggest that in these cases
both the C; and C; substituents tend to assume a geometry
that places both substituents in a staggered relationship
with respect to the P==0 and POR groups of the phos-

Polniaszek and Foster

phinate moiety. This requires phosphorus to reside at the
flap of the envelope, with the two benzyl groups assuming
pseudoequatorial orientations.

Finally, in the trans-2,5-disubstituted phosphinate esters
15b and 15¢ all the ring carbon atoms are distinct in terms
of chemical shift and Jpc. Although we can spectroscop-
ically distinguish all ring carbons in these systems, we
cannot assign C,, C;, C,, and C; with certainty. However,
the similarity of both chemical shift and Jpc of C3 and C,
in these derivatives suggests that they are very symmetric
in structure. We suggest that 15b and 15c exist in true
or slightly distorted half-chair conformations in which the
benzyl substituents occupy pseudoequatorial positions. In
such structures the steric interactions between the benzyl
groups and the exocyclic substituents attached to phos-
phorus are minimized. Furthermore, the dihedral angles
between P and C; and P and C, are very similar, consistent
with the Jp data appearing in Table VI. Support for this
conformational model was obtained from the *C NMR
spectrum of trans-2,5-dibenzylphospholanic acid (17). The
acid was obtained by dealkylation of phosphinate ester 15b
with trimethylsilyl bromide.® Apparently, inter- or in-
tramolecular exchange of the phosphinic acid proton occurs
rapidly on the NMR time scale. The 3C NMR of 17
reveals only seven signals, implying that the acid possesses
a C, axis of symmetry. The observed spectral behavior is
consistent with a half-chair conformation of the hetero-
cycle.

CHPh GHPH
Y T™SEr V4
P.. —ii P,
/ TOCHCH, 5% /S on
CHzPh CHzPh
15b 17

The relative configurations of the stereogenic centers at
phosphorus and carbon in 12b,c-16b,c were assigned by
'H NMR NOE experiments. The observed results are
consistent with the conformational models proposed ear-
lier. Consider the ethyl phospholanate series 12b-16b: the
preferred O=P—Q0—C rotamer is s-cis, the preferred
P-0-C-C rotamer is anti, and the preferred P-C-C-Ph
rotamer is anti. Isomer 12b in which the benzyl and ethoxy
moieties are cis-related displays a 1% NOE between the
more upfield of the two diastereotopic benzylic protons and
the OCH, signal. The deshielding of protons located v to
the P==0 moiety of phosphine oxides is known.”® Based
upon rigid model systems, it is believed that deshielding
occurs for those y protons that assume an orientation
pseudoparallel to the P==0 bond axis.?® Thus, in phos-
phinate ester 12b H, represents the deshielded proton and

H H
C)\\P / Me, O\P/
H, B
H é * Ph ; g Ph
Hb"’ "
Me
126, NOE observed 13b
H Q H
AN
B
PhH " ‘ " th
[¢]
Me
16b, NOE observed 14b

(35) Patt, S. L.; Shoolery, J. N. J. Magn. Reson. 1982, 46, 535.

(36) Maudsley, A. A.; Miiller, L.; Ernst, R. R. J. Magn. Reson. 1977,
28, 463. Bodenhausen, G.; Freeman, R. J. Magn. Reson. 1977, 28, 471.

(37) Levy, G. C.; Nelson, G. L. Carbon-13 Nuclear Magnetic Reso-
nance for Organic Chemists; Wiley: New York, 1972.

(38) McKenna, C. E.; Higa, M. T.; Cheung, N. H.; McKenna, M.-C.
Tetrahedron Lett. 1977, 155.

(39) Quin, L. D. The Heterocyclic Chemistry of Phosphorus: Systems
Based on the Phosphorus-Carbon Bond; Wiley: New York, 1981; pp
350~353.
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Table VII. 3P NMR Chemical Shifts®

2a 82.8 12b 77.3 12¢ 75.6 11a 79.8
2b 80.5 13b 76.2 13c 74.2 11b 76.0
2¢ 79.2 14b 75.8 l4c 74.8 lle 77.4
2d 80.2 15b 72.1 15¢ 71.2 17 75.9
2e 79.8 16b 75.0 16c 73.5

2The spectra were recorded in CDCl, and the chemical shifts are
reported in ppm downfield from 85% H,PO,.

H, corresponds to the shielded or upfield proton of the
diasterotopic benzylic proton pair. Hence, Hy, is respon-
sible for the observed NOE in 12b. Isomer 13b did not
show any observable NOE effect. In the 2,5-dibenzylated
series, isomer 16b showed magnetization transfer from the
OCH, moiety to both H, and Hy (and vice versa). Isomer
14b in which the benzyl and ethoxy moieties are trans did
not display an NOE effect. The relative configurations of
the phosphorus and carbon stereogenic centers in the
isopropyl ester series were made by analogous NOE ex-
periments,

Before leaving this general discussion, it is instructive
to consider the *!P chemical shifts of the various phos-
phinate esters (Table VII). An internal consistency that
appeared for each 2,5-disubstituted phospholanate ester
(11a-c, 14b-16b, and 14c-16¢) is that the trans-2,5-di-
substituted derivative always resonated at the lowest field
of the three isomers of a given set. This observation may
prove to be of diagnostic value.

[+ ;]
J\E"QA )\E'Q/k
[ P,
| Il
o
14b: H Et 16b: R = Et
14c: R = kPr 16¢: R = -Pr

As documented in Tables II-IV, the coordination en-
vironment around lithium appears to play a strong role in
determining the stereoselectivity of the alkylation reac-
tions. Although detailed studies of the solution structure
of metallo phosphinate anions are lacking, several inves-
tigations of anions derived from phosphonates,*® phos-
phonamidates,*! and phosphine oxides?!? have been pub-
lished. Spectroscopic data (*H, '*C, 3'P) of the lithium
dimethyl benzylphosphonate anion suggested that the
carbanionic center was sp? hybridized (planar), the electron
pair of the anion occupied a p orbital, and the lithium
cation associated with the anionic center was ligated to the
phosphonyl oxygen moiety.* Similar observations have
been made by Denmark on a phosphonamidate anion.*
The crystal structure of the phosphonamidate anion was
fully consistent with the conclusions drawn from the
spectrosopic data: the carbanion center was sp? hybrid-
ized."! By analogy to these results, we presume the car-
banionic center of the lithium phosphinate anions reported
here is also sp? hybridized. Hence, stereoselection in the
alkylation reaction is dependent upon which diastereoface
of the carbanionic center is approached by the electrophile.
If lithium is coordinated to the oxygen atom of the
phosphinyl moiety, it seems reasonable to expect that
alkylation should proceed syn to this moiety so that the

(40) Bottin-Strzalko, T.; Corset, J.; Froment, F.; Povet, M.-J.; Sey-
den-Penne, J.; Simmonia, J.-P. J. Org. Chem. 1980, 45, 1270. Strzalko,
T.; Seyden-Penne, J.; Froment, F.; Corset, J.; Simonin, M.-P. Can. J.
Chem. 1988, 66, 391. Bottin-Strzalko, T.; Etemad-Moghadam, G.; Sey-
den-Penne, J.; Povet, M.-J.; Simonin, M.-P. Nouwv. J. Chim. 1983, 7, 155.
Bottin-Strzalko, T.; Seyden-Penne, J.; Brever, E.; Povet, M.-J.; Simonin,
dJ. P. J. Chem. Soc., Perkin Trans. 2 1985, 1801. Patois, C.; Ricard, L.;
Savignac, P. J. Chem. Soc., Perkin Trans. 1 1990, 1577.

(41) Denmark, S. E.; Dorow, R. L. J. Am. Chem. Soc. 1990, 112, 864.

(42) Bottin-Strzalko, T.; Seyden-Penne, J.; Povet, M.-J.; Simonnin,
M.-P. J. Org. Chem. 1979, 43, 4346.
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Li*Br™ ion pair is formed as a tight ion pair rather than
a solvent-separated ion pair. Increasing the steric bulk

Br,
T L—er

P CHy

i — ’
e T NG

o,
of the alkyl chain of the ester moiety appears to reinforce
this stereochemical preference (Table II, entries 1 and 4).
HMPA strongly solvates cations.** Hence, addition of
HMPA to a lithium phosphinate anion should result in
solvation of the lithium by HMPA. If enough HMPA
molecules ligate to each lithium, then this will result in a
net steric shielding of the carbanion on that = face syn to
the phosphinyl oxygen moiety. According to this model,
in the presence of HMPA alkylation should proceed trans
to the phosphinyl oxygen moiety, as is observed experi-
mentally.

“uﬂ_,?P=o-.._,,-' --..p‘-l_nue, HUPA_ HMPA
Megh ;) MMe; H Lt
'
Ao — S
| Ph '{
0\
F o]
N . B R
M~~CH,
|
Br

As expected, the hindered lithium amide base kinetically
selected the least hindered proton adjacent to phosphorus
in each monobenzylated ester (Tables III and IV). The
lack of stereochemical control in the second alkylation
reaction by the resident carbon stereogenic center can be
explained by assuming that the resident benzyl group
occupies a pseudoequatorial disposition in each carbanion.
In a pseudoequatorial position the benzyl group cannot
sterically bias the stereochemistry of the alkylation reac-
tion.

Consistent with our earlier observations with 2b and 2d,
dibenzylphospholanate ester 15b was totally inert toward
reaction with ethylmagnesium bromide, even after ex-
tended reflux with excess reagent in tetrahydrofuran.
However, both ethyl and isopropyl phospholanate esters
15b and 15¢ underwent reduction with sodium bis(meth-
oxyethoxy)aluminum dihydride to produce an intermediate
sodium (dibenzyltetramethylene)phosphine oxide ion pair,
which then reacted subsequently with benzyl bromide to
form* the tribenzylphosphine oxide 18.

CHzPh CHgPh

GHyPh
o] " s}
P// Na{MaOCH,CH,0),AIH, i BrCH.Ph /a
., e P & —_— P'{
d e THF Y Na /T cHaPh
GHyPh CH,Ph EHoPh
15b: R m Et 18 (66% from 15b)
15¢: R = I-Pr (62% from 15¢)

The phosphine oxide 18 underwent regioselective met-
alation at the exocyclic benzylic center with n-BuLi in
THF at 0 °C. The resultant yellow anion participated in
a Wittig-Horner*® olefination reaction with 4-tert-butyl-
cyclohexanone to afford 1-benzylidene-4-tert-butyleyclo-
hexane.*™ The reaction products were easily separated and
isolated by simple acid-base chemistry.

This result demonstrated the feasibility of phosphine
oxide 18 and related derivatives as possible chiral reagents
for effecting enantioselective Wittig olefination reactions.*

(43) Reich, H. J.; Green, P. D. J. Am. Chem. Soc. 1989, 111, 8729 and
references cited therein.

(44) Wetzel, R. B.; Kenyon, G. L. J. Org. Chem. 1974, 39, 1531.

(45) Horner, L.; Hoffmann, H.; Wippel, H. G. Chem. Ber. 1958, 91, 61.
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The benzylidenecyclohexane case illustrated here is but
one example of a class of simple olefins of established
configuration and optical rotation possessing an axial el-
ement of chirality.” We are currently directing our efforts
toward the preparation of 18 and related phosphine oxides
and phosphines in homochiral form, and the evaluation
of these substances in both stoichiometric and catalytic
stereoselective bond-forming reactions.

Experimental Section

General. Melting points are uncorrected. Abbreviations for
'H NMR data are s = singlet, d = doublet, t = triplet, q = quartet,
qn = quintet, dd = doublet of doublets, and td = triplet of
doublets. Coupling constants are in hertz. 3'P chemical shifts
are relative to external 85% H3PO, Analytical gas-liquid
chromatography (GC) was carried out on a 30 m X 0.32 mm fused
silica capillary column wall coated with DB-5. Dichloromethane
and 2,2,6,6-tetramethylpiperidine were distilled from calcium
hydride and tetrahydrofuran and diethyl ether were distilled from
sodium/benzophenone prior to use. Flash chromatography was
carried out with kieselgel 60 (230-400 mesh) silica gel. All re-
actions were run under a nitrogen atmosphere,

Preparation of Phospholanic Esters. An oven-dried 100-mL
three-necked flash was charged with a stir bar, oven-dried mag-
nesium (1.05 g, 43.4 mmol), iodine (two crystals), and ether (5
mL). The mixture was warmed to 40 °C and stirred vigorously
while a solution of 1,2-dibromoethane (1.21 mL, 14 mmol) and
1,4-dibromobutane (1.67 mL, 14 mmol) in ether (25 mL) was
added dropwise over a period of 40 min. The mixture was then
refluxed for 1 h. The two-phase mixture was allowed to settle
for 24 h and the top ethereal layer removed by cannulation under
a positive pressure of nitrogen. The residue was dissolved in
anhydrous dichloromethane (70 mL) and cannulated into a clean
100-mL flask. :

An ice-cold solution of alkyl or aryl phosphorodichloridate (14
mmol) in CH,Cl, (70 mL) and the ice-cold di-Grignard solution
were simultaneously added to a precooled 250-mL reaction vessel
under a positive pressure of nitrogen over a period of 7-8 h. The
solution was gradually warmed to room temperature and then
stirred overnight. The solution was quenched by addition of 10%
NH,C] (35 mL) and brine (10 mL) and extracted 4-5X with
dichloromethane, and the extracts were dried (Na,SO, + MgSO,),
filtered, and concentrated to afford an oil. The oil was flash
chromatographed on 3.5 X 7.5 cm of silica gel with the gradient
EtOAc — 5:95 — 10:90 — 15:85 MeOH/EtOAc to afford the
phospholanate esters. The esters contained a small amount of
high molecular weight material, so they were further purified by
bulb-to-bulb distillation or recrystallization to afford the title
compounds as clear, mobile oils or white crystalline solids.

Methyl phospholanate*® (2a): bp 70 °C at 0.05 mmHg; IR
(NaCl, neat) 1200 cm™ (s); 'H NMR (300 MHz, CDCl,) § 3.53
(d, 3 H, JPH = 10.7, OCHs), 1.43-1.83 (m, 8 H, CHgCHgCHzCHz);
31p NMR (121.4 MHz, CDCly) 5 82.8; 3C NMR (75 MHz, CDCl,)
3 50.3 (Jpc = 6.8), 22.9 (Jpc = 89.9), 22.2 (Jpc = 12.0); MS (CI,
NHy) m/e 135 (MH?, base peak); HRMS (FAB) calcd for Cy-
H,,0,P (MH"*)* 135.0575, found 135.0578.

(46) Hanessian, S.; Delorme, D.; Beaudoin, S.; Leblanc, Y. Chem. Secr.
1985, 25, 5. Tomoskozi, I.; Janzso, G. Chem. Ind. 1962, 2085. Johnson,
C. R.; Elliott, R. C.; Meanwell, N. A. Tetrahedron Lett. 1982, 23, 5005.
Gais, H. J.; Schmied], G.; Ball, W. A. Tetrahedron Lett. 1988, 29, 1773.
;I‘;k;;:;shi, T.; Matsui, M.; Maeno, N.; Koizumi, T. Heterocycies 1990,

(47) Bestmann, H. J.; Lienert, J. Ang. Chem. Int. Ed. Engl. 1969, 8,
763. Brewster, J. H.; Privett, J. V. J. Am. Chem. Soc. 1966, 88, 1419.
Arnett, J. F.; Walborsky, H. M. J. Org. Chem. 1972, 37, 3678. Walborsky,
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Polniaszek and Foster

Ethyl phospholanate* (2b): bp 50 °C at 0.01 mmHg; IR
(NaCl, neat) 1310 (s), 1270 cm™ (s); 'H NMR (300 MHz, CDCl,)
6 4.08 (dt, 2 H, JHH = 7.0, JPH = 7.8, OCHchs), 1.65-2.00 (m,
4 H, (CH,)P), 1.36 (t, 3 H, J = 7.0, OCH,CH,); 1P NMR (121.4
MHz, CDCl;) 6 80.5; 3C NMR (75 MHz, CDCl,) 60.6 (Jpc = 6.6),
24.6 (Jpc = 90.0), 23.2 (Jp¢c = 12.0), 16.6 (Jpc = 6.0); MS (CI,
NH;/CH,) m/e 149 (MH*, base peak); HRMS (FAB) calcd for
CeH,0.P (MH")* 149.0731, found 149.0734.

Isopropyl phospholanate (2¢): bp 140 °C at 0.2 mmHg; IR:
(NaCl, neat) 1220 em™!; 'H NMR (300 MHz, CDCl,) 6 4.67 (sp,
1 H, Jpy = 84, Jyy = 6.2, CHCH;), 1.65-1.94 (m, 8 H,
CH,CH,CH,CH,), 1.33 (d, 6 H, J = 6.2, CH(CH,),); P NMR
(121.4 MHz, CDCly) 6 79.2; 3C NMR (75 MHz, CDCly) 5 69.2 (Jpc
= 6.8), 25.1 (Jpc = 90.3), 24.0 (Jpc = 4.0), 22.9 (Jpc = 12.1); MS
(CI, NH;) m/e 163 (MH*, base peak); HRMS (FAB) caled for
C;H,s0,P (MH*")* 163.0888, found 163.0891.

2,6-Dimethylphenyl phospholanate (2d): bp 150 °C at 0.05
mmHg; IR (NaCl, neat) 3050 (m), 1235 cm™ (s); tH NMR (300
MHz, CDCly) 6 7.06 (d, J = 7.4, 2 H, ArH,), 6.98 (dd, J = 8.6,
6.6, 1 H, ArH), 2.36 (s, 6 H, Ar(CHj;),), 1.85-2.00 (m, 8 H,
CH,CH,CH,CH,); P NMR (121.4 MHz, CDCl,) 5 80.2; *C NMR
(75 MHz, CDCl;,) 6 148.4 (Jpc = 10.6), 129.6 (Jpe = 3.0), 128.7
(Jpc = 1.6), 124.3 (Jpc = 1.7), 25.8 (Jpc = 88.9), 22.9 (Jp¢ = 12.6),
17.7; MS (CI, NHy) m/e 225 (MH*, base peak); HRMS (FAB)
caled for CyoH s0,P (MH")* 225.1044, found 225.1046,

2,6-Di-tert-butyl-4-methylphenyl phospholanate (2e): mp
170-171 °C; IR (CHCl,) 1180 cm™ (s), 915 cm™ (vs); *H NMR
(300 MHz, CDCly) s 7.11 (s, 2 H, ArH,), 2.26-2.44 (m, 2 H,
CHHCH,CH,CHH), 2.27 (s, 3 H, ArCHjy), 1.89-2.11 (m, 6 H,
CHHCH,CH,CHH), 1.47 (s, 18 H, Ar(C(CHj,)3),): 3P NMR (121.4
MHz, CDCl,) 6 79.8; 1*C NMR (75 MHz, CDCly) 6 146.6 (Jp¢ =
11.9), 141.6 (Jpc = 2.8), 133.1 (Jp¢ = 1.7), 127.1 (Jpc = 1.8), 35.1,
31.3, 28.5 (Jp¢ = 90.1), 22.7 (Jp¢ = 13.3), 21.0; MS (CI, NHj) m/e
340 (M + NH,", base peak), 323 (MH*); HRMS (FAB) calcd for
Cy9H3,0,P (MH*)* 323.2140, found 323.2133.

meso-Ethyl cis-2,5-dimethylphospholanate (11a): IR
(NaCl, neat) 1220 (s), 1040 cm™ (s); 'TH NMR (300 MHz, CDCly)
3 4.04 (dt, 2 H, Jyy = 7.1, Jpy = 7.3, OCH,CHjy), 1.89 (m, 4 H,
CH(CH,),CH), 1.58 (m, 2 H, PCHCHy), 1.32 (t, 3 H, J = 7.0,
OCH,CH,), 1.20 (dd, 6 H, Jyy; = 7.3, Jpy = 16.0, 2PCHCH,); 3'P
NMR (121.4 MHz, CDCl;) é 79.8; 13C NMR (75 MHz, CDCl,) &
60.4 (Jpc = 6.9), 29.7 (Jp¢ = 88.0), 29.6 (Jpc = 15.0), 16.7 (Jpc
= 5.9), 13.9 (Jp¢ = 2.5); MS (CI, NH;3;/CH,) m/e 177 (MH*, base
peak); HRMS (FAB) caled for CgH,0,P (MH*)* 177.1044, found
177.1046.

Ethyl (2R*,5R*)-2,5-dimethylphospholanate (11b): IR
(NaCl, neat) 1210 (s), 1040 cm™ (s); 'H NMR (300 MHz, CDCl,)
0 4.10 (dt, 2 H, Jyy = 7.1, Jpy = 7.6, OCH,CHjy), 1.69-2.20 (m,
6 H, CHCH,CH,CH), 1.33 (t, 3 H, J = 7.0, OCH,CH,), 1.22 (dd,
3 H, JHH = 7.1, JPH = 15-9, CHCH:;), 1.18 (dd, 3 H, JHH = 7.1,
Jpy = 15.3, CHCH,); 3P NMR (121.4 MHz, CDCl;) § 76.0; 13C
NMR (75 MHz, CDCly) 6 60.4 (Jpc = 6.7), 32.8 (Jpc = 90.5), 30.8
(Jpc = 88.1), 30.3 (Jpc = 13.3), 16.8 (Jpc = 5.5), 13.7 (Jpc = 2.3),
12.7 (Jpg = 4.4); MS (CI, NH;/CH,) m/e 177 (MH?*, base peak);
HRMS (FAB) calcd for CgH;gO,P (MH*)* 177.1044, found
177.1045.

meso-Ethyl cis-2,5-dimethylphospholanate (1lc): IR
(NaCl, neat) 1210 (s), 1040 cm™ (s); 'H NMR (300 MHz, CDCl,)
5 4.17 (dt, 2 H, JHH = 7.1, JPH = 7.6, OCHcha), 1.88-2.10 (m,
4 H, CH(CH,),CH), 1.40-1.58 (m, 2 H, 2CHCHj,), 1.34 (t, 3 H,
J =171, 0CH,CHy), 1.14 (dd, 6 H, Jyy = 7.0, Jpy = 14.8, 2CHCHp);
SIP NMR (121.4 MHz, CDCly) § 77.4; *C NMR (75 MHz, CDCly)
4 60.7 (Jpc = 6.9), 31.6 (Jpc = 87.8), 29.3 (Jpg = 14.3), 16.8 (Jpc
= 5.1), 13.4 (Jpc = 4.8); MS (CI, NH3/CH,) m/e 177 (MH*, base
peak); HRMS (FAB) calcd for CgH;s0,P (MH*)* 177.1044, found
177.1050.

Alkylation Procedure. A 0.20 M solution of lithium tetra-
methyliperidide in THF was prepared at 0 °C and cooled to -78
°C. A 0.4 M solution of the phosphinate ester in THF was added
dropwise, and the resultant solution was stirred at -78 °C for 1
h. A 1.3 M solution of benzyl bromide in THF was then added.
The solution was stirred at ~78 °C for 2 h and quenched by the
addition of 1 N HCI (10 mL). The THF was removed on a rotary
evaporator, and the aqueous residue was extracted with EtOAc
(5 X 25 mL). The extracts were dried, filtered, concentrated, and
purified by flash chromatography on silica gel.
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For reactions run in the presence of HMPA, neat HMPA was
added dropwise to the phosphinate anion solution at —78 °C. The
HMPA dissolved over a period of 15 min. The benzyl bromide
was then added, and the solution stirred at ~78 °C for 2 h,
quenched, worked up, and purified as described above.

(Ps*,28*)-Ethyl 2-benzylphospholanate (12b): IR (NaCl,
neat) 1210 (s), 1020 em™ (g); 'H NMR (300 MHz, CDCl,) §
7.18-7.34 (m, 5 H, AIH), 3.85 (dd, 1 H, JHH = 10.1, JpH = 7.6,
OCHHCH,), 3.77 (dd, 1 H, Juu = 10.1, Jpy = 7.6, OCHHCHj),
3.15(m, 1 H, CHCHHPM), 2.68 (m, 1 H, CHCHHPh), 1.46-2.10
(m, 7 H, CH(CH,);P), 1.26 {t, 3 H, J = 7.0, OCH,CH,); *'P NMR
(121.4 MHz, CDCl,) § 77.3; 13C NMR (75 MHz, CDCl,) 6 140.4
(Jpc = 11.4), 128.9, 128.5, 126.3, 60.6 (Jpc = 6.6), 38.3 (Jpc = 89.2),
34.4, 30.3 (Jpg = 16.1), 25.4 (Jpg = 88.8), 20.7 (Jpc = 9.7), 16.6
(Jpc = 8.0); MS (CI, NH;/CH,) m/e 239 (MH*, base peak). Anal.
Calcd for C,3H,g0,P: C, 65.53; H, 8.04. Found: C, 65.39; H, 7.85.

(Pg*,28*)-Isopropyl 2-benzylphospholanate (12¢): IR
(NaCl, neat) 1200 cm™ (s), 994 cm™ (s); TH NMR (300 MHz,
CDCly) 5 7.13-7.31 (m, 5 H, ArH), 4.45-4.54 (m, 1 H, Jpy; = 8.5,
Juu = 6.2, OCH(CHp),), 3.07-3.15 (m, 1 H, CHHPh), 2.60-2.73
(m, 1 H, CHHPh), 1.48-2.02 (m, 7 H) 1.17 (d, 3 H, Jla.m = 6.2,
OCH(CH,)CH,), 1.10 (d, 3 H, Jyy = 6.2, OCH(CH,)CHj; *'P NMR
(121.4 MHz, CDCly) & 75.6; 13C NMR (75 MHz, CDCl;) § 140.2
(Jpc = 11.2), 128.8,128.3, 126.0, 69.1 (Jpc = 7.1), 38.6 (Jpc = 89.6),
34.1, 30.0 (Jp¢ = 16.1), 25.9 (Jpc = 88.8), 24.2 (Jpc = 3.8), 24.1
(Jpc = 4.5), 20.5 (Jpe = 9.8); MS (CI, NH,) m/e 253 (MH*). Anal.
Calcd for C,;Hy,O,P: C, 66.65; H, 8.39. Found: C, 64.99; H, 8.19.

(Ps*,2R*)-Ethyl 2-benzylphospholanate (13b): IR (NaCl,
neat) 1215 (s), 1035 cm™ (s); 'H NMR (300 MHz, CDCl,) &
7.15-7.35 (m, 5 H, AI‘H), 414 (dt, 2 H, JHH = 71, JPH = 7.7,
OCH,CHj,), 3.16 (m, 1 H, CHCHHPh), 2.54 (m, 1 H, CHCHHPh),
1.60-2.21 (m, 7 H, CH(CH,),P), 1.36 (t, 3 H, J = 7.1, OCH,CHj);
1P NMR (121.4 MHz, CDCl,) 8 76.2; 13C NMR (75 MHz, CDCl,)
6 140.1 (Jpc = 12.9), 128.6, 128.5, 126.3, 60.8 (Jpc = 6.5), 39.8 (Jpc
= 90.4), 33.8 (Jpc = 2.8), 29.5 (Jpg = 15.3), 25.0 (Jpc = 86.6), 20.7
(Jpc = 9.9), 16.8 (Jp¢ = 5.6); MS (CI, NH;/CH,) m/e 239 (MH*,
base peak). Anal. Caled for C,3H,40,P; C, 65.53; H, 8.04. Found:
C, 65.48; H, 8.23.

(Pg*,2R*)-1sopropyl 2-benzylphospholanate (13¢c): IR
(NaCl, neat) 1215 (s), 985 cm™? (s); 'H NMR (300 MHz, CDCl,)
5 7.18-7.32 (m, 5 H, ArH), 4.69-4.83 (m, 1 H, Jyy = 6.1, Jpy =
7.8, OCH(CH,),), 3.10-3.21 (m, 1 H, CHHPh), 2.43-2.59 (m, 1
H CHHPh), 1.61-2.09 (m, 6 H), 1.32-1.50 (m, 1 H), 1.36 (d, 6 H,
Juy = 6.1, OCH(CH,),); 'P NMR (121.4 MHz, CDCly) § 74.2;
13C NMR (75 MHz, CDCl,) 5 139.6 (Jpc = 13.1), 128.1, 1279, 125.7,
68.8 (Jpc = 6.7), 39.2 (Jpc = 91.4), 33.4, 28.9 (Jpc = 15.1), 25.2
(Jpc = 86.0), 23.8 (Jpc = 3.9), 20.3 (Jpc = 9.8); MS (CI, NHy) m/e
(MH*). Anal. Calcd for C,,H,0,P: C, 66.65; H, 8.39. Found:
C, 66.61; H, 8.37.

meso-Ethyl cis-2,5-dibenzylphospholanate (14b): mp
65-66.5 °C; IR (NaCl, neat) 1220 (s), 1030 cm™ (s); 'H NMR (300
MHz, CDCly) é 7.15-7.45 (m, 10 H, ArH), 3.80 (dt, 2 H, Jyy =
7.1, Jpy = 7.5, OCH,CH,), 3.18 (m, 2 H, 2 CHCHHPb), 2.68 (m,
2 H, 2CHCHHPh), 2.05-2.25 (m, 2 H, 2PCH), 1.60-1.90 (m, 4 H,
CH(CH,),CH), 1.19 (t, 3 H, J = 7.1, OCH,CHy); 3P NMR (121.4
MHz, CDCl;) é 75.8; 13C NMR (75 MHz, CDCl;) § 140.3 (Jpc =
11.4), 129.0, 128.5, 126.3, 60.4 (Jpc = 6.9) 38.2 (Jpc = 86.9), 34.4,
26.8 (Jpe = 14.8) 16.3 (Jpc = 5.9); MS (CI, NH;/CH,) m/e 329
(MH*, base peak). Anal. Calcd for CooH,50,P: C, 73.15; H, 7.67.
Found: C, 73.46; H, 7.60.

meso-Isopropyl cis-2,5-dibenzylphospholanate (14¢): IR
(NaCl, neat) 1225 (s), 980 em™ (s); 'H NMR (300 MHz, CDCly)
§7.10-7.29 (m, 10 H, ArH), 4.33-4.46 (m, 1 H, Jpy = 8.3, Jyy =
6.1, OCH(CHjy),), 3.11-3.36 (m, 2 H, 2CHHph), 2.58-2.73 (m, 2
H, CHHPh), 2.04-2.18 (m, 2 H, 2PCH), 1.58-1.79 (m, 4 H,
-PCHCH,CH,-), 1.17 (d, 6 H, Jyy = 6.1, OCH(CH,),); 3P NMR
(121.4 MHz, CDCly) 4 74.8; C NMR (75 MHz, CDCl,) 5 139.9
(Jpc = 11.5), 128.6, 128.1, 125.8, 68.9 (Jpc = 6.7), 38.4 (Jpc = 87.2),
34.0, 26.4 (Jpe = 14.7), 23.9 (Jpc = 3.8); MS (CI, NHy) m/e 343
(MH*). Anal. Caled for CyH,,0,P: C, 73.66; H, 7.95. Found:
C, 73.34; H, 7.89.

Ethyl (28*,58%)-2,5-dibenzylphospholanate (15b): IR
(NaCl, neat) 1215 (s), 1030 cm™ (s); 'H NMR (300 MHz, CDCl,)
4 7.20-7.80 (m, 10 H, ArH), 3.86 (dd, 1 H, Jyy = 104, Jpy = 7.6,
OCHHCHgy), 3.75 (dd, 1 H, Jyy = 10.4, Jpy = 7.6, OCHHCHj;),
3.08-3.22 (m, 2 H, 2CHCHHPh), 2.50-2.80 (m, 2 H, 2CHCHHPh),
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1.30-2.60 (m, 6 H, CH(CH,),CH), 1.22 (t, 3 H, Jyy = 7.1,
OCH,CH,); *'P NMR (121.4 MHz, CDCly) § 72.1; 3C NMR (75
MHz, CDCly) & 140.2 (Jpc = 9.8), 139.9 (Jpc = 12.3), 129.0, 128.6,
128.52, 128.47, 126.32, 126.30, 60.5 (Jpc = 7.1), 40.6 (Jpc = 89.3),
39.8 (Jpc = 86), 35.1 (Jpc = 3.2), 34.5 (Jpc = 3.0), 28.9 (Jpc = 13.4),
28.0 (Jpc = 12.3), 16.7 (Jpc = 5-7); MS (CI, NH3/CH4) m/e 329
(MH*, base peak). Anal. Calcd for CooH,0,P: C, 73.15; H, 7.67.
Found: C, 72.98; H, 7.48.

Isopropyl (28*,58*)-2,5-dibenzylphospholanate (15¢): IR
{(NaCl, neat) 1219 (s), 985 cm™! (s); 'H NMR (300 MHz, CDCl,)
8 7.11-7.30 (m, 10 H, ArH), 4.40-4.52 (m, 1 H, Jpy = 7.9, Juy =
6.1, OCH(CH;)CHjy), 3.08-3.19 (m, 2 H, 2CHHPh), 2.63-2.78 (m,
1 H, CHHPh), 2.48-2.58 (m, 1 H, CHHPh), 1.70-2.22 (m, 4 H,
-PCHCH,CH;-), 1.30-1.46 (m, 1 H, PCH), 1.24 (d, 3 H, Jyy =
6.1, OCH(CH,)CHjy), 1.17-1.24 (m, 1 H, PCH), 1.11 (d, 3 H, Jyy
= 6.1, OCH(CH,)CH,): ¥P NMR (121.4 MHz, CDCl;) § 71.2; 13C
NMR (75 MHz, CDCl,) 6 138.9 (Jpc = 9.5), 138.8, (Jpc = 12.7),
128.6, 128.2, 128.1, 125.9, 68.8 (Jpc = 7.0), 40.2 (Jpc = 90.0), 40.0
{(Jpc = 8.5), 34.8, 34.2, 28.7 (Jpc = 13.3), 27.6 (Jpc = 12.3), 24.0
(Jpc = 4.1), 23.9 (Jpc = 3.5); MS (CI, NHy) m/e 343 (MH*). Anal.
Caled for Co,Hy,O0P: C, 73.66; H, 7.95. Found: C, 72.69; H, 7.93.

meso-Ethyl cis-2,5-dibenzylphospholanate (16b): IR (NaCl,
neat) 1215 (s), 1040 cm™ (s); 'H NMR (300 MHz, CDCl,) ¢
7.14-7.31 (m, 10 H, ArH), 4.09 (dt, 2 H, Jyy = 6.9, Jpy = 6.9,
OCH,CHj,), 3.05-3.15 (m, 2 H, 2CHHPh), 2.51-2.62 (m, 2 H,
2CHHPY), 2.19-2.37 (m, 2 H, 2PCH), 1.62-1.80 (m, 2 H), 1.50-1.62
(m, 2 H), 1.30 (t, 3 H, Jyu = 6.9, OCH,CH,); 3P NMR (121.4
MHz, CDCl,) 4 75.0; 3C NMR (75 MHz, CDCly) 8 139.8 (Jp¢ =
12.2), 128.5, 126.3, 61.4 (Jpc = 6.5), 39.0 (Jpc = 86.0), 34.3, 26.3
(Jpc = 14.1), 16.8 {Jpc = 4.4); MS (CI, NH,) m/e 329 (MH*). Anal.
Caled for CyoHas0,P: C, 73.15; H, 7.67. Found: C, 73.12; H, 7.51.

meso-Isopropyl cis-2,5-dibenzylphospholanate (16¢): IR
(NaCl, neat) 1214 (s), 990 em™ (s); 'H NMR (300 MHz, CDCly)
$7.13-7.32 (m, 10 H, ArH), 4.77-4.90 (0, 1 H, Jpy = 7.3, Jyu =
6.1, OCH(CHS,),, 3.05-3.19 (m, 2 H, 2CHHPh), 2.46-2.58 (m, 2
H, 2 CHHPh), 2.17-2.35 (m, 2 H, 2PCH) 1.48-1.78 (m, 4 H,
-PCHCH,CH,-), 1.36 (d, 6 H, Jyy = 6.1, OCH(CH,),); 3'P NMR
(121.4 MHz, CDCly) 6 73.5; 1C NMR (75 MHz, CDCl,) § 139.7
(Jpc = 13.1),128.4, 128.3, 126.1, 69.5 (Jpc = 6.9), 38.8 (Jpc = 85.9),
34.2, 25.8 (Jpc = 13.8), 24.3 (Jpc = 3.9); MS (CI, NH;) m/e 343
(MH?"). Anal. Caled for C;H,,0,P: C, 73.66; H, 7.95. Found:
C, 72.71; H, 7.92.

(28*,58*)-2,5-Dibenzylphospholanic Acid (17). Neat tri-
methylsilyl bromide (50 uL, 4 equiv) was added to a solution of
phosphinate 16b (30.5 mg, 0.1 mmol) in anhydrous CH,Cl, (2 mL).
The solution was stirred for 20 h at ambient temperature, and
the volatiles were removed in vacuo. The residue was dissolved
in CH,Cl,, water (0.25 mL) added, and the mixture stirred vig-
orously for 15 min. The mixture was diluted with CH,Cl,, dried,
filtered, and concentrated in vacuo to afford phosphinic acid 17
as an off-white solid: 23.7 mg, 85%; IR (NaCl, CHCl,) 1210 ¢cm™
(s); 'H NMR (300 MHz, CDCly) & 7.14-7.35 (m, 10 H, ArH),
3.13-3.28 (m, 2 H, 2CHHPh), 2.57-2.72 (m, 2 H, 2CHHP}),
2.10-2.27 (m, 2 H, 2PCH), 1.90-2.00 (m, 1 H) 1.78-1.88 (m, 1 H),
1.23-1.38 (m, 2 H); 3'P NMR (121.4 MHz, CDCly) § 75.9; *C NMR
(75 MHz, CDCl,) 5 139.8 (Jpc = 13.1), 128.6, 128.3, 126.1, 39.3
(Jpc = 89.7), 34.3 (Jpc = 1.4), 27.9 (Jpc = 13.2); MS (CI, NHy)
m/e 301 (MH?, base peak). Anal. Caled for C;gHyO,P: C, 71.98;
H, 7.05. Found: C, 71.79; H, 6.87.

(2S8*,58%)-1,2,5-Tribenzyl-1-oxophospholane (18). Sodium
bis(methoxyethoxy)aluminum dihydride (0.2 mL, 3.4 M in tolu-
ene) was added dropwise at 0 °C to a solution of phosphinate 15b
or 15¢ (0.15 mmol) in THF (2 mL). After bubbling had ceased,
the solution was warmed and allowed to stir at room temperature
overnight. Neat benzyl bromide (0.08 mL) was added, and the
solution was stirred for 10 h. The mixture was quenched by slow
addition of 0.1 N Na-K tartrate. The THF was removed on a
rotary evaporator, and the residue was extracted 4x with CH,Cl,.
The combined organic extracts were dried, filtered, and concen-
trated, and the residue was flash chromatographed on silica gel
(20:80 — 60:40 — 80:20 EtOAc/hexane — EtOAc) to afford
phosphine oxide 18 as a white crystalline solid, mp 185-187 °C:
IR (NaCl, CHCl;) 1168 em™ (s); 'H NMR (300 MHz, CDCl,) &
7.10-7.45 (m, 13 H, ArH), 6.85 (d, 2 H, J = 6.5, ArH), 3.31-3.49
(m, 2H),2.84 (dd, 1 H, J = 14.3, J = 6.3, CHHPh), 2.42-2.62 (m,
1 H), 2.38-2.40 (m, 2 H), 1.92-2.06 (m, 1 H), 1.82-1.91 (m, 2 H),



3146 J. Org. Chem. 1991, 56, 3146-3149

1.76-1.84 (m, 1 H), 1.40-1.56 (m, 1 H), 1.01-1.18 (m, 1 H); 3'P
NMR (121.4 MHz, CDCl,) 5 63.5; *C NMR (75 MHz, CDCl;) &
140.3 (Jp¢ = 13.2), 139.6 (Jpc = 12.9), 131.4 (Jp¢ = 8.4), 130.0,
129.9, 128.87, 128.64, 128.5, 128.3, 127.1, 126.5, 126.1, 44.5 (Jp¢
= 59.6), 39.3 (Jpc = 65), 35.5 (Jpc = 52.1), 34.8, 29.4 (Jp¢ = 7.5),
28.8 (Jpc = 10.5); MS (CI, CHy) m/e 375 (MH*, base peak). Anal.
Calcd for CosHp,OP: C, 80.19; H, 7.27. Found: C, 79.73; H, 7.07.

Acknowledgment. We gratefully acknowledge finan-
cial support for this project provided by the donors of the

Petroleum Research Fund, administered by the American
Chemical Society. We thank Mr. Stephen Belmont for
carrying out the APT-HETCOR spectral experiments and
Professor L. D. Quin of the University of Massachusetts
for helpful discussions on preparation of the manuscript.

Supplementary Material Available: 'H NMR spectra of
compounds 2a, 2b, 2¢, 2d, 2e, 11a, 11b, and 11¢ and *C spectra
of compounds 2d and 2e (10 pages). Ordering information is given
on any current masthead page.

Cysteine Alkylation in Unprotected Peptides: Synthesis of a
Carbavasopressin Analogue by Intramolecular Cysteine Alkylation

Yat Sun Or,* Richard F. Clark, and Jay R. Luly
Abbott Laboratories, Pharmaceutical Products Division, Abbott Park, Illinois 60064
Received August 17, 1990

An expedient method that allows modification of a cysteine residue side chain through alkylation of unprotected
peptides is described. In order to test the generality of the method, an unprotected cysteine-containing tetrapeptide
possessing several potentially competing nucleophilic functionalities such as amino, hydroxy, and carboxyl groups
was chosen as a model peptide. The model tetrapeptide, H-Ser-Lys-Cys-Phe-OH was synthesized by standard
solid-phase methods, cleaved with HF, and purified by reverse-phase HPLC. Reaction of the unprotected peptide
with 1.3 equiv of various alkylating agents in saturated ammonia in methanol at 0 °C proceeded cleanly to yield
single alkylation products within one hour as shown by HPLC analysis. In most cases acidic, basic, and neutral
side chains were introduced by this method in over 80% yield. The methodology is also applicable to the synthesis
of cyclic peptides by intramolecular cysteine alkylation and provides a useful alternative to cyclizations that
occur through disulfide or amine bond-forming reactions as illustrated by the synthesis of a carbavasopressin.

Introduction

The derivatization of natural products such as steroids
and alkaloids is a well-developed and widely used approach
in medicinal chemistry. However, selective modification
of amino acid side chain functional groups in protected or
unprotected peptides has been much less frequently re-
ported. Instead, the unnatural amino acids or side chain
modified amino acids are frequently prepared by separate
syntheses and assembled into peptides. The synthesis of
many unnatural amino acids can often be rather difficult
and time consuming. We became interested in selective
side chain derivatization of unprotected peptides because
it allows the expedient preparation of many peptide ana-
logues for structure—activity relationship studies. Selective
modification of cysteine in unprotected peptides is most
compelling since a considerable amount of thiol chemistry
has been developed and extensively used in protein
chemistry and affinity labeling.}? Selective alkylation of
the thiol functionality is possible due to its high nucleo-
philic reactivity relative to other amino acid side chains.
Although much of the thiol chemistry applied to protein
derivatization should also be applicable to cysteine in small
peptides, derivatization of cysteine in unprotected peptides
has not found widespread use. In this paper we report the
selective thiol alkylation of an unprotected model tetra-
peptide with various alkylation agents in good yields. The
methodology is also applicable to the synthesis of cyclic
peptides through intramolecular cysteine alkylation and
provides a useful alternative to cyclizations that occur

(1) Means, G. E.; Feeney, R. E. Chemical Modifications of Proteins;
Holden-Day: San Fransico, 1971.

(2) Jacoby, W. B., Wilchek, M., Eds. Methods in Enzymology, 46;
Academic Press: New York, 1977.
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through disulfide or amide bond-forming reactions.? As
an illustration of the cyclization methodology, we report
the synthesis of a carbavasopressin.

Results and Discussion

In order to test the general applicability of the cysteine
alkylation methodology, an unprotected cysteine-contain-
ing peptide possessing several potentially competing nu-
cleophilic functionalities such as amino, hydroxy, and
carboxyl groups was chosen as a model peptide. The model
tetrapeptide, H-Ser-Lys-Cys-Phe-OH-2 trifluoroacetic acid
(TFA), 1, was synthesized by standard solid-phase methods
using Merrifield resin, cleaved with anhydrous hydrogen
fluoride (HF), and purified by reverse-phase high-per-
formance liquid chromatography (RPHPLC). After lyo-
philization, the purified peptide was obtained as a white
amorphous powder and could be stored under nitrogen in
the freezer (-20 °C) for more than 6 months without any
sign of disulfide formation by RPHPLC analysis.

For a typical alkylation, reaction of unprotected peptide
1 with 1.3 equiv of various alkylating agents in methanol
saturated with ammonia at 0 °C proceeded cleanly to yield
single monoalkylation products within 1 h as shown by
RPHPLC analysis. For the less reactive alkylating agent
ethyleneimine, a large excess of reagent was used in di-
methylformamide (DMF) saturated with ammonia at room
temperature. Basic, acidic, and neutral side chains were
introduced by this method in over 80% isolated yield. All
the alkylation products were characterized by NMR,
FABMS, elemental, and amino acid analyses. The indi-
cation of selective thiol alkylation was provided by exam-

(3) Buku, A.; Schwartz, I. L. J. Protein Chem. 1985, 4(3), 163.
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