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Addition, elimination, exchange, and
epimerization in nitro sulfones
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ABSTRACT: Three reactions were studied in the diastereomers of 1-(benzenesulfonyl)-2-nitro-1-phenylpropane
(1A and 1B) and briefly in related compounds: elimination of the benzenesulfonyl group, epimerization of one
diastereomer to the other, and deuterium/hydrogen exchange at the methine group next to nitro in starting material.
The two diastereomers showed quite different reactivity. The high melting diasteromer showed rapid elimination and
some exchange. The low melting diastereomer (at approximately a half-life) showed extensive epimerization, and
elimination to the alkene, but little exchange. There is little effect of aromatic substituents on reaction course. The
situation is complicated by re-addition of benzenesulfinate to the alkene. The addition reaction was similar to
elimination in agreement with the Principle of Microscopic Reversibility expectations. An electron transfer
mechanism for addition is calculated to be comparatively favorable. Copyright © 2007 John Wiley & Sons, Ltd.
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In the 1930s, Wilson, Hsu, Ingold, and Ives carried out
some of the first important studies of stabilized
carbanions.'™ In a ketone with an alpha chiral center,
the rate of racemization was equal to the rate of
deuterium/hydrogen exchange and to the rate of
bromination. The indications were that stabilized long-
lived, planar carbanions were of little stereochemical
interest. Further work on stabilized anions was not
undertaken for many years. In the 1960s, Cram and
coworkers revitalized interest in the stereochemical fate
carbanions of lesser stability.”® Retention of configur-
ation in D/H exchange often occurred in reactions of
sulfones. Streitwieser and co-workers investigated the
kinetic acidities of an extensive series of carbon acids and
formulated equilibrium constants for acid dissociation.”®
Still later, even stabilized carbanions were shown to have
non-random stereochemical behavior in specific circum-
stances of solvent and substituents.”'”

The present work concerns the diasteromeric nitro-
sulfones 1A and 1B (Scheme 1). Three reactions of
interest: (1) exchange, in which deuterium replaces
hydrogen, (2) elimination of benzenesulfinite, giving the
alkene 2, and (3) epimerization, where 1A forms 1B and
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vice versa (always with exchange, in the present cases).
Substrates 1A and 1B show substantially different
behavior with sodium benzenesulfinite as base, under
the conditions of this study, that is, DMSOd6/D,0 solvent
(10:1 v/v). This is the standard solvent of the present
study, unless otherwise specified. Late in the reaction
sequence, two other reactions became apparent: addition
of benzenesulfinite to the alkene 2 thus re-forming 1A-d
and 1B-d, and elimination of nitrite yielding the sulfone-
alkene 3.'"!?

Studies by Bordwell and coworkers showed that
methyl phenyl sulfone was approximately 10'? times
weaker as a carbon acid than nitromethane in DMSO."*-'*
In the present study, exchange « to nitro was indeed faster
than exchange « to the sulfone group in the early stages of
reaction. However, elimination of hydrogen « to the
sulfone and nitrite to form 3 occurred late in the reaction.
For 1b (Ar = 3-NO,Ph), 3 was the major product.'>'¢'8
The reactivity difference in the present case was hardly as
high as 10'%, even allowing for the enhancement of the
aromatic group. Kinetic and equilibrium effects, of
course, need not be the same.’

For the high melting diastereomer 1A, elimination to
form the alkene 2 was extremely rapid at first. As the
reaction progresses, elimination appears to slow, and the
reaction does not proceed to completion. Exchange
occurs on 1A to form 1A-d, with very little 1B-d in
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evidence. Epimerization is the least significant process:
(kelim > kex > kep). In a typical case, after 62% of the
original 1A had disappeared, an almost equal quantity of
alkene 2 was formed. Of the remaining 1A, 39%
deuterium for hydrogen exchange had occurred giving
1A-d. At this point, only 3% of the second diastereomer,
1B-d, was in evidence (all exchanged).

The isomers 1A and 1B are not far different in stability,
and stability differences are not likely to weigh heavily on
the reaction results. Experimentally, 1B dominated at
equilibrium by about a factor of two. Molecular
mechanics (MMX force field)'? indicates a lower energy
for 1B over 1A by 0.07kcal. PM3 calculations also
indicated similar stability of 1A (—27.46kcal) and 1B
(—26.54 kcal) under ‘solvation model’ conditions, that is,
close to aqueous dielectric constant.?%?! For 4, isomer 4B
was favored over 4A by 1.2kcal at the pBP/DN” level
under solvation conditions.

As the reaction progresses, the reaction mixture
becomes buffered due to formation of PhSO,H(D) as
elimination occurs, and k)i, appears to slow. In fact, the
concentration of the alkene 2 declines after an initial
surge. The following plot shows a time study of the
reaction of 1A.

Under the buffered conditions, addition of PhSO,D to 2
occurs reforming 1A-d and 1B-d. This was shown by
using methanesulfinite and also 4-toluensulfinite as base.
With methanesulfinite (CH;SO; ) present, 1A was almost
completely converted to the methanesulfonyl analog, 4
(plus alkene 2). The equilibrium ratio of 4B-d to 4A-d was

Copyright © 2007 John Wiley & Sons, Ltd.
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The low melting diastereomer 1B is less reactive than
1A and shows more complex behavior. Epimerization of
1B to form 1A-d is quite rapid, as is elimination to form
the alkene 2. Exchange (1B — 1B-d) is very slow, that is,
K op ~ K e1im > k' . In a typical case, at a point where 41%
of the original 1B had disappeared, 23% of alkene 2 and
18% of 1A-d appeared. However, of the remaining 1B,
exchange to form 1B-d had occurred only to a few
percent. After 2 weeks, some unexchanged 1B was still in
evidence. Thus, 1B forms the intermediate carbanion
somewhat slowly, and carbanion does not return to form
1B-d. Thus, the elimination reaction is reversible (E1,r)
in tlzlze case of 1A, but irreversible (E1ir) in the case of
1B.

OTHER REACTIONS

The reactions shown in Scheme 1 were remarkably
similar in cases where the aromatic group, Ar, ranged
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from 4-anisyl, 4-CH;Ph, Ph, 4-CIPh, to 3-NO,Ph.
Diastereomers 1A with various aromatic substituents
showed Kkgjim > kex > kep and 1B (various substituents)
showed k'cp ~ K ¢jim > k'cx. As noted above, the 4-CIPh
and especially the 3-NO,Ph cases tended to form 3.
Reactions with more limited D,O present or limited
benzenesulfinite as base were unremarkable. Other bases,
such as acetate, triethyl amine, or even benzeneselenite (a
stronger base®’) gave rapid elimination forming alkene
2." “Proton sponge’, N,N,N'N'-tetramethylnaphthalen-
1,8-diamine, initially showed results similar to benzene-
sulfinite as base.’ After the reaction has proceeded to a
few per cent, benzenesulfinite is generated, and this may
be the actual agent producing the chemical changes. The
ultimate product mixture was rich in 3. The sulfide
analogous to 1A underwent epimerization and exchange,
but elimination to form 2 was of little importance. Studies
of the sulfoxide corresponding to 1A were unsatisfactory
due to solubility problems.

CONCLUSIONS

The stereochemical outcome is that both 1A and 1B form
1A-d, although 1B-d dominates at equilibrium. The
addition of benzenesulfinite to 2 (below) likewise gives
1A-d at first, but 1B-d dominates at equilibrium. The
rationalization involves the putative carbanion intermedi-
ate 5. The energy advantage of 5 over 6 at the RHF/
6-314-G(2d,p) level was Skcal (somewhat less at lower
levels of theory).?* For the methanesulfonyl analog (4),
the energy preference is 3.7 kcal.>* No participation of the
sulfone group with the anion could be discerned in the
quantum calculations, that is, from NBO approximation
of the carbanion lone pair — (S—O)™ interaction, or the
Ip— (C—S)" interactions, both of which were negli-
gible.”

One of the sulfone oxygens shields the upper face of 5.
Approach of the hydrogen donor to the lower face (giving
1A) is unimpeded, whereas approach to the upper face of
5 (giving 1B), encounters steric inhibition. In addition, a
slight contra-steric non-planarity of the carbanionic
center appears in some higher level calculations on the
anion derived from 4 (e.g., bPB/DN" and SWVN/DN" in
Spartan).”' The methyl and nitro in 5 are slightly tilted

Copyright © 2007 John Wiley & Sons, Ltd.

upward which would further favor approach of the proton
donor to the lower face. The ‘HOMO density’ image
provided by Spartan (the initial graphic for this
publication) shows a markedly higher ‘HOMO density’
on the lower face of S (blue in color). It is as if the sulfonyl
group repels electron density to the lower side of the
carbanion carbon. Initial protonation of the nitro group
giving an acinitro compound, followed by tautomerism
encounters the same intermediates and would be subject
to the same effects.'*>°

ADDITIONS

Anionic additions to activated alkenes have received little
attention with regard to mechanism, despite their wide
synthetic utility. By the Principle of Microscopic
Reversibility,addition of benzenesulfinite to the alkene
2 to form 1A and 1B should be the mechanistic reverse of
the elimination process. As a practical matter, an acidic
hydrogen donor is necessary for these addition reactions.
Thymol (pK,ca. 10) is ineffective. Acetic acid (pK,ca. 5)
works, but the reaction is slow. Trifluoroacetic acid (pK,
0.3) enables rapid reaction.

In general microscopic reversibility appears to be
upheld. In the presence of trifluoroacetic acid, (DMSOd6
as solvent, no D,0), the initial addition product is largely
1A, although 1B dominates at equilibrium. In some cases,
3 forms as well. In the presence of CD;COOD, as proton
donor, the addition reaction is very slow, and 1A
again dominates at first, by a small margin. With TFA
in DMSOd6:D,O (10:1v/v) as solvent, the addition
reaction is again slow.

The question arises as to mechanism of addition. An
initial attack of acid on the nitroalkene 2 followed by
attack of benzenesulfinite on the carbocation is incon-
sistent with the presence of the electron withdrawing nitro
group. Addition to propenylbenzene, which lacks the nitro
group, did not occur. The remaining possibilities are: (1) a
termolecular process involving attack of benzenesulfinite
and more or less simultaneous hydrogen donation by the
acid (similar to the Ade3 mechanism in electrophilic
additions),31 (2) a two-step mechanism involving attack
of benzenesulfinite in the first step, followed by
protonation of the intermediate anion by the hydrogen
donor, and (3) a single electron transfer process in various
ramifications.”>*” Mechanism (1) is inconsistent with
the studies of the elimination process in which D for H
exchange occurs in one isomer, but not the other. If
mechanism (1) were in effect, equilibration of isomers
would require a separate reaction. These processes seem
best explained via a carbanionic intermediate, either via
mechanism (2) or a carbanion ultimately formed in one of
the variants of mechanism (3). The qualitatively greater
reaction rate as acid strength increases suggests that the
second step of mechanism (2) is rate determining. This
means only that the rate of protonation of the anion 5 is
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slower than reversion of the anion to the alkene 2.
However, it is not possible to distinguish definitively
between mechanisms (2) and (3). Dinitrobenzene did not
inhibit the addition or elimination reactions.’

Calculations [RHF/6-31+G(2d,p) and UHF/6—
31G+(2d,p) (DK=1)] place the direct two-electron
addition to form a carbanion intermediate 5 [mechanism
(2)] 3.5kcal lower in energy than an electron transfer
process yielding a nitro alkene radical-anion and a
benzenesulfonyl radical [mechanism (3)]. These simu-
lations involved intermediates (not transition states) since
there is no obvious way to simulate the transition state for
electron movement. The optimization of the radical-anion
with counterpoise correction failed repeatedly in our
hands. The older ‘massage’ type of calculation using
single-point calculations on previously optimized struc-
tures suggests that the BSSE correction is ca. 0.5 kcal for
each fragment.*® This would reduce the energy difference
in mechanism (1) versus (3) to ca. 2.5 kcal. On a Kinetic
basis, the entropic advantage of single electron transfer
should favor mechanism (3) further. In any case,
mechanism (3) appears to be roughly competitive to
mechanism (2) in energy.

EXPERIMENTAL PART

Addition of sodium benzenesulfinate to 2-nitro-1-phe-
nylprop-1-ene (2) gave the high melting and low melting
addition products 1A and 1B. Neither the needles of the
high melting isomer, nor the cubes of the low melting
isomer were adjudged suitable for crystallographic
structure determination. These were distinguished in
the following way. The NMR vicinal coupling constants
were rather high: high melting isomer, Jag =10.7 Hz
(CDCly); low melting isomer, Jog = 8.5 Hz (CDCl3). The
calculated coupling constants were 10.6 and 10.5Hz,
respectively. No basis for judgment exists from calculated
J values. However, the solvent effect seemed determi-
native. The major conformers are shown below:

H O,N
ph. | _so,ph Ph_ L _so,ph
OzN/ “ \CHs CHj h H
H H
1A-a 1A-g
H CHjy
Ph. | _soph Ph_ | _so,ph
I N
CH, i “No, oN" H
H H
1B-a 1B-g
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In fairly low dielectric constant media, CDCl;,
DK = 4.8, the most favored conformers have anti-vicinal
hydrogens, as molecular mechanics calculations indicate.
For 1A, the dominant conformation (1A-a) has the added
advantage that dipole repulsion between nitro and the
sulfone group is minimized. For 1B, the gauche
conformer, 1B-g, has some importance, since dipolar
repulsion of nitro versus sulfone is reduced, although
there are three gauche interactions between sizable
groups. In 1B-a, there are fewer gauche interactions, but
dipolar repulsion is significant. In higher dielectric
constant media (DMSOd6, DK =48), dipolar repulsion
is attenuated or rendered less significant.”*~** So, 1A is
increasingly populated by conformers, such as 1A-g, and
the average vicinal coupling constant decreases,
Jag =9.9Hz. For 1B, conformer 1B-a becomes more
highly populated, since dipolar repulsion is of less
significance, and Jap increases to 10.4 Hz. Molecular
mechanics simulations at various dielectric constants
agree with the above findings in general trends."® In
CDCl;, the chemical shift of the methyl group is
82.17 ppm for 1A, compared to §1.51 ppm for 1B, since
the phenyl group shields methyl for the major conformer
of 1B-a, but not 1A-a. The similarity of the chemical
shifts for 4A,B to 1A,B shows that the benzenesulfonyl
aromatic group has little influence.

PREPARATIONS

Compound 2 was prepared by the solventless method of
Knoevenagel.43 Condensations in solution did not work
well in our hands. General method for preparing
compounds 1A and 1B: Compound 1A (Ar=Ph), was
prepared by placing the appropriate alkene, in this case 2,
0.60 g (3.6 mmol) with sodium benzenesulfinite, 0.80 g
(49mmol) in dimethyl sulfoxide (minimum water
present), 20mL, plus trifluoroacetic acid, 0.1 mL with
short warming to ca. 60 °C, then allowing to stand at room
temperature for ca. 1 day. Water was added, and a
precipitate formed upon long standing. The mixture was
extracted with methylene chloride (2 x 50mL), and the
combined organic layers extracted twice with water/
ammonium sulfate, dried (magnesium sulfate), filtered,
and the solvent evaporated. The remaining material was
recrystallized using the triangle scheme (lead fractions,
using ethanol as initial solvent, moving to ether/hexane
mixtures for late fractions. The high melting fraction, 1A,
totaled 0.32g, mp 148.5-150.0°C (needles). NMR
(DMSOd6): 51.78 (d, 3, CHs), 5.18 (d, 1, CHPh,
J=99Hz), 5.56 (dq, 1, CHNO,, J=7, 99Hz), 7.1-
7.6 (m, 10, Ph). High resolution mass spectrometry:
calculated for C;5H;4NO4S m/z 305.0722, observed
m/z 305.0728, (variance, 2.1 ppm). Compound 1B was
obtained from late fractions, and totaled 0.034g.
When recrystallized to purity it showed mp 118.5—
119.2°C (cubes). NMR(DMSOd6): §1.29 (d, 3, CHs),
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5.21 (d, 1, CHPh, J=10.4Hz), 5.64 (dq, 1, CHNO,,
J=17,10.4Hz), 7.2-7.7 (m,10,Ph). High resolution mass
spectrometry: for C;sH;4NO4S, calculated m/z 305.0722,
observed m/z 305.0719 (variance, 1.0ppm). Later
fractions returned 2 as an uncrystallizable oil.

Compound 1B (Ar =4-anisyl) was prepared similarly,
except that acetic acid was used as solvent, mp 114.4—
116.0°C. High resolution FAB: for C;¢H7NOsS, calcu-
lated (m+H)™ 335.0900, observed (m+H)" 336.0912
(variance, 2.0 ppm). For this and subsequent compounds,
the NMR spectrum was extremely similar to 1A or 1B.

Compound 1A (Ar=4-CH;Ph) was prepared similarly,
although only the high melting isomer was obtained,
mp 128.0-128.5 °C. The other diastereomer was present,
but difficult to separate from 2. High resolution mass
spectromectry: for C;¢H7NO4S, calculated m/z 319.0878,
observed m/z 319.0873 (variance, 1.8 ppm).

Compound 1A (Ar=4-CIPh) was prepared similarly,
mp 146.0-147.5 °C. High resolution mass spectrometry:
for Cy5H4CINO,S, calculated m/z 339.0332, observed
m/z 339.0321 (variance, 3.4 ppm).

Compound 1B (Ar = 3-NO,Ph) was prepared similarly,
mp 149.7-152.8 °C. High resolution mass spectrometry:
for C;sH;4N>O¢S; the molecular ion at m/z 350.0573 was
not observed. The [m-NO,] peak was prominent at m/z
304.0630 (variance 4.6 ppm).

Compound 3 (Ar =4-CIPh) was prepared by treating 2
(Ar=4-CIPh), (2.0g, 10.1 mmol), with sodium benze-
nesulfinite (1.7 g, 10.1 mmol) in DMSO (20mL) and
acetic acid (1 mL) with occasional gentle heating (ca. 40—
50°C) for ca. 5 days. The reaction mixture was poured
into water and extracted back-and-forth into methylene
chloride, dried (sodium sulfate), and the solvent
evaporated. After much difficulty, crystallization was
induced from ethanol, after which this material (0.44 g)
was recrystallized from ethanol, mp 75.0-75.9 °C. High
resolution FAB: for C;oH;30,S, calculated m/z
292.032479, observed m/z 292.032998 (variance,
1.8ppm). 'H NMR (CDCly): §1.71 (d, 3, CHas,
J=7.0Hz), 7.0-7.7 (m, 10, aromatic plus olefinic
hydrogens). '*C NMR: 14.9 (CHs), 1284, 128.7,
128.8, 132.0, 133.2, 138.6 (aromatic plus alkene
carbons).

Compound 4B was prepared by treating 2 (1.0g,
6.1 mmol) with sodium methanesulfinite (0.82 g, 8 mmol)
in DMSO solvent (20 mL) (over molecular sieve) and TFA
(0.1 mL). Work up, as before, and two recrystallizations
from ethanol gave 4B, mp 156.9-157.4°C, 0.15g. The
other diastereomer was present, but was very hard to
separate from unreacted 2. Chromatography on alumina
should be avoided. Chromatography on silica gel gave
additional 2 only. High resolution FAB: for C;oH;3NO,S,
calculated (m + H) ™ 244.0638, observed (m + H) " 244.0651
(variance, 2.9 ppm). NMR (CDCly): §1.50 (d, 3, CHCHj3,
J=THz), 2.71 (s, 3, CH3SO,), 498 (d, 1, CHPh, J=
8.0Hz), 5.50 (dq, 1, CHNO,, J=17, 8.0Hz), 7.43 (apparent s,
5, Ph).

Copyright © 2007 John Wiley & Sons, Ltd.

TIME STUDY OF THE REACTIONS

The time study plot (as well as regular runs) was made
using a sample made up from ca. 15 mg of substrate in
0.6 mL DMSO-d6/0.06 mL D,O with 15mg of sodium
benzenesulfinite. The progress of the reaction was followed
by NMR integration of peaks whose position was known
from independent determination. The determinations were
made at intervals of minutes at the beginning, lengthening
to weeks as equilibrium was approached. The disappear-
ance of starting material was similarly determined.
Repeated trials gave very similar results.

COMPUTATIONAL METHODS

For molecular mechanics calculations, several compu-
tational packages were tested, PCModel,** ChemSite,*
and Chem3DPro.*® PCModel (MMX force field) pro-
vided results most consistent with NMR determinations
of conformation and with equilibrium data. The MM2
force field was not completely parameterized for this
structure, which adversely affected Chem3DPro. The
molecular dynamics option was used (300 K) to establish
the dominant conformations. The title graphic was
determined with PCSpartanPro, at the RHF/6-31+G”
level (the ‘HOMO density’ mode of visualization). The
‘HOMO density’ was checked with density functional
methods available in the Spartan package, SVWN/DN*
and pBP/DN” (similar to B3LYP). The SVWN/DN™ basis
set often provides quite different data, but in this case, the
‘HOMO densities’ were reasonably similar. In general,
the preferred basis set for all calculations was B3LYP/6-
314G(2d,p), where possible to the normal four-parameter
criterion for termination used by Gaussian.>* The data
was checked at a range of basis sets to ensure that no
anomalies were present. Considerable attention was
devoted to finding the most favorable conformation.

REFERENCES

. Wilson CL. J. Chem. Soc. 1936; 1550-1553.

. Hsu SK, Wilson CL. J. Chem. Soc. 1936; 623-625.

. Hsu SK, Ingold CK, Wilson CL. J. Chem. Soc. 1938; 78-81.

. Ives DIG, Wilks GC. J. Chem. Soc. 1938; 1455-1458.

. Cram DJ. Fundamentals of Carbanion Chemistry. Academic Press:

New York, 1965; 92, et seq.

. Cram DJ, Trepka RD, St Janiak P. J. Am. Chem. Soc. 1964; 86:

2731-2733.

7. Streitwieser A Jr., Juaristi E, Nebenzahl LL. In Comprehensive
Carbanion Chem. Buncel E, Durst T (eds). Elsevier; New York,
1980; 323-381.

8. Streitwieser A, Jr., Ciuffarin E, Brauman JL. J. Am. Chem. Soc.
1967; 89: 59-62.

9. Kingsbury CA. J. Org. Chem. 1998; 63: 3838-3846.

10. (a)Zimmerman HE, Nevins TE. J. Am. Chem. Soc. 1957;79: 6559—
6561.
(b)Zimmerman HE, Giallombardo HJ. J. Am. Chem. Soc. 1956; 78:
6259-6265.

11. Hine J, Kaplan LA. J. Am. Chem. Soc. 1960; 82: 2915-2921.

DB W =

[o)}

J. Phys. Org. Chem. 2007; 20: 161-166
DOI: 10.1002/poc



166
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.
23.
24.

25.

26.

C. A. KINGSBURY, J. WEINHOLD AND J. WINTER

Rappoport , Z., Adv. Phys. Org. Chem. 1969; 7: 1-114.
Matthews WS, Bares JE, Bartmess JE, Bordwell FG, Cornforth FJ,
Drucker GE, Margolin Z, McCallum RJ, McCollum GJ, Varnier
NR. J. Am. Chem. Soc 1975; 97: 7006-7014.

Bordwell FG, Fried HE. J. Org. Chem. 1981; 46: 4327-4331.
Bordwell FG, Weinstock J, Sullivan TE. J. Am. Chem. Soc. 1971,
93: 4728-4735.

Bordwell FG, Boyle WI Jr.J. Am. Chem. Soc. 1971; 93: 512—
514.

Bordwell FG, Bartmess JE, Hautala JA. J. Org. Chem. 1978; 43:
3107-3113.

Keeffe JR, Morey J, Palmer CA, Lee JC. J. Am. Chem. Soc. 1979;
101: 1295-1297.

‘PCModel’, version 8.5, Serena Software, K.E. Gilbert, Box 3076,
Bloomington, IN 47402.

Stewart JJP. J. Comput. Chem. 1989; 10: 221-264.

‘02 Spartan ES’, Wavefunction, Inc., 18401 Von Karman Ave.,
Irvine, CA 92612; also earlier versions.

Saunders WH, Jr., Cockerill AF. Mechanisms of Elimination
Reactions. Wiley: New York, 1973; 8-13.

Sorensen HO, Stuhr-Hansen N, Henriksen L, Larsen S. Acta
Crystallographica. 2000; B56: 1029-1034.

Gaussian 03, Revision C.02, Frisch MJ, Trucks GW, Schlegel HB,
Scuseria GE, Robb MA, Cheeseman JR, Montgomery JA Jr.,
Vreven T, Kudin KN, Burant JC, Millam JM, Iyengar SS, Tomasi
J, Barone V, Mennucci B, Cossi M, Scalmani G, Rega N, Petersson
GA, Nakatsuji H, Hada M, Ehara M, Toyota K, Fukuda R,
Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O, Nakai
H, Klene M, Li X, Knox JE, Hratchian HP, Cross JB, Adamo C,
Jaramillo J, Gomperts R, Stratmann RE, Yazyev O, Austin AJ,
Cammi R, Pomelli C, Ochterski JW, Ayala PY, Morokuma K, Voth
GA, Salvador P, Dannenberg JJ, Zakrzewski VG, Dapprich S,
Daniels AD, Strain MC, Farkas O, Malick DK, Rabuck AD,
Raghavachari K, Foresman JB, Ortiz JV, Cui Q, Baboul AG,
Clifford S, Cioslowski J, Stefanov BB, Liu G, Liashenko A,
Piskorz P, Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham
MA, Peng CY, Nanayakkara A, Challacombe M, Gill PMW,
Johnson B, Chen W, Wong MW, Gonzalez C, Pople JA, Gaussian,
Inc., Wallingford CT, 2004.

(a)Weinhold F, Foster JP. J. Am. Chem. Soc. 1980; 102: 7211-
7218;

(b)Reed AE, Curtiss LA, Weinhold F. Chem. Rev. 1988; 88: 899—
926.

Hantzsch A, Schultze OW. Chem. Ber.
703.

1896; 29: 699-—

Copyright © 2007 John Wiley & Sons, Ltd.

217.
28.
29.

30.

31.

32.

33.

34.
35.

36.
. (a)Wang C, Russell GA, Trahanovsky WS. J. Org. Chem. 1998; 63:

38.
39.
40.
41.
42,
43,
. Serena Software, Box 3076, Bloomington, IN 47402-3076.
45.

46.

Rochlin E, Rappoport Z. J. Org. Chem. 2003; 68: 1715-1720. doi
10:1021/j0020665.

Bordwell FG, Zhang S, Eventova Z, Rappoport Z. J. Org. Chem.
1997; 62: 5371-5373. doi 10:1021/j0970404i.

Nielsen AT. In The Chemistry of the Nitro and Nitroso Groups.
Feuer H (ed.). Interscience: New York, 1969; 417-430.

Carey FA, Sundberg RJ. Advanced Organic Chemistry, Part A:
Structure and Mechanisms. 3rd edn. Plenum Press: New York,
1978; 193-195.

(a)Fahey RC. J. Am. Chem. Soc. 1968; 90: 2124-2131;
(b)Poutsma ML. J. Am. Chem. Soc. 1965; 87: 2161-2171;

(c)de la Mare PBD, Quarterly Reviews (London) 1949; 3: 126—
145.

(a)Patai S, Rappoport Z. The Chemistry of Alkenes. Interscience:
New York, 1964; 469-584;

(b)Truce WE, Levy AJ. J. Org. Chem. 1963; 28: 679-682.
Shaik S, Shaik H, Schlegel B, Wolfe S. Theoretical Aspects of
Physical Organic Chemistry: The SN2 Mechanism. Wiley: New
York, 1992; 1-100.

Kornblum N, Michel RE, Kerber RC. J. Am. Chem. Soc. 1966, 88:
5662-5663.

Ashby EC, Laemmle J, Neumann HM. Acc. Chem. Res. 1974; 7:
272-280.

Haberfield P. J. Am. Chem. Soc. 1995; 117: 3314-3315.

9956-9959;

(b)Russell GA, Janzen EG. J. Am. Chem. Soc. 1962; 84: 4153—
4154.

Frisch A, Frisch MJ, Trucks GW. Gaussian 03 User’s Reference.
Gaussian, Inc.: Wallingford, 2003: 68, 285.

Burkert U, Allinger NL. Molecular Mechanics. ACS Monograph
177, American Chemical Society: Washington D.C., 1982; p. 199—
202.

Onsager L. J. Am. Chem. Soc. 1936; 58: 1486-1493.

Abraham W1J, Bretschneider E. In Internal Rotation in Molecules.
Orville-Thomas W (ed.). Wiley-Interscience: New York, 1974;
481-579.

Allinger NL, Dosen-Micovic L, Viskocil JF, Jr., Tribble MT.
Tetrahedron 1972; 28: 2147-2156.

Knoevenagel A, Walter L, Chem. Ber. 1904; 37: 4502—4510.

Chem SW, Inc., 420 F Executive Court North, Fairfield, CA 94534-
1464.

CambridgeSoft Corp., 100 CambridgePark Dr., Cambridge, MA
02140.

J. Phys. Org. Chem. 2007; 20: 161-166
DOI: 10.1002/poc



