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were separated by column chromatography on silica gel. The first
fraction (elution with benzene=hexane (1:1)) contained the ozonide 8
(86% yield). From the second fraction (elution with benzene) was iso-
lated the diketone 11 (2% yield).

Crystal data for solvent-participated product 9: C,,H,,0,, colorless
needles, M, = 348.4, triclinic, a = 8.5201 (9) A, b = 9.3045 (13) A, ¢
= 12.0403 (12) A, « = 71.817 (9)°, B8 = 88.336 (8)°, v = 83.044 (10)°,
V'=900.1 A3, Z =2, D, = 1285 g cm™, space group PT (No. 2) from
successful structure solution and refinement, A = 0.710693 A, u(Mo Ka)
= 0.82 cm™, F(000) = 368, data crystal ~0.45 X 0.35 X 0.20 mm.

Structure Solution and Refinement. The intensity data were collected
on an Enraf-Nonius CAD-4 diffractometer with use of w-28 scanning
and graphite-monochromated Mo Ka X-radiation over the region 1.5 <
# < 23°, The 1897 observed intensities with I = 3a¢(J) were corrected
for Lorentz and polarization, but not for absorption or crystal decay. The
structure was solved by direct methods (SHELXs86!%) and refined by use
of full-matrix least-squares techniques (SHELX76'%) with anisotropic tem-
perature factors for the non-hydrogen atoms. All the hydrogen atoms
were located on a difference Fourier map and included in the refinement
process on idealized positions (C-H = 0.95 A). The pheny! and methyl
groups were treated as idealized rigid groups. At convergence, the con-
ventional and weighted R factors (w™! = [¢3(F) + 0.000386(F?)]) were

0.040 and 0.052, respectively. The final difference Fourier map contained
no features greater than £0.15 ¢ A=,
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Abstract: The free-radical addition of carbon radicals to two alkenes substituted with chiral pyrrolidine amides has been studied.
The two alkenes studied were both amides of 2,5-dimethylpyrrolidine, available as either the R,R or S,S enantiomer from
- or L-alanine. One alkene studied was the unsymmetrical monoamide derived from 4-oxo-2-pentenoic acid (1), while the
other substrate examined was the diamide of fumaric acid, 2. Hexyl, cyclohexyl, and tert-butyl radical addition to the amide
of 4-ox0-2-pentenoic acid (1) gave approximately equal amounts of addition at the carbonyl and amide ends of the alkene.
The two stereoisomeric products formed from addition at the carbonyl end were formed in nearly 1:1 product ratio while the
products formed by addition at the amide end were formed in ratios as high as 40:1 (rert-butyl addition at 0 °C). Addition
of cyclohexyl or tert-butyl radical to the fumaric diamide gives essentially only one stereoisomer, (diastereomeric ratio 50:1
and 80:1 at room temperature). This approach provides the highest reported stereoselectivity for radical addition to an acyclic
chiral alkene. Furthermore, a rationale for the diastereoselectivity is presented that suggests that the amide selectivity is steric

in origin and will be general.

Recent advances in the understanding of effects that influence
chemo- and regioselectivities of radical reactions have dramatically
increased the use of free-radical chemistry in organic synthesis.!
The formation of C-C bonds by radical additions to alkenes is
one of the most synthetically useful reactions that free radicals
undergo and new radical chain sequences involving the formation
of C-C bonds have greatly expanded the utility of this process.2”’

(1) (a) Giese, B. Radicals in Organic Synthesis: Formation of Carbon-
Carbon Bonds; Pergamon Press: New York, 1986. (b) Curran, D. P. Syn-
thesis 1988, 489,

(2) (a) Hart, D. J. Science 1984, 223, 883. (b) Stork, G.; Mah, R. Ter-
rahedron Lett. 1989, 30, 3609.

(3) (a) Barton, D. H. R.; Crich, D.; Kretzschmar, G. J. Chem. Soc., Perkin
Trans | 1986, 39. (b) Barton, D. H. R.; Ramesh, M. J. Am. Chem. Soc. 1990,
112, 891.

(4) (a) Dowd, P.; Choi, S. J. Am. Chem. Soc. 1987, 109, 3493. (b)
Beckwith, A. L. J.; Hay, B. P. J. Am. Chem. Soc. 1989, /11, 230.

909(5) Baldwin, J. E.; Adlington, R. M.; Robertson, J. Tetrahedron 1989, 45,

Steric and polar effects (and to a lesser extent, radical stabilization)
play important roles in addition reactions, and chemo- and re-
gioselectivities of radical additions can be predicted and understood
on the basis of these effects.®!!  Unfortunately, the factors
controlling stereochemistry in radical addition for acyclic radicals
and for acyclic alkenes are poorly understood.!? This limitation
restricts the use of radicals in C-C bond forming reactions when
compared to concerted reactions and reactions utilizing other

(6) (a) Curran, D. P.; Chang, C. J. Org. Chem. 1989, 54, 3140. (b)
Curran, D.; Chen, M.; Kim, D. J. Am. Chem. Soc. 1989, ! 11, 6265.

(7) Newcomb, M.; Deeb, T. M.; Marquardt, D. J. Tetrahedron 1990, 46,
2317.

(8) Giese, B. Angew. Chem., Int. Ed. Engl. 1983, 22, 753.

(9) Citterio, A.; Minisci, F.; Porta, G.; Sesane, G. J. Am. Chem. Soc. 1977,
99, 7960.

(10) Giese, B.; He, J.; Mehl, W. Chem. Ber 1988, 21, 2063,

(11) Beckwith, A. L. J.; Schiesser, C. H. Tetrahedron Lett. 1988, 26, 373.

(12) Giese, B. Angew. Chem., Int. Ed. Engl. 1989, 28, 969.
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intermediates, particularly carbanions, because of the exquisite
control of stereochemistry possible with these other approaches,!3-16
It seems clear that for radicals to take the last step to maturity
as synthetic reactive intermediates, the factors governing the
control of stereochemistry in radical reactions must be revealed.

Additions of cyclic radicals to alkenes are fairly well under-
stood.!? The stereochemistry of addition of 2-substituted cyclo-
pentyl radicals is controlled by steric factors, with the addition
occurring preferentially on the least hindered face of the radical.
Selectivities increase with the increasing steric demand of the
substituent and more reactive alkenes tend to react with less
selectivity.!” There are also a few examples of the addition of
radicals to chiral cyclic alkenes which suggest that steric effects
lead to facial selectivity in the addition. Thus, addition to 4-
substituted cyclic «,8-enones proceeds primarily to the face of the
alkene opposite from the substituent, and this anti selectivity
increases with increasing size of the radical.!#!1® The importance
of steric effects in the radical reactions where selectivity has been
observed suggests that this may also be a critical element in the
design of acyclic olefins or acyclic radicals that are reasonable
targets for study. Thus, acyclic alkenes with an auxiliary sub-
stituent such that one face of the alkene is sterically shielded and
the other face is open for addition are reasonable candidates for
showing selectivity in radical addition.

In the course of an investigation of free-radical macro-
cyclization, 223 we had occasion to consider control of stereo-
chemistry of a stereogenic center formed in the cyclization.

o o]

™ Z

B Z Z

The new stereocenter in this cyclization is formed at the alkene
carbon undergoing radical attack, the a center, and the question
naturally arose as to what Z groups would be suitable for exer-
cising control of stereochemistry in this cyclization. Scheme I
presents in a general fashion the control of stereochemistry at the
« center of a radical addition. Two new stereocenters may be
formed from the alkene if it is suitably substituted and the chain
process is designed with this in mind.

In view of the success of amide control elements in carbanion
and concerted reactions,!*"!6 we chose to examine amide auxiliaries
in radical macrocyclization®?* and we selected the amide derived

(13) Evans, D. A, In Asymmetric Synthesis; Morrison, J. D., Ed.; Aca-
demic Press: Orlando, FL, 1984; p 2.

(14) Oppolzer, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 876.

(15) Heathcock, C. H. In Asymmetric Synthesis; Morrison, J. D., Ed,;
Academic Press: Orlando, FL, 1984; p 111.

(16) Meyers, A. |. Aldrichimica Acta 1985, 18, 59.

(17) Giese, B.; Heuck, K.; Lenhardt, H.; Luning, U. Chem. Ber. 1984, |17,
2132,

(18) Giese, B.; Witzel, T. Tetrahedron Let:. 1987, 28, 2571.

(19) Udodong, U. E.; Fraser-Reid, B. O. J. Org. Chem. 1988, 53, 2131.

(20) Porter, N. A.; Magnin, D. R.; Wright, B. T. J, Am. Chem. Soc. 1986,
108, 2787.

(21) Porter, N. A.; Chang, V. H. J. Am. Chem. Soc. 1987, 109, 4976.

(22) Porter, N. A.; Chang, V. H.; Magnin, D. R.; Wright, B. T. J. Am.
Chem. Soc. 1988, 110, 3554.

(23) Porter, N. A. Stereochemical and Regiochemical Aspects of Free
Radical Macrocyclization. Organic Free Radicals, Proceedings of the Fifth
International Symposium; Fischer, H., Heimgartner, H., Eds.; Springer-
Verlag: Berlin, 1988; p 157.

(24) Porter, N. A_; Lacher, B.; Chang, V. H.-T.; Magnin, D. R. J. Am.
Chem. Soc. 1989, /11, 8309.
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from trans-2,5-dimethylpyrrolidine?*?’ as a Z controlling element.
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The pyrrolidine with C, symmetry was attractive for study because
no chelation is required for this group to exert its effect, a feature
that is desirable for neutral radical intermediates. The pyrrolidine
is a useful auxiliary in alkylations of neutral enamines with alkyl
halides, and the enamine alkylations have auxiliary steric rela-
tionships in the transition state similar to those we anticipated
for radical addition reactions. This amide proved to be effective
in controlling the stereochemistry of radical macrocyclization
reactions,?*?* and in a preliminary study we have also shown that
this strategy is successful in intermolecular radical additions.282°
We report here on a more thorough study that shows the generality
of this pyrrolidine amide auxiliary as an « center control element
in free-radical additions. This group gives high selectivities in
all of the examples studied and our results lead to the conclusion
that acyclic stereocontrol in free-radical addition can be ap-
proached successfully.

Results
Radical additions were carried out by either the “tin method”3®
or by the “mercury method”*! Two alkenes, 1 and 2, were used

Tin Method
R-I + BusSn® —» R ®+ Bu3Sn-l

Y
Re +/=/ —>R>_/Y
Z Z *
R Y R Y
7 +BuSn-H —m »— + BusSn e
VA

Mercury Method

z

R-HgX +NaBH, —s R-HgH —m Ro

Re + Y R Y
R

Y R Y
< tRHE —= > +Re
z

as substrates in the addition of hexyl, cyclohexyl, and tert-butyl
radicals. These alkenes were chosen for study since the fumaric
diamide 2 is a symmetric alkene that should provide a simple
product mixture while radical addition to the 4-oxopentenoic amide
1 not only raises issues of stereoselectivity but also of regiose-
lectivity. The amides were prepared from 2,5-dimethylpyrrolidine

0‘, oW [0}
o v o W
-1 S§-2

and the corresponding acids by either a mixed anhydride method
in the case of 1 (acid and isobutyl chloroformate/N-methyl-

(25) Whitesell, J. K. Chem. Rev. 1989, 1581. See also ref 26 and 27.

(26) Williard, P. G.; Tata, J. R.; Schlessinger, R. H.; Adams, A. D.;
Iwanowicz, E. J. J. Am. Chem. Soc. 1988, /10, 7901.

(27) Whitesell, J. K. Acc. Chem. Res. 1988, 18, 280.

(28) Porter, N. A,; Scott, D. M.; Lacher, B.; Giese, B.; Zeitz, H. G;
Lindner, H. J. J. Am. Chem. Soc. 1989, /11, 8311.

(29) Scott, D. M.; McPhail, A. T.; Porter, N. A. Tetrahedron Lett. 1990,
31, 1679.

(30) Giese, B.; Gonzalez-Gomez, J. A.; Witzel, T. Angew. Chem., Int. Ed.
Engl. 1984, 23, 69.

(31) Giese, B.; Meister, J. Chem. Ber. 1977, 110, 2588.
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Table I. NMR Data for Addition Products 11b,c and 12b,e
L1
/
— N Cz‘ Cl N
YL
o 3
6, ppm J, Hz 8, ppm
H-1 H-2 H-2/ J(1/2) J(1/2) J(2/2) C-1 C-2 C-3
R-11b major isomer 3.13 243 2.60 6.8 5.6 16.0 44.96 34.93 42.07
S-11¢ major isomer (X-ray analysis) 3.24 2.53 2.60 S.1 6.8 16.3 47.72 33.73 34.40
R-12b minor isomer 2.89 2.35 2.68 3.1 10.5 14.3 45.77 35.93 40.49
S-12¢ minor isomer 3.00 2.29 2.83 2.2 11.0 13.8 48.18 35.44 33.31
morpholine) or via the fumaric dichloride for formation of 2. For Scheme II
1, the monoamide, either optically pure or racemic pyrrolidine I 0 =
. . . . “ g (0] H 2 CH;N, R b
was used, while for the diamide 2, optically pure pyrrolidine was R H - CH.O. % N
used in all studies. This was required for the diamide since WN -OH 3 )\’>
diastereomers are formed if the racemic pyrrolidine is used in the S 0 g
synthesis. Dimethylpyrrolidine was prepared by the method of Re n-hexyl 5 oxalyl chloride/ R-
Schlessinger®? for both the 25,55 or 2R,5R compound or by the B v dimethylpyrrolidine
b, R= cyclohexy! o
Masamune method??® for the 2R,5R compound. Compounds ¢, R= t-butyl , "
identified with the index “S™ indicates the use of (25,55)-di- 0 CH30 0
methylpyrrolidine auxiliary, “R” indicates the use of (2R,5R)- ‘ — o
dimethylpyrrolidine, and “rac” indicates the use of racemic di- R A020 'R MeOH cp,

methylpyrrolidine.3?

Four products were formed as a result of the addition to 1 of
hexyl, cyclohexyl, and rert-butyl radicals. Two of these products,
3 and 4, are stereoisomers that result from addition of the radical

Y‘/o/ ;O’\PJO’YJO’
o//o

« to the amide substituent while two products, 5§ and 6, result from
radical addition « to the ketone. The isomeric compounds 3-6
(a—c) can be separated by HPLC on silica gel with solvent 1:1
ethyl acetate/hexane. The stereochemistry of 3a and 4a was
assigned by conversion to the 2-hexylsuccinic acid derivatives 7a
and independent synthesis of this compound from 2-hexylsuccinic
acid.** The isomeric Sa and 6a compounds could not be separated
by silica gel chromatography. Proof of the stereochemistry of 3b,
4b, 5b, and 6b was achieved by conversion of these compounds
to the corresponding succinic acid derivatives 7b and 8b, which
were prepared independently from 2-cyclohexylsuccinic acid. 343
These alkylsuccinic acids have been resolved by classical methods,
and conversion of the optically pure acid to one stereoisomer each
of 7 and 8 could be achieved by the sequence in Scheme I1:
conversion of the acid to the anhydride, reaction of the anhydride
with methanol to give two isomeric half-esters, and conversion
of the half-esters to pyrrolidine amide via reaction of the acid
chloride with optically pure pyrrolidine. Conversion of the methyl
ketones 3-6 to the succinates 7 and 8 was by an iodoform reac-
tion® followed by conversion of the resultant acids to the methyl
esters by reaction with diazomethane. Proof of stereochemistry
of the a-amide products formed in the addition of terz-butyl radical

a, R=n-hexy|
b, R= cyclohexy]
¢, R=t-butyl

OCH,

(32) (a) Schlessinger, R. H.; lwanowicz, E. J. Tetrahedron Lett. 1987, 28,
2083. (b) Short, R. P,; Kennedy, R. M.; Masamune, S. J. Org. Chem. 1989,
54, 1755.

(33) Harding, K. E.; Burks, S. R. J. Org. Chem. 1981, 46, 3920.

(34) (a) Jacques, J.; Gros, C.; Bourcier, S.; Brienne, M. J.; Toullec, J
Absolute Configuration of 6000 Selected Compounds With One Asymmetric
Carbon Atom. Stereochemistry; Kagan, H., Ed.; Georg Thieme Publishers:
Stuttgart, 1977; Vol. 4, p 76g, and references cited therein. (b) Naps, M.;
Johns, 1. B. J. Am. Chem. Soc. 1940, 62, 2450.

(35) (S)-2-Cyclohexylsuccinic acid was prepared by hydrogenation of op-
tically pure (S)-2-phenylsuccinic acid with a 5% Rh/Al,O, catalyst.

(36) Morgan, K. J.; Bardwell, J.; Cullis, C. F. J. Chem. Soc. 1950, 3190.

oxalyl chloride/
dlmethylpyn'olidine

IZ CH2N2 CH30{_QD

OH

o
o
o

O R
3
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R.7

to 1 was obtained by the conversion of 3¢ to the corresponding
succinic diamide 11c¢ by an iodoform reaction followed by coupling
of the resulting acid with the dimethylpyrrolidine by the mixed-
anhydride method. The stereochemistry of 11c has been estab-
lished by a single-crystal X-ray analysis.?®

Two stereoisomeric products result from the addition of cy-
clohexyl radical to fumaric diamide R-2 and of terz-butyl radical
to its enantiomer S-2. The main isomers R-11b and S-11c were

o
e e
R .. N, 4 Y
<~ R ’R R ’R 3
0 1 2 0 1 2

S-11c¢R=t-CHy R=H
S-12¢Rj=H, R=t-C by

sl

R-11bR;= H, R= ¢-CHy |
R-12bR;=c-CH,, R=H

isolated by flash chromatography on silica gel with solvent 4:1
pentane/acetone in 55-70% yields. The major isomer S-11c was
identified by single-crystal X-ray analysis.?? The minor isomers
R-12b and S-12¢ were synthesized by addition of either the
tert-butyl or cyclohexyl radical to maleic anhydride, conversion
of the racemic succinic anhydride to the 2-alkylsuccinic acid, and
conversion of the diacid to the diastereomeric diamides via the
diacid chloride. The diastereomers could be separated by flash
chromatography or HPLC. In the case of the addition of cy-
clohexyl radical to R-2, the major product displayed chemical shifts
and coupling constants in 'H and '*C NMR similar to the major
product formed in the terz-butyl radical addition (Table I) and
the stereochemistry of the isomers was assigned on the basis of
this similarity. The enantiomers exhibit identical NMR spectra.

— 1. RHgCYNaBH, OH . SOLlL
o l Y=o —» H —_— 11 + 12
2. NaOH; H' R 2. pyrrolidine

Product distribution at several temperatures was determined
in the addition reactions by gas chromatography and by HPLC
and these results are presented in Tables Il and I1I. Product ratios
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Table II. Product Ratios For Radical Additions to Amide 1

products
alkene  radical method T7,°C 3a® 4a 53 6a
rac-1  n-hexyl tin 110 043 0.06 051
rac-1  n-hexyl tin 80 045 0.05 0.50

rac-1  n-hexyl mercury 0 048 003 049

3be  4b S5b¢  6b

rac-1  cyclohexyl tin 110 042 0.04 030 0.24
rac-1  cyclohexyl tin 80 0.43 0.037 030 0.23
R-1  cyclohexyl mercury 0 048 002 028 023

3¢¢  4e S5¢¢  6c

rac-1 tert-butyl tin 80 055 0.04 041
R-1 tert-butyl  mercury 0 049 0001 050

4Triplicate analyses of duplicate runs. GC on 0.25-i.d. 30-m SPB-I
capillary column. ®Sum of isomers 5 and 6 formed. Separated in-
completely by GC on SP-2230 30-m 0.25-i.d. ratio of 5 to 6 was close
to 1:1. ¢Triplicate analyses of duplicate runs. Analysis on normal-
phase HPLC, 5-um silica, 4:1 ethyl acetate/hexane.

Table III. Product Ratios For Radical Additions to Diamide 2

products
alkene radical method T,°C R-11b* R-12b
R-2 cyclohexyl  mercury 110 0.93 0.07
R-2 cyclohexyl  mercury 65 0.94 0.06
R-2 cyclohexyl  mercury 20 0.975 0.025
R-2 cyclohexyl  mercury 0 0.98 0.02
S-11¢¢ S-12¢
S-2 tert-butyl mercury 110 0.94 0.06
S-2 tert-butyl mercury 65 0.96 0.04
S-2 tert-butyl mercury 20 0.98 0.02
S- tert-butyl mercury 0 0.988 0.012

“Triplicate analyses of duplicate runs, GC on 25-m OVI capillary
column.

were always determined from the crude reaction mixture. Product
isolation by chromatography generally produced the addition
products in yields of from 40 to 70%.

Discussion

There are only a few examples of intermolecular radical addition
reactions with acyclic alkenes in which attack is more selective
than 3:1. No examples of stercoselectivity with terminal alkenes
have been reported, and it is therefore likely that the a-carbon
must be substituted with the chiral auxiliary for observation of
significant stereoselectivity. We have examined several acyclic
alkenes with ester auxiliaries®” and have found little selectivity
in radical additions. Several fumarate and maleate systems have
also been examined®® and in only one example, a monomaleate
phenylmenthyl ester, was significant stereoselectivity observed
(60% diastereomeric excess). The experiments reported here show
that the control of stereochemistry at the « olefin center in radical
addition reactions to acyclic alkenes is possible with C, symmetric
amide auxiliaries. The success of this auxiliary can be understood
based on a consideration of the conformation of the amide-sub-
stituted alkene.

Carbon radicals are nucleophilic, and it has been suggested that
transition states for addition of nucleophilic radicals to elec-
tron-deficient olefins such as 1 and 2 are reactant-like.'>? For
addition of carbon radicals to inactivated olefins, calculations
suggest that the C(radical)-C(«) distance is in excess of 2.2 A
in the transition state and the angle of approach of the radical
is close to the tetrahedral value.®® Because of the early transition
state, factors that influence the ground-state alkene conformation

(37) Giese, B.; Bartmann, D.; Rupaner, R., unpublished work.

(38) VagBen, R.; Runsink, J.; Scharf, H.-D. Chem. Ber. 1986, 119, 3492.

(39) (a) Houk, K. N.; Paddon-Row, M. N.; Spellmeyer, D. C.; Rondan,
N. G Nagase, S. J. Org. Chem. 1986, 51, 2874. (b) Spellmeyer, D. C.; Houk,
K. N. J. Org. Chem. 1987, 52, 959.
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Figure 1.

Figure 2. View of low-energy MM2 conformation for alkene 1. (Pyr-
rolidine ring hydrogens are omitted for clarity.)

would also be expected to influence the transition state in the
addition reaction.

The important conformations to be considered for ester and
amide auxiliaries are presented in Figure 1. For esters, there
is little control of the orientation of the C(a)-C(O) bond; the
carbonyl oxygen and the ether-like oxygen are of comparable size. ¥
The orientation of a chiral auxiliary substituted on an ester is
therefore not fixed with respect to C(«) because of this confor-
mational mobility, Experimental evidence suggests®! that the
conformation of amides is much less mobile than that of esters,
allylic strain favoring the Z conformation as shown in Figure 1.
Chiral groups substituted on the amide auxiliary are fixed relative
to C(a) because of the lack of conformational mobility, and the
promise for control of stereochemistry with chiral amides is
therefore much more than that expected for ester auxiliaries.
Control of the conformational orientation about the C(O)-N bond
must also be considered in the analysis of amide auxiliary groups.
In practice, the conformational problem of the C(O)-N bond has
been solved by using amide auxiliaries with C, symmetry since,
with such amides, both possible conformations present the same
stereochemical environment to the C(«) center. In fact, amide
auxiliaries with C, symmetry have been used extensively in cy-
cloaddition and carbanion chemistry and excellent selectivity has
been observed in many of these examples 25-2742-44

A molecular mechanics analysis of the alkene 1 gives a low-
energy arrangement that is in accord with the conformational
analysis prescnted above. This planar conformation, shown in
Figure 2, has the Z-amide conformation.*> Approach of the
radical to the amide end of the alkene on a nucleophilic trajectory
suggests a facial bias in the addition, as can be seen in the figure.
The proximate methyl substituent on the pyrrolidine protects the
bottom face from addition while the other methyl substituent is
remote from the trajectory of approach of the radical to the top
face of the alkene. While the prediction of selectivity presented
here is based on alkene ground-state arguments, the early transition
state implied in these radical additions makes this assumption seem
reasonable.

For each of the addition reactions reported here, significant
stereoselectivity in the formation of the addition products is ob-
served. The stereochemistry of the products was established
rigorously in four of the reactions studied (in one case by a sin-

(40) George, W. O.; Hassid, D. V.; Maddams, W. F. J. Chem. Soc, Perkin
Trans. 2 1972, 400.

(41) Kruk, C.; Spaargaren, K. Spectrochim. Acta 1971, 274, 77.

(42) Enomoto, M.; Katsuki, T.; Yamaguchi, M. Tetrahedron Lett. 1985,
26, 1343.

(43) Kananami, Y.; Katsuki, T.; Yamaguchi, M. Bu/l. Chem. Soc. Jpn.
1987, 60, 4190.

(44) Lamy-Schelkens, H.; Ghosez, L. Tetrahedron Lett. 1989, 30, 5891.

(45) A single-crystal X-ray analysis of a pyrrolidine amide analogous to
1 supports the molecular mechanics geometry: Porter, N. A.; Wu, W.-C,;
McPhail, A. T. Tetrahedron Lett., in press.
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Figure 3. Arrhenius plot of selectivity for addition of cyclohexyl radical
to 1. W, In [3b]/[4b]; A, In [Sb]/[6b].

gle-crystal X-ray analysis), and in another example, comparison
of NMR data allowed assignment of the stereochemistry of the
addition products. In every case the stereochemistry of the major
product can be understood by the model shown in Figure | and
the selectivities observed range from 7:1 for the addition of hexyl
radical to 1 at 110 °C to >40:1 for the addition of tert-butyl
radical to either 1 or 2 at 0 °C. These selectivities are clearly
superior to any previous examples of radical addition to acyclic
alkenes and are in the range of selectivities that are synthetically
useful. The results suggest further that “acyclic stereocontrol”
is now a legitimate avenue of inquiry in free-radical chemistry
and they provide a rational framework for approaching this
problem.

The selectivity observed is temperature dependent, and the data
can be treated by an Arrhenius approach to provide information
about the competing transition states. In a competition experi-
ment, a plot of In k of the competing processes vs 1/ T gives a line
with slope related to AAH?* and intercept related to AASY, ac-
cording toeq 1. When the data presented in Tables Il and 111

1 kl Asz - Ale L&Sz1 - Z&Slz
" RT R

(h

are treated in this way, AAH¥s are obtained in the range of 1.5-3
kcal/mol along with AAS¥s that are near 0 eu. This analysis
suggests that the selectivity observed is enthalpy derived, and this
is consistent with the qualitative analysis of the selectivity that
is based on steric shielding of one face of the alkene by the
pyrrolidine methyl. The transition-state enthalpy effects are
greatest for tertiary tert-butyl radicals (~3 kcal/mol), smaller
for secondary cyclohexyl radicals (1.7-2.7 kcal/mol), and smallest
for primary hexyl radicals (~ 1.4 kcal/mol) in accord with the
steric origins of the selectivity. The Arrhenius plot for the addition
of cyclohexyl radical to the unsymmetrical olefin 1 presented in
Figure 3 illustrates the fact that the selectivity observed is enthalpy
derived. Note that the temperature range for the experiment is
over 100 °C and that there is a good correlation of In k vs 1/T.
Furthermore, the selectivity is greatest for the addition « to the
amide center while addition « to the ketone group of the alkene
1 leads to little selectivity, although the same face of the alkene
is favored in the addition at both the amide and the keto end. This
differential selectivity at opposite ends of the alkene supports the
arguments for selectivity based on conformation of the pyrrolidine
amide auxiliary. From Figure 3, AAH%Y, 4, = 1.7 kcal/mol and
AAHg g = 0 kcal/mol. Similar Arrhenius plots of In [3b] /[5b]
and In {3b]/[6b] give AAHY, 5, = AAH?, 3 = 0.3 kecal/mol.

Two general requirements for acyclic stereocontrol at the a-
alkene center in radical addition are also suggested by the pyr-
rolidine amide precedent. These requirements would appear to
be as follows: (1) control of the conformation of the a-2-, 2-3-,
and 3,4-bonds (Figure 4) such that the orientation is anti-syn—anti
for these bonds, (2) introduction of a chiral center at C-4 with
substituents that have differing steric demand. In the pyrrolidine
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amide systems reported here, the «-2- and 2,3-bond conformations
are controlled by amide stereoelectronic effects while the 3,4-
conformation is fixed by the cyclic pyrrolidine structure and the
C, symmetry element. It seems likely that other successful
strategies can be developed to meet these same general structural
requirements.

One problem that must be addressed before the radical method
becomes of general synthetic utility is the ease of removal of the
auxiliary after radical addition has been carried out. The di-
methylpyrrolidine amides used in this study are hydrolyzed with
difficulty unless the molecule is substituted such that there is
intramolecular nucleophilic assistance in the hydrolysis.?* This
problem has been solved by the use of C, symmetric pyrrolidines
that are substituted at positions 2 and 5 with protected hydrox-
ymethyl groups that are ultimately used as internal nucleophiles
in the removal of the pyrrolidine auxiliaries, 2627424 Whijle these
auxiliaries would appear to be ideal for use in free-radical reac-
tions, it should be pointed out that the synthesis of the di-
methylpyrrolidine and substituted pyrrolidines is tedious and im-
proved procedures for the preparation of amine auxiliaries that
fit the general requirements for selectivity and easy removal would
be welcome.

Experimental Section

Tetrahydrofuran was freshly distilled from sodium benzophenone.
Dichloromethane was distilled from calcium hydride and stored over
molecular sieves. Benzene was distilled from sodium and stored over
molecular sieves. Gas chromatography was done on a Hewlett-Packard
5890A gas chromatograph with a flame ionization detector coupled to
a Hewlett-Packard 3393A integrator (conditions: 30-m SPB-1 column,
11 psi, | min at 100 °C to 280 °C at 15 °C/min) and on a Carlo-Erba
6000 with flame ionization detector coupled to a Shimadzu C-R4A
(conditions: 25-m OV-1l column, | min at 120 °C to 220 °C at 10
°C/min). 'H and '*C NMR were run on either a Bruker WM 300, a
Varian XL-300, or a Varian VXR-400 spectrometer (TMS as internal
standard). Mass spectra were acquired on either a VG 70-250 or an
HP-5990 spectrometer. Flash chromatography: Utekon silica gel, C 560
35-70 um. Analytical HPLC was performed by using a Waters Model
590 pump with a Microsorb Si 80-125-C5 column and a refractive index
detector. Preparative HPLC was done by using an Isco Model 2350
pump with a Dynamax 60A Si 83-121-C column and a refractive index
detector or a Waters Delta Prep 3000. Melting points are uncorrected.

Synthesis of Alkenes. 4-Oxo-2-pentenoic Acld. To a stirred solution
of 23.2 g (200 mmol) of freshly distilled levulinic acid in 80 mL of
concentrated hydrochloric acid at -15 °C was added 33.6 g (210 mmol)
of bromine over 2 h. After addition was complete, the solution was
stirred for 3 h at room temperature. The reaction mixture was poured
over 200 mL of crushed ice and water. The solution was cooled to 0 °C
for 10 min and was then filtered. The filtrate was extracted thoroughly
with ethyl ether. The organic solution was dried over magnesium sulfate
and evaporated at reduced pressure to dryness. Without purification, the
bromolevulinic acid (32.6 g, 167 mmol) was dissolved in 60 mL of glacial
acetic acid [freshly distilled from acetic anhydride and 4-(dimethyl-
amino)pyridine]. To this solution was added 33 g of sodium acetate
(dried by melting under high vacuum). The mixture was stirred at room
temperature until it became solid and was then warmed to 100 °C for
45 min. The hot mixture was poured over 200 mL of crushed ice and
water. This aqueous solution was acidified to pH 2 while being shaken
with ethyl ether. The acidified solution was washed three times with
ethyl ether. All ethereal solutions were combined, dried over magnesium
sulfate, and evaporated at reduced pressure. The crude residue was
dissolved in chloroform, heated with activated carbon for 5 min, and
filtered. The chloroform was evaporated at reduced pressure and the
residue was allowed to stand under high vacuum with a sodium hydroxide
trap for 24 h. The product was 18.5 g (81% yield) of a light brown solid.
The product was recrystallized from chloroform twice to yield a white
flaky solid: mp 120-121 °C; '"H NMR (300 MHz, CDCl;) 6 11.35 (s,
(br), | H), 7.09 (d, J = 16.1 Hz, 1 H), 6.64 (d, J = 16.1 Hz, 1 H), 2.37
(s, 3 H); '3C NMR (CDCl;) 8 197.4, 170.7, 141.7, 130.4, 28.3.

[1(E)-20,581-1-(2,4-Dioxo-3-pentenyl)-2,5-dimethylpyrrolidine (1).
4-Oxo-2-pentenoic acid (0.38 g, 3.3 mmol) was combined with 0.40 g (4.0
mmol) of N-methylmorpholine in 40 mL of dry THF. To this was added
dropwise at =10 °C, with stirring, 0.43 mL (3.3 mmol) of isobutyl
chloroformate. After being stirred for 0.5 h at =10 °C, the mixture was
quickly filtered under argon into another reaction flask. Trans-(rac)-
2,5-dimethylpyrrolidine hydrochloride (0.30 g, 2.2 mmol) was freed from
HCI by dissolving in 8 mL of CH,Cl, and washing with 4 mL of S N
NaOH. The CH,Cl, solution was dried over potassium carbonate and
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was added dropwise to the stirred solution of the mixed anhydride at -10
°C over 15 min. The reaction mixture was stirred for 30 min at -10 °C
and then for 2 h at room temperature, The solution was evaporated to
dryness under reduced pressure and purified by elution through silica gel
with 1:] ethyl acetate/hexanes, yielding 0.36 g (84%) of the amide 1 as
a clear il: TLC R, = 0.14 (1:1 ethyl acetate/hexane); GC ¢, = 6.21 min;
'H NMR (300 MHz, CDCl;) § 7.11 (d, J = 15.25 Hz, | H), 7.02 (d,
J =15.25 Hz, | H), 430 (m, 1 H), 4.19 (m, 1 H), 2.32 (s, 3 H), 2.14
(m, 2 H), 1.60 (m, 2 H), 1.17 (d, J = 6.6 Hz, 3 H), 1.15 (d, J = 6.6 Hz,
3 H); ¥*C NMR (CDCly) § 197.7, 162.4, 136.4, 132.5, 53.6, 53.5, 30.5,
29.3, 28.7, 22.7, 18.8; MS (EI) m/z (relative intensity) 195 (3.7), 180
(20.0), 98 (30.3), 97 (22.3), 84 (100.0); exact mass for C;;H,;NO, calcd
m/z 195.1259, measd (EIMS) m/z 195.1258 (0.7 ppm).

Fumaric Bis{(2S,55)-dimethylpyrrolidinide] (S-2). To a cooled (0 °C)
and stirred solution of (25,55)-dimethylpyrrolidine (0.63 g, 6.4 mmol)
and tetramethylguanidine (0.74 g, 6.4 mmol) in 40 mL of dry dichloro-
methane under argon was added dropwise fumaric dichloride (0.53 g, 3.5
mmol) dissolved in 20 mL of dichloromethane over a period of 1 h. After
the addition was completed, the mixture was stirred 30 min at 0 °C and
another 2 h at room temperature. The reaction mixture was washed
twice with dilute hydrochloric acid, dried over MgSQ,, and concentrated
in vacuo. Flash chromatography (pentane/acetone 4:1) yielded diamide
§5-2 (0.57 g, 64%) as a colorless solid. Recrystallization from ether/
pentane afforded colorless needles: mp 126 °C; 'H NMR (300 MHz,
CDCly) 6 7.27 (s, 2 H, HC=CH), 4.38-4.23 (m, 4 H, H,, -2, H,,-5),
2.31-2.06 (m, 4 H, H,,,-3', H,-4), 1.69-1.55 (m, 4 H, H,,-3, H,,,-4)
1.20, 1.19 (2 d, J = 6.4 Hz, 12 H, 4 CH,); '*C NMR (75.5 MHz,
CDCl;) 6 162.88, 131.94, 53.93, 53.30, 30.48, 28.69, 22.61, 18.73; MS
(EI) m/z (relative intensity) 278 (12, M¥), 263 (21), 180 (100), 152
(11), 124 (51), 98 (95), 84 (98), 83 (34), 55 (55), 41 (47). Anal. Calcd
for C;sH16N,0, (278.40): C, 69.03; H, 9.41; N, 10.06. Found: C, 68.89;
H, 9.32; N, 9.93. The same procedure was used in the synthesis of
fumaric bis[(2S5,55)-dimethylpyrrolidinide] (R-2).

Radical Addition via the Tin Method. The olefin was combined with
4.0 equiv of alkyl iodide (hexyl, cyclohexyl, or tert-butyl) in dry benzene
or toluene (30 mM in olefin) and the solution was degassed with argon
for 30 min. The mixture was equilibrated to the reaction temperature
and tributyltin hydride (4.4 equiv) and azobis(isobutyronitrile) (0.4
equiv) were added. The solution was stirred at the reaction temperature
for 3 h under argon. The solvent was removed under reduced pressure
and the residue was dissolved in ethyl ether. The ether solution was
stirred for 24 h with an equal volume of 10% aqueous KF. Tributyltin
fluoride was removed by filtration, the ether layer was dried over mag-
nesium sulfate and evaporated to dryness, and the products were sepa-
rated by chromatography.

Radical Addition via the Mercury Method. The olefin and 4.0-50
equiv of alkyl mercuric bromide or chloride (hexyl, cyclohexyl, or teri-
butyl) were dissolved in dry CH,Cl, (35-100 mmol in olefin). The
solution was purged with argon for 15 min and equilibrated to the re-
action temperature, Sodium borohydride (6.0-150 equiv) in a minimum
volume of water or a pH 7 buffer solution (solution mixed and added
immediately) was added to the stirred solution. The mixture was stirred
at the reaction temperature for 30 min under argon. Mercury and water
were removed from the reaction mixture by filtration through a short
plug of magnesium sulfate; the dichloromethane layer was removed,
washed with saturated aqueous NaCl, dried over magnesium sulfate, and
evaporated to dryness. The products were separated by chromatography.

Product Isolation and Structural Information from Radical Additions.
Separation and Analysis of Hexyl Radical Adducts 3a, 4a, and 5a,6a.
Racemic 1 (0.585 g, 3.00 mmol) was treated with n-hexyl iodide (2.55
g, 12.0 mmol), tributyltin hydride (3.80 g, 13.2 mmol), and AIBN (0.20
g, 1.2 mmol) according to the procedure described above. Separation of
reaction products was accomplished by preparative HPLC with 1:1 ethyl
acetate/hexane at a flow rate of 12,0 mL/min. Four major peaks were
detected by refractive index at 18, 27, 30, and 35 min. Injection of the
collected fractions on GC and GC/EIMS allowed correlation of HPLC
fractions with MS assignments. The fraction collected at 35 min was
shown to be starting olefin by GC, 'H NMR, '3C NMR, and GC/MS.
The combined yield of radical adducts was 362 mg (43%).
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3a (major a-amide isomer); HPLC ¢, = 27 min; GC 1, = 8.89 min;
'H NMR (300 MHz, CDCl;) 6 4.15 (m, | H), 4.01 (m, | H), 2.95 (m,
2 H), 242 (m, 1 H), 2.11 (s, 3 H), 2.18-2.04 (m, 2 H), 1.57 (m, | H),
1.47 (m, 1 H), 1.40 (m, 2 H), 1.32-1.14 (m, 8 H), 1.26 (d, J = 6.4 Hz,
3 H), 1.08 (d, J = 6.3 Hz, 3 H), 0.83 (t, 3 H); *C NMR (CDCl;) §
208.4, 173.5, 53.4, 52.7, 44.8, 38.7, 33.2, 31.6, 30.8, 30.7, 30.6, 29.3, 28.8,
26.9, 22,5, 21.5, 18.9, 14.0; MS (EI) m/z (relative intensity) 281 (7),
238 (9), 197 (29), 183 (25), 154 (100), 126 (22), 84 (67); exact mass
for C;H;,NO; calcd r2/z 281.2355, measd (EIMS) n1/z 281.2353 (-0.6
ppm).

da (minor a~-amide isomer): HPLC 7, = 30 min; GC ¢, = 9.01 min;
MS (EI) m/z (relative intensity) 281 (5), 238 (9), 197 (22), 183 (17),
154 (100), 126 (13), 84 (49).

Mixture of 5a and 6a (a-keto isomers): HPLC 1, = 18 min; GC ¢, =
9.49 min; GC (SP-2330 column, 15 psi, 230 °C) ¢, = 8.09 and 8.53 min
(44% and 56%, respectively); 'H NMR (CDCl,) 6 2.24, 2.20 (s, 3 H,
CH,CO0), 1.20, 1.12, 1.10, 1.06 (d, J = 6 Hz, 6 H, CH,CHN); *C NMR
(CDCl,) 6 212.6, 169.8, 53.6, 53.3, 53.2, 53.0, 48.3, 47.7, 36.7, 36.4, 31.8,
31.60, 31.56, 30.83, 30.76, 30.4, 30.3, 29.4, 29.3, 29.0, 27.2, 22.5, 21.6,
21.2, 19.1, 19.0, 14.0; MS (EI) m/z (relative intensity) 281 (8), 238 (75),
197 (18), 183 (31), 141 (98), 126 (48) and 84 (100). Anal. Calcd for
C17H3 NO, (5a and 6a): C, 72.55; H, 11.10. Found: C, 72.46; H, 11.14.

Separation and Analysis of 3b, 4b, and 5b and 6b. Optically pure R-1
(0.36 g, 1.8 mmol) was treated with cyclohexyl iodide (1.6 g, 7.4 mmol),
tributyltin hydride (2.4 g, 8.1 mmol), and AIBN (0.12 g, 0.74 mmol)
according to the procedure described above. Separation and isolation of
the products was done via preparative HPLC with 1:] ethyl acetate/
hexane at a flow rate of 10 mL/min. Five major peaks were detected
by refractive index at 20, 23, 29, 32 and 36 min. Injection of the collected
fractions on GC (11 psi, | min at 100 °C 10 230 °C at 10 °C/min) and
GC/EIMS allowed correlation with MS assignments. The fraction at
36 min corresponds to the starting olefin. The combined yield of radical
adducts was 183 mg (36%).

3b (major a-amide isomer): HPLC 7, = 29 min; GC ¢, = 11.66 min;
"H NMR (300 MHz, CDCl;) 6 4.17 (m, 1 H), 4.07 (m, | H), 3.01 (dd,
1H,J=17.1, 8.5 Hz), 2.89 (ddd, 1 H, J = 8.8, 5.3, 3.8 Hz), 2.43 (dd,
1 H,J=17.2,4.0), 2.14 (s, 3 H), 2.10 (m, 2 H), 1.76-1.54 (m, 6 H),
1.52-1.40 (m, 2 H), 1.27 (d, 3 H, J/ = 4.1 Hz), 1.11 (d, 3 H, J = 4.0 Hz),
1.30-0.86 (m, 5 H); 3C NMR (CDCl,) 6 208.9, 173.3, 54.1, 53.2, 44.4,
42.8,41.8,31.6,31.2,31.0,30.1, 29.3, 27.1, 27.0, 26.7, 21.7, 19.5; [«]®p
= +3.65° (¢ = 0.904, CHCl;); MS (CI, CH;/NH,;) MH™* 280; MS (EI)
m/z (relative intensity) 197 (9), 181 (5), 154 (36), 98 (9), 84 (38), 70
(12), 55 (30), 43 (100)! Anal. Caled for C;;HxNO,: C, 73.07; H,
10.46; N, 5.01. Found: C, 72.92; H, 10.43; N, 4.95.

4b (minor a-amide isomer): HPLC ¢, = 32 min; GC ¢, = 11.79 min;
'H NMR (300 MHz, CDCl,) 6 4.30 (m, | H), 4.17 (m, | H), 2.80 (dd,
1 H), 2.73 (ddd, | H), 2.58 (dd, | H), 2.12 (s, 3 H), 1.20 (d, 3 H), 1.10
(d, 3 H); MS (CI, CH,/NH;) MH* = 280: MS (EI) m/z (relative
intensity) 197 (5), 181 (2), 154 (48), 98 (7), 84 (31), 70 (11), 55 (28),
43 (100).

5b (major a-keto isomer): HPLC 7, = 20 min; GC ¢, = 12.53 min;
'"H NMR (300 MHz, CDCl,) é 4.11 (quintet, | H), 3.96 (quintet, 1 H),
3.06 (ddd, 1 H,J=10.3,6.3,3.9 Hz), 2.78 (dd, | H, J = 16.1, 10.7 Hz),
2.32 (dd, 1 H, J = 16.1, 3.7 Hz), 2.26 (s, 3 H), 2.16-2.00 (m, 2 H),
1.80-1.42 (m,8 H), 1.22 (d, 3 H, /= 6.1 Hz), I.11 (d, 3 H, J = 6.4 Hz),
1.32-0.86 (m, 5 H); 3C NMR (CDCl,) § 212.8, 170.1, 53.6, 53.0, 52.9,
39.6,34.3,31.8,31.4,30.8, 30.1, 29.0, 26.5, 26.4, 26.2, 21.1, 19.1; [a] ¥}
= +49.8° (¢ = 0.502, CHCI,); MS (EI) m/z (relative intensity) 279 (6),
236 (53), 222 (1), 197 (31), 181 (14), 154 (49), 141 (100), 126 (55), 84
(56) (mixture of 5b and 6b),

6b (minor a-keto isomer): HPLC ¢, = 23 min; GC ¢, = 12.52 min;
'"H NMR (300 MHz, CDCl;) 6 4.10 (m, | H), 4.06 (m, 1 H), 3.07 (ddd,
1 H,J=153,59,33Hz),267(dd, | H,J =153, 11.1 Hz), 2.27 (dd,
1 H, J = 15.3, 3.3 Hz), 2.21 (s, 3 H), 2.20-1.96 (m, 2 H), 1.80-1.41 (m,
8 H), 1.14(d, 3 H, J = 6.6 Hz), 1.02 (d, 3 H, J = 6.4 Hz), 1.38-0.80
(m, 5 H); 3C NMR (CDCl;) 6 212.8, 170.3, 53.9, 53.3, 53.2, 39.7, 33.8,
31.9, 31.4, 30.7, 30.0, 29.0, 26.5, 26.4, 26.2, 21.6, 19.0.

Separation and Analysis of 3¢, 4¢, Sc, and 6¢. Optically pure R-1(0.35
g, 1.8 mmol) was treated with rert-butyl mercuric chloride (2.1 g, 7.2
mmol) and sodium borohydride (0.41 g, 1.1 mmol) according to the
procedure described above. Separation of reaction products was done via
preparative HPLC with 1:1 ethyl acetate/hexane at a flow rate of 10
mL/min. Four major peaks were detected by refractive index at 17, 19,
21, and 23 min, Injection of the collected fractions are GC (11 psi, |
min at 100 °C to 230 °C at 10 °C/min) and GC/EIMS allowed cor-
relation with MS assignments. The yield of the major adduct, 3¢, was
128 mg (28%).

3¢ (major a-amide isomer): HPLC ¢, = 21 min; GC ¢, = 8.14 min;
'"H NMR (300 MHz, CDCl;) 6 4.17 (m, 2 H), 3.06 (dd, | H,J =17.2,
8.6 Hz), 2.86 (dd, | H, / = 8.6, 3.9 Hz), 2.47 (dd, | H, / = 17.2, 4.0
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Hz), 2.12 (s, 3 H), 2.06-2.14 (m, 2 H), 1.55 (m, | H), 1.46 (m, 1 H),
1.24(d, 3H,J = 6.6 Hz), 1.13 (d, 3 H, J = 6.2 Hz), 0.93 (s, 9 H); 13C
NMR (CDCl;) 6 208.7, 172.0, 54.4, 53.1, 46.8, 42.4, 34.0, 30.8, 30.7,
28.8,27.9,21.0,19.2; [a}®p = +6.37° (¢ = 1.93, CHCl,); MS (EI) m/z
(relative intensity) 253 (3), 197 (13), 154 (78), 126 (18), 109 (21), 98
(34), 84 (100). Anal. Caled for C;sHpNOy: C, 71.10; H, 10.74; N,
5.53. Found: C, 70.88; H, 10.69; N, 5.48.

4¢ (minor a-amide): HPLC ¢, = 23 min; GC ¢, = 8.14 min; MS (EI)
m/z (relative intensity) 253 (5), 197 (22), 154 (100), 126 (18), 109 (23),
98 (16), 84 (47).

5¢ (major a-keto isomer): HPLC ¢, = 17 min; GC ¢, = 8.63 min; 'H
NMR (300 MHz, CDCl;) § 4.09 (m, | H), 3.95 (m, | H), 3.04 (dd, |
H,J=115,27Hz), 287 (dd, | H, J = 16.0, 11.6 Hz), 2.33 (dd, | H,
J=159,27Hz), 2.32 (s, 3 H), 2.20-1.98 (m, 2 H), 1.56 (m, | H), 1.47
(m, 1 H), .21 (d,3 H, J = 6.4 Hz), 1.11 (d, 3 H, J = 6.4 Hz), 0.94 (s,
9 H); '3C NMR (CDCl,) 6 213.3, 170.3, 56.0, 53.6, 53.0, 34.6, 34.0,
32.6, 30.9, 29.0, 28.2, 21.1, 19.2; MS (EI) m/z (relative intensity) 253
(10), 210 (93), 196 (87), 154 (99), 139 (36), 126 (32), 98 (100), 84 (64)
(mixture of 5¢ and 6¢).

6¢ (minor a-keto isomer): HPLC ¢, = 19 min; GC 1, = 8.63 min; 'H
NMR (300 MHz, CDCl;) § 4.12 (m, | H), 4.02 (m, |1 H), 3.06 (dd, |
H,J = 11.7,2.9 Hz),2.76 (dd, { H,J = 15.1,11.7),231 (dd, t H, J
= 15.3, 3.0 Hz), 2.27 (s, 3 H), 2.22-1.96 (m, 2 H), 1.54 (m, 1 H), 1.46
(m, 1 H), 1.13 (d, 3 H, J = 6.4 Hz), 1.04 (d, 3 H, J = 6.3 Hz), 0.94 (s,
9 H); ®C NMR (CDCl,) 4 213.4, 170.4, 56.8, 53.4, 53.2, 34.2, 34.1,
32.8, 30.7, 29.0, 28.1, 21.6, 19.0.

Separation and Analysis of R-11b from Radical Addition. Fumaric
diamide R-2 (0.24 g, 0.86 mmol) was treated with cyclohexylmercuric
chloride (13.7 g, 43.0 mmol) and sodium borohydride (6.5 g, 172 mmol)
according to the procedure described above. The major product R-11b
(0.22 g, 70%) was separated by flash chromatography (pentane/acetone
4:1) as a colorless oil: GC ¢, = 20.78 min; 'H NMR (400 MHz, CDCl,)
64.14 (m, 4 H, H,,,-2, H,,,-5), 3.13 (ddd, J = 6.8, 6.8, 5.6 Hz, | H,
HC[c-CgH ), 2.60 (dd, J = 16.0, 5.6 Hz, | H, HHC), 243 (dd, J =
16.0, 6.8 Hz, | H, H'HC), 2.17-2.03 (m, 4 H, H,-3', H,,-4'), 1.61-145
(m, 4 H, Hy,-3, Hy-4), 1.70-1.62, 1.26-0.85 (2 m, 11 H, c-C¢Hy)),
1.32, 1.20, 1.13, 1.10 (4 d, J = 6.4 Hz, 12 H, CH,); '*C NMR (101
MHz, CDCl,) 6 173.79, 170.38, 53.91, 53.66, 52.95, 52.83, 44.96, 42.07,
34,93, 30.99, 30.84, 30.82, 30.0, 28.99, 28.92, 26.62, 26.55, 26.34, 21.84,
21.52,19.10, 18.81; MS (El) m/z (relative intensity) 362 (0.4, M*), 264
(24), 222 (46), 221 (13), 182 (21), 180 (8), 154 (26), 100 (10), 98 (100),
84 (18), 83 (15), 70 (12), 55 (39), 42 (10), 41 (10); HRMS (EI) calcd
for CyH3sN,0, 362.2933, found 362.2954.

Separation and Analysis of S-11¢ from Radical Additfon. Fumaric
diamide S-2 (0.24 g, 0.86 mmol) was treated with tert-butylmercuric
chloride (5.0 g, 17.2 mmol) and sodium borohydride (2.6 g, 68.8 mmol)
according to the procedure described above., The major product S-11¢
(0.15 g, 53%) was separated by flash chromatography (pentane/acetone
4:1) as colorless crystals: mp 90-92 °C (hexane); GC ¢, = 12.64 min;
'H NMR (300 MHz, CDCl;) § 4.29-4.07 (m, 4 H, H,,,-2, H,,,,-5), 3.24
(dd, J = 6.8, 5.1 Hz, | H, HC(CHj,),), 2.60 (dd, / = 16.3, 6.8 Hz, | H,
HHC), 2.53 (dd, J = 16.3, 5.1 Hz, | H, H’HC), 2.22-2.03 (m, 4 H,
Hp,-3, Hpr4), 1.62-1.48 (m, 4 H, H,,-3, Hp-4), 1.34, 1.21, 116, 1.13
(4d,J = 6.4Hz, 12 H, 4 CH;), 0.98 (s, 9 H, C(CH,),); *C NMR (75.5
MHz, CDCly) 6 173.13, 170.75, 54.63, 53.84, 53.00, 52.85, 47.72, 34.46,
33.73, 30.84, 29.01, 28.83, 28.09, 21.74, 21.66, 19.25, 18.80; MS (EI)
m/z (relative intensity) 336 (3, M¥), 308 (6), 238 (100), 222 (9), 210
(5), 182 (10), 180 (8), 156 (14), 154 (15), 126 (8), 98 (91), 83 (18), 70
(9), 55 (21), 41 (12); HRMS (EI) calcd for CyoH3N,0, 336.2777, found
336.2783; a sample for X-ray analysis?® was recrystallized from hexane.

Independent Syntheses of Products. Jodoform Reaction and Esterifi-
catlon of 3a and 3b. The major a-amide adduct, 3a or 3b, (43 mg, 0.15
mmol) was dissolved in 0.75 mL of 1,4-dioxane and 0.75 mL of 5 N
NaOH. To this was added dropwise a mixture of 0.5 g of 1, and | g of
K1 dissolved in 5 mL of water. The iodine solution was added until a
yellow color persisted. The solution was heated gently, turning the so-
lution clear, and more iodine was added until the yellow color persisted
again. NaOH (5 N) was added until the solution was clear, and the
mixture was filtered through a plug of Celite to remove the iodoform.
The solution was acidified with § N HCI and extracted with 2 X 20 ml.
of Et,0. The combined cther layers were washed with 40 mL of 5%
Na,S,0; and the aqueous phase was back-extracted with 40 mL of ether.
The combined ether layers were dried over MgSQ, and the ether was
removed.

The crude acid was dissolved in 10 mL of diethyl ether. The solution
was cooled to 0 °C and diazomethane was added dropwise until the
solution was yellow. The solution was allowed to sit at 0 °C for | h and
then the solvent and excess diazomethane were blown off under a stream
of argon. The methyl ester product was isolated via preparative HPLC
in 25% EtOAc/hexane.
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Product from 3a: GC ¢, = 9.05 min; GC/CIMS (NH;) m/z (relative
intensity) 327 (M + NH,*) (19), 310 (MH™*) (100); EIMS m/z (relative
intensity) 297 (4), 266 (8), 213 (42), 199 (24), 154 (20), 126 (20), 84
(100); 'H NMR (CDCl;) 6 4.20 (m, | H, NCH(CH,)CH,), 4.04 (m,
I H, NCH(CH;)CH,), 3.63 (s, 3 H, COOCH;), 292 (m, 1 H,
CH,CH(C¢H,;)CON), 2.78 (dd, J = 8.2, 16.8 Hz, | H, OCOCH(H)-
CH), 2.39 (dd, J = 5.8, 16.8 Hz, | H, OCOCH(H)CH) 2.12 (m, 2 H,
NCH(CH,)CH(H)), 1.59 (m, 2 H, CHCH,CsH,,), 1.49 (m, 2 H,
NCH(CH;)CH(H)), 1.28 (d, J = 6.2 Hz, 3 H, NCHCH,), 1.25 (8 H,
C4HyCH,;), 1.12 (d, J = 6.2 Hz, 3 H, NCHCH,), 0.85 (t, 3 H,
C4H3CH,); *C NMR (CDCl,) 8 173.4, 173.1, 53.4, 52.9, 51.6, 39.6,
35.7,33.4,31.7, 30.8, 29.3, 28.9, 26.8, 22.5, 21.7, 18.9, 14.1; Exact mass
for C,;H3 NO; caled m/z 297.2304, measd (EIMS) m/z 297.2311 (+2.4
ppm). '

Product from 3b;: GC ¢, = 9.39 min; 'H NMR (300 MHz, CDCl,)
4 4.20 (m, | H), 4.07 (m, | H), 3.62 (s, 3 H), 2.80 (m, 2 H), 2.39 (dd,
1 H,J=19.7, 8.2 Hz), 2.21-2,02 (m, 2 H), 1.76-1.42 (m, 8 H), 1.25
(d, 3 H,J = 6.6 Hz), 1.13(d, 3 H, J = 6.4 Hz), 1.22-0.86 (m, 5 H);
3C (CDCl,) 6 173.8, 172.5, 53.6, 52.9, 51.6, 45.0, 41.5, 33.4, 30.9, 30.8,
29.6, 28.9, 26.6, 26.5, 26.3, 21.5, 19.1; MS (CI, CH4/NH;) M* = 296;
MS (EI) m/z (relative intensity) 213 (57), 171 (15), 154 (52), 119 (15),
84 (100), 55 (60).

Todoform Reactlon of 3¢. The major a-amide product of rerz-butyl
radical addition was dissolved in S mL of 1,4-dioxane and S mL of 5§ N
NaOH. A mixture of I, (0.36 g, 4.5 equiv) and KI (0.74 g) in 4 mL of
water was added dropwise with vigorous stirring. When the addition was
complete, the solution was heated gently and then allowed to stir at room
temperature for 30 min. The solution was acidified with concentrated
HCl and extracted with 3 X 25 mL of ether. The combined ether layers
were washed with 50 mL of Na,S,0,, which was extracted with 50 mL
of ether. The combined ether extracts were dried over MgSO, and the
ether was removed.

2-tert-Butylsuccinic Bis[(25,55)-Dimethylpyrrolidinide] (11c). The
unpurified acid (32.5 mg, 0.13 mmol) from above was dissolved in 5 mL
of dry THF. . N-Methylmorpholine (30.9 mg, 2.4 equiv) was added and
the solution cooled to -10 °C in a brine/ice bath. Isobutyl chloroformate
(1 equiv) was added dropwise, the solution was stirred at =10 °C for 30
min, and the N-methylmorpholine hydrochloride was filtered off.
(2R,5R)-Dimethylpyrrolidine [(2R,5R)-dimethylpyrrolidine hydro-
chloride (54.6 mg, 3 equiv) dissolved in 5 mL of dry CH,Cl,, washed with
2 mL of 5 N NaOH, dried over KOH, and filtered through K,CO;] was
added dropwise to the filtered solution at =10 °C. The solution was
stirred for 30 min at -10 °C and then an additional 16 h at room tem-
perature. The solvent was removed, leaving 39.3 mg of crude material.
The desired product was isolated via preparative HPLC (1:1 hexane/
EtOAc, 10 mL/min) and was spectroscopically identical with the major
product, S-11¢, isolated from the addition of rerz-butyl radical to olefin
2, for which an X-ray crystal structure was obtained.?

Resolution of 2-Hexylsuccinic Acid (S-9a). Quinine (50.0 g, 154
mmol) and 26.9 g of hexylsuccinic acid (133 mmol) were dissolved in 535
mL of 95% EtOH with gentle warming. Crystallization was allowed to
take place at room temperature. Successive recrystallizations were
performed by dissolving the quinine salt in 20 mL of ethanol for each
gram of material. The progress of the resolution was followed by taking
optical rotations of the acid recovered from the mother liquor. (The
ethanol was removed under reduced pressure and the salt was decom-
posed with 10% H,SO,. This solution was washed with ethyl ether and
dried over magnesium sulfate and the ether was removed under reduced
pressure. The absolute rotations of the acids in ethanol from the filtrates
were as follows: +13.1°,0°,-12.2°,-19.9°.) The salt that comprised
the fifth crop yielded acid with [a]®[ = -24.9° (¢ = 4.00, ethanol). The
reported rotation for the pure (:S)-2-hexylsuccinic acid is [a]*p, = -26.0°
(c = 4.00, ethanol).}

(S)-2-Hexylsuccinic Anhydride (S-10a). Fifteen milliliters of freshly
distilled acetyl chloride was added to 2.70 g of (S)-2-hexylsuccinic acid.
The mixture was refluxed for 30 min. Acetyl chloride was removed under
reduced pressure and the residue was left under high vacuum until it
solidified. The solid was recrystallized from hexane twice, yielding 1.35
g of white solid: TLC (I:1 ethyl acetate/hexane) R, = 0.7; IR 1870
(weak), 1790 cm™ (strong); 'H NMR (CDCl;) 6 3.08 (m, |1 H), 3.05 (dd,
1 H), 2.64 (dd, I H), 1.92 (m, | H), 1.63 (m, | H), 1.45-1.20 (8 H),
0.87 (1, 3 H); '*C NMR (CDCl,) § 173.7, 170.1, 40.6, 34.1, 31.4, 30.9,
28.7, 26.6, 22.5, 14.0.

128-[1(S),2a,508]]-8-Hexyl-v-0x0(2,5-dimethyl-pyrrolidin-1-yl)buta-
nolc Acid, Methy! Ester (S-7a). (S)-Hexylsuccinic anhydride (92 mg,
0.50 mmol) was stirred at room temperature in 2 mL of dry methanol
with 11 mg of (dimethylamino)pyridine. After 1 h the methanol was
removed under reduced pressure and the residue was dissolved in 15 mL
of dichloromethane. The dichloromethane solution was washed three
times with 5% Na,CO; solution. The carbonate washings were acidified
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and extracted with ethyl ether. The ether layers were dried over mag-
nesium sulfate and evaporated to dryness. To this mixture of acids was
added 2 mL of freshly distilled thionyl chloride. The mixture was stirred
at 45 °C for 2.5 h. Thionyl chloride was removed under reduced pressure
and the residue was left under high vacuum for 12 h. To the mixture
of acid chlorides in 2 mL of dry CH,Cl, was added, dropwise,
(2S,55)-dimethylpyrrolidine in § mL of CH,Cl, [135 mg of pyrrolidine
hydrochloride (2.0 equiv) dissolved in 5 mL of CH,Cl,, washed with 2
mL of 5 N NaOH, and dried over KOH] with stirring at -10 °C. The
reaction mixture was allowed to warm to room temperature and was
stirred overnight. The reaction mixture was washed with 5% Na,CO,
and dried over MgSO,, and the solvent was removed under reduced
pressure. The major product by GC coeluted with the methyl ester
derivative of the hexyl radical adduct 3a, accounting for 72% of products
identified by GC/MS as the desired methyl ester amide products.

Cyclohexylsuccinic Acid (9b). Cyclohexylsuccinic anhydride*¢ (0.55
g, 3.0 mmol) and potassium hydroxide (1.48 g, 26.5 mmol) were dissolved
in 20 mL of methanol and 8 mL of water and the resultant mixture was
heated under reflux for 3 h. After the methanol had been removed in
vacuo, the aqueous solution was acidified with concentrated hydrochloric
acid. The precipitated product was collected by filtration and washed
with water to yield the product (0.47 g, 78%) as a white solid: mp
143-145 °C; '"H NMR (400 MHz, CDCl;) 12.11 (s, 2 H, COOH),
2.52-2.30 (m, 3 H, CH,CH), 1.70-1.49, 1.21-0.98 (2 m, 11 H, c-C¢H,);
3C NMR (101 MHz, CDCly) & 175.36, 173.66, 46.59, 32.98, 30.22,
29.60, 26.04, 26.03, 25.88; MS (CI) m/z (relative intensity) 218 (100,
Mt + NH4*). 201 (18), 200 (16), 183 (10), 182 (6), 137 (9), 123 (6),
95 {11), 81 (12), 54 (6), 39 (5). Anal. Calcd for C\oH,¢04 (200.24):
C, 59.99; H, 8.05. Found: C, 59.89; H, 8.27.

Cyclohexylsuccinyl Chloride. Cyclohexylsuccinic acid (0.4 g, 2.0
mmol) and two drops of pyridine were added to thionyl chloride (1.64
g, 14.0 mmol). The mixture was heated under reflux for 4 h and the
excess thionyl chloride was removed in vacuo. Kugelrohr distillation
(0.06 mbar, 110 °C) yielded 2-cyclohexylsuccinyl chloride (0.3 g, 51%)
as a yellowish oil: '"H NMR (400 MHz, CDCl,) é 3.35 (dd, J = 18.3,
10.1 Hz, 1 H, H'HC), 3.17 (ddd, J = 10.1, 5.3, 3.6 Hz, | H, HC,
c-C¢H, ), 3.07 (dd, J = 18.3, 3.6 Hz, | H, H’'HC) 2.0-1.55, 1.38-0.55
(2m, 11 H, ¢-C¢Hy)).

2-Cyclohexylsuccinic Bis[(2R ,SR-dimethylpyrrolidinide] (R-11b and
R-12b). (2R,5R)-Dimethylpyrrolidine (0.24 g, 2.4 mmol) and tetra-
methylguanidine (0.28 g, 2.4 mmol) were treated with cyclohexylsuccinyl
chloride (0.3 g, 1.1 mmol) as described in the procedure for the formation
of fumaric diamide 2. Analysis of the reaction mixture by GC showed
the presence of the two isomers R-11b (¢, = 20.78 min) and R-12b (¢,
= 22.17 min). Flash chromatography (dichloromethane/methanol 50:1)
yielded product R-12b (0.12 g, 30%), R, = 0.29) and isomer R-11b (0.06
g, 15%; R, = 0.20) as oils. The isomer R-11b showed the same spec-
troscopic data as listed above R-12b '"H NMR (400 MHz, CDCl,) é
4.37,4.10(2m, 4 H, H, pyr-5), 2.89 (ddd, J = 10.5, 7.4, 3.1 Hz,
1 H, HC (c-C¢H,))), 268(dd J 14.3, 10.5 Hz, | H, H'HC, 2.35 (dd,
J =143, 3.1 Hz, |1 H, H'HC), 2.35-2.15 (m, 4 H, H,,,-3’, H,,-4),
1.42-1.56 (m, 4 H, H-3, Hy,-4), 1.79-1.58, 1.31-0.85 (2 m, 11 H,
e-C¢Hyy), 117, 112, 1. ll 1.09 (4 d, J = 6.4 Hz, 12 H, CH,); *C NMR
(101 MHz, CDCl,) 6 173.85, 170.52, 53.66, 53.37, 53.06, 52.97, 45.77,
40.49, 35.93, 32,03, 31.03, 30.59, 29.84, 29.05, 26.78, 26.56, 26.47, 22.76,
21.58, 19.44, 18.70; MS (El) m/z (relative intensity) 362 (0.4, M¥) 264
(55), 222 (20), 182 (24), 180 (14), 154 (29), 126 (10), 98 (100), 84 (23),
83 (22), 70 (13), 67 (11), 55 (47), 42 (12), 42 (11), 41 (21).

(S)-(+)-Cyclohexylsuccinic Acid (S-9b). (S)-(+)-Phenylsuccinic acid
(257 mg, 1.32 mmol, Chemical Dynamics Corp.) was dissolved in 14 mL
of methanol. The solution was degassed with argon for 30 min, and 5%
Rh on Al,0; (564 mg, 20 mol %) was added. The solution was placed
on a Parr apparatus at 48 psi H, and shaken for 6 h. An additional S
mol % of catalyst was added and the mixture was shaken an additional
28 h at the same H, pressure. The solution was filtered through a plug
of Celite and the Celite was washed with 20 mL of methanol. The
methanol was removed in vacuo, leaving 260 mg of crude product as a
yellow oil. The product was crystallized from benzene giving 242 mg
(92%) of purified product as a waxy solid (Iit**® mp 96 °C).

(S)-(+)-Cyclohexylsuccinic Anhydride (S-10b). (S)-(+)-Cyclo-
hexylsuccinic acid (0.33 g, 1.7 mmol) was dissolved in S mL of freshly
distilled acetyl chloride. The mixture was refluxed under argon for 45
min, and the acetyl chloride was removed under reduced pressure. The
product was recrystallized from a 5:1 mixture of hexane/benzene af-
fording 0.29 g (96%) of the product as a white solid: mp 41.5-43.0 °C
(lit.>* mp 43.0 °C); '"H NMR (300 MHz, CDCl,) § 3.10-2.88 (m, 2 H),
2.74 (dd, J = 179, 4.75 Hz, | H), 2.00-1.50 (m, 6 H), 1.38-0.94 (m,
5 H).

(46) Giese, B.; Kretzschmar, G. Chem. Ber. 1982, 115, 2012,

Porrer et al.

[28-[1(R),2,58])-8-Cyclohexyl-vy-0xo(2,5-dimethylpyrrolidin-1-y1)-
butanoic Acid, Methyl Ester (R-7b) and 2S-[1(R),2a,58])-8-Cyclo-
hexyl-v-0xo0(2,5-dimethylpyrrolidin-1-yl)butanole Acid, Methyl Ester
(R-8b). (S)-(+)-Cyclohexylsuccinic anhydride (74 mg, 0.41 mmol) was
dissolved in 2 mL of dry methanol. To this was added 4-(dimethyl-
amino)pyridine (11.1 mg, 0.2 equiv) and the solution was stirred under
argon at room temperature for | h. The methanol was removed and the
oily residue was taken up in 15 mL of CH,Cl,. The solution was washed
with 3 X 25 mL of 5% Na,CO,, and the aqueous washings were acidified
with concentrated HCI and extracted with 3 X 50 mL of Et,0. The
combined ether layers were dried over MgSO, and the ether was re-
moved. The resulting residue was dissolved in 2 mL of freshly distilled
thionyl chloride and stirred at 45 °C under argon for 2.5 h, The thionyl
chloride was removed and the residue placed on a high vacuum overnight.
The residue was dissolved in 2 mL of dry CH,Cl, and (2R,5R)-di-
methylpyrrolidine [(2R,5R)-dimethylpyrrolidine hydrochloride (111 mg,
0.82 mmol, 2 equiv) dissolved in 5 mL of dry CH,Cl,, washed with 2 mL
of S N NaOH, dried over KOH, and filtered through a plug of K,CO;]
was added dropwise at —10 °C. After addition was complete, the mixture
was stirred an additional 30 min at =10 °C and then 2 h at room tem-
perature. The solution was washed with 10 mL of 5% Na,COj; and the
organic layer was dried over MgSO,. The solvent was removed, leaving
56.1 mg of brown oil. GC showed two peaks accounting for 92% of the
products in a ratio of 1.6:1.0 (¢, = 9.44 and 9.86 min). These products
were separated via preparative HPLC (25% EtOAc/hexane 10 mL/min,
t. = 41 and 52 min). The first eluting product was spectroscopically
identical with and coeluted on the GC with R-7 obtained by the iodoform
sequence (Scheme II). Likewise, the later eluting product was identical
with and coeluted on the GC with R-8 obtained by the iodoform sequence
(Scheme II).

2-tert-Butylsuccinic Anhydride (10¢). Maleic anhydride (0.67 g, 6.8
mmol) was treated with fert-butylmercuric chloride (3.0 g, 10.2 mmol)
and sodium borohydride (1.2 g, 31.7 mmol) according to the procedure
described above. Kugeliohr distillation (0.02 mbar, 65 °C) yielded the
crystalline product (0.80 g, 75%): mp 38-41 °C (lit.*’ mp 41.5-42.0 °C);
'"H NMR (300 MHz, CDCl;) § 3.05-2.76 (m, 3 H, CH,CH), 1.09 (s,
9 H, C(CH,;);); >*C NMR (75.5 MHz, CDCly) 6 171.52, 169.94, 50.82,
33.19, 31.15, 26.63; MS (EI) m/z (relative intensity) 157 (1, M*), 141
(31), 100 (54), 84 (39), 70 (100), 57 (93), 55 (29), 41 (93), 38 (52).

2-tert-Butylsuccinic Acid (9¢). 2-rerr-butylsuccinic anhydride (0.3 g,
1.8 mmol) and potassium hydroxide (0.81 g, 14.4 mmol) were dissolved
in 20 mL of methanol and 8 mL of water and the resultant mixture was
heated under reflux for 3 h. After acidification with concentrated hy-
drochloric acid, the solvent was removed in vacuo and the residue taken
up in acetone. Filtration and concentration afforded the diacid (0.26 g,
83%) as a white solid, which was used without further purification: mp
102 °C (lit.** mp 132 °C); 'H NMR (300 MHz, DMSO) § 12.1 (s, 2
H, 2 COOH), 2.5 (m, 3 H, CH,CH), 0.93 (s, 9 H, C(CH,),); 1*C NMR
(75.5 MHz, DMSO) § 175.57, 174.32, 50.91, 31.77, 27.74, 27.59; MS
(Cl) m/z (relative intensity) 192 (100, M + NH,*), 174 (14), 157 (1),
100 (1).

2-tert-Butylsuceinyl Chloride. terz-Butylsuccinic acid (0.36 g, 2.4
mmol) and two drops of pyridine were dissolved in thionyl chloride (1.64
g, 14.0 mmol). The mixture was heated under reflux for 4 h and the
excess thionyl chloride was removed in vacuo. Kugelrohr distillation
(0.02 mbar, 100 °C) of the residue afforded the dichloride 12 (0.22 g,
51%) as a yellowish oil: 'H NMR (300 MHz, CDCl;) 6 3.44 (dd, J =
19.1, 11.7 Hz, | H, HHC), 3.18 (dd, J/ = 11.7, 3.2 Hz, | H, HC(CH,),),
3.16 (dd, J = 19.2, 3.2 Hz, | H, H'HC), 1.08 (s, 9 H, C(CHj,),).

2-tert-Butylsuccinic Bis[(2S5,5S-dimethylpyrrolidinide] (S-11c and
S-12¢. (2S,5S)-Dimethylpyrrolidine (0.05 g, 0.5 mmol) and tetra-
methylguanidine (0.06 g, 0.5 mmol) were treated with terr-butylsuccinyl
chloride (0.04 g, 0.2 mmol) as described in the procedure for the for-
mation of fumaric diamide 2. Analysis of the reaction mixture by GC
showed the presence of the two isomers, S-11¢ (¢, = 12.64 min) and
S-12¢ (t, = 12.78 min). The diastereomers were separated by HPLC
(Waters Delta Prep. 3000 Polygosil 60-5 column, 25 cm, 30% ethyl
acetate/hexane) to provide 8 mg (12%) of each isomer. One of the
isomers showed the same spectroscopic data as S-1le.

S-12¢: '"H NMR (300 MHz, CDCl;) 6 4.41-4.05 (m, 4 H, H,,-2,

Hy,-5), 3.00 (dd, J = 11.0, 2.2 Hz, | H, HC(CH;);) 2.83(dd, J = 138
11.0 Hz, | H, #’HC), 2.29 (dd, J = 13.8,2.2 Hz, | H, H'HC), 2.15-2.03
(m, 4 H, Hy-3', Hpy-4'), 1.60-1.46 (m, 4 H, Hp,-3, Hp,-4), 1.25, 1. 17
1.16, 1. l4(4d J 6.4 Hz, 12 H, 4 CH,), 1.06 (s, 9 H, C(CHj),); '
NMR (75.5 MHz, CDCl,) § 174.00, 170.68, 54.00, 53.53, 52.20, 52. 92

(47) Crossland, 1. Acta Chem. Scand. 1962, 16, 1877.
(48) Widequist, S. Ark. Kemi 1950, 2, 321.



J. Am. Chem. Soc. 1991, 113, 1799-1805 1799

48.18, 35.44, 33.31, 31.44, 30.68, 29.33, 29.18, 28.23, 23.03, 21.67, 19.76,
19.62; MS (EI) m/z (relative intensity) 308 (1), 238 (21), 222 (6), 210
(2), 182 (9), 180 (2), 156 (16), 154 (15), 126 (6), 98 (100), 83 (14), 70
(9), 55 (20), 41 (14).
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Abstract: The bis(cyclopentadienylmanganese dicarbonyl) complexes of 5-aza-2,8-dioxa-1-pnictabicyclo[3.3.0]octa-2,4,6-triene
(ADPnO) molecules have been prepared and structurally characterized for arsenic and antimony. These complexes represent
the first demonstration of chemical reactivity for both pnictogen lone pairs of electrons!in ADPnO molecules. In the case
of the phosphorus system (ADPO) only a monoadduct is obtained. The ADPO-Mn(Cp)(CO), adduct exhibits a tetracoordinate
8-electron arrangement at phosphorus. These results support the 10-Pn-3 designations previously assigned to the ADPnO
molecules and are in accord with recent theoretical models. Comparisons are made with pnictinidene bis(metal) complexes

as well as 5-coordinated antimony derivatives of ADSbO.

Introduction

In previous reports we have described the synthesis,'® struc-
ture,!# chemistry,!=#6-1! and electronic structure®!! of unusual
ring systems that contain 3-coordinate 10-electron pnictogen
centers (10-Pn-3:!2 Pn = pnictogen = P, As, Sb). Theoretical
studies®!! on these ADPnO" ring systems have indicated that the
arsenic and antimony compounds are adequately described by a
simple valence bond model such as 1a. This model places two

1a 1b

lone pairs of electrons in equatorial sites of the idealized pseu-
do-trigonal-bipyramidal (¥-TBP) geometry at the pnictogen
center. lt is also possible to represent these lone pairs of electrons
as a o and = set rather than an equivalent set of approximate sp?
hybridized orbitals.

The theoretical models of the phosphorus-derived ADPO system
show characteristics similar to the heavier arsenic and antimony
analogues.*!! However, because the size of the phosphorus is closer
to those of the neighboring nitrogen and oxygen atoms, overlap
between these centers is sufficient to allow delocalization of one
phosphorus lone pair into the ligand backbone. This loss of
electron density from phosphorus is not sufficient to cause a change
in the ground-state structure to the more conventional folded 8-P-3
arrangement. Since the phosphorus center of ADPO remains in
a planar T-shaped geometry, the designation of “10-P-3 ADPO”
can still be applied semantically. Nonetheless, it is important to
remember that the phosphorus = lone pair in 10-P-3 ADPO is

*Visiting Research Scientist on leave from the Department of Chemistry,
Southern Methodist University, Dallas, TX 75275.

delocalized and the 8-P-3 and 10-P-3 arrangements are close in
energy: a fact that is reflected in ADPO’s coordination chem-
istry, 4610

A description of the bonding in the ADPnO molecules in which
the pnictogen center is viewed as an internally solvated pnictinidene
(6-Pn-1) center has been discussed.!! Structure 1b depicts a
pnictinidene center that is internally solvated by the carbonyl
substituents of an azomethine ylide. As we have discussed pre-
viously, the pnictogen—oxygen interaction in the ADPnO molecules
is too strong to be regarded as mere solvation. Although an
exaggeration, the pnictinidene model of the ADPnO molecules
does provide insight. With this view of these bonding systems in
mind, it is useful to recall reports of pnictinidene bis(metal)
complexes!42% (2), which can serve as reference points for
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