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Theoretical examination [B3LYP/6-31G(d,p), PP/IGLO-111//B3LYP/6-31G(d,p), and NBO methods]
of six-membered cyclohexane 1 and carbonyl-, thiocarbonyl-, or methylidene-containing derivatives
2—27 afforded precise structural (in particular, C—H bond distances) and spectroscopic (specifically,
one-bond 'Jc-y NMR coupling constants) data that show the consequences of stereoelectronic
hyperconjugative effects in these systems. Major observations include the following. (1) oc—pax —
*c—y and mc—y — 0*c—nax (Y = O, S, or CH,) hyperconjugation leads to a shortening (strengthening)
of the equatorial C—H bonds adjacent to the & group. This effect is reflected in smaller *Jc_pax
coupling constants relative to 1Jc neq. (2) Comparison of the structural and spectroscopic
consequences of oc—pax — T*c=y hyperconjugation in cyclohexanone 2, thiocyclohexanone 3, and
methylenecyclohexane 4 suggests a relative order of acceptor orbital ability C=S > C=0 > C=CH,,
which is in line with available pK, data. (3) Analysis of the structural and spectroscopic data
gathered for heterocyclic derivatives 5—12 reveals some additivity of oc—pax — T c=v, Tc=y — 0*c—Hax,
Nx — 0*c_hax, Npo — 0Fc_heq, 8NA Os_c — 0*c_Heq Stereoelectronic effects that is, nevertheless,
attenuated by saturation effects. (4) Modulation of the C=Y acceptor character of the exocyclic &
group by conjugation with a-heteroatoms O, N, and S in lactones, lactams, and methylidenic
analogues 13—24 results in decreased oc—pax — T*c=y and mc—y — 0*c—nax hyperconjugation. (5)
Additivity of oc_pax — T*c=y and mc—y — 0*c_nax hyperconjugative effects is also apparent in 1,3-
dicarbonyl derivative 25 (C=Y equal to C=0), 1,3-dithiocarbonyl derivative 26 (C=Y equal to C=S),

and 1,3-dimethylidenic analogue 27 (C=Y equal to C=CH,).

Introduction

The “anomeric effect” (the tendency exhibited by elec-
tronegative substituents at the anomeric carbon in pyra-
nose derivatives to adopt the axial rather than the
equatorial orientation) is probably, as suggested by E.
L. Eliel,® the most studied subject in physical organic
chemistry since carbocations. The extraordinary interest
attracted to the study of the anomeric effect is due to the
fact that the fundamental interactions responsible for the
unusual conformational behavior seems to be also re-
sponsible for the reactivity patterns and stereochemical
outcome of many chemical and biochemical reactions.*

* Authors to whom correspondence should be addressed.

(1) Universidad Nacional Autonoma de México.

(2) Instituto Politécnico Nacional.

(3) Eliel, E. L. 100+ Years of Conformational Analysis. In Confor-
mational Behavior, and Six-Membered Rings: Analysis, Dynamics, and
Stereoelectronic Effects; Juaristi, E., Ed.; VCH Publishers: New York,
1995; Chapter 1.
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Indeed, as sketched in Scheme 1, both electrostatic
dipole—dipole and stereoelectronic interactions (no —
0*c—v; Y = the electronegative substituent) are involved
in the stabilization of the axial conformers.>~7
Two-electron/two-orbital hyperconjugative processes,
such as the one depicted in Scheme 1, depend on the

10.1021/jo0490200 CCC: $27.50 © 2004 American Chemical Society
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relative orientation between bonds and lone pairs in a
molecule and are also inversely proportional to the energy
difference between the interacting orbitals. As a conse-
guence, the strongest stabilizing interactions usually take
place between the most effective donor (occupied) orbitals
and the most effective acceptor (empty) orbitals. Fur-
thermore, the orientation between bonds and lone pairs
in a molecule may lead to stereospecific bond cleavage
and/or bond formation, which is of fundamental impor-
tance in areas such as diastereo- and enantioselective
synthesis.

Particularly useful in this field are spectroscopic
manifestations of stereoelectronic interactions. Empirical
observations together with theoretical interpretations
confirm the relevance of oc_nax — 0*c—Hax® Nx — 0*c_Hax
(X =0 or N),9 Oc-s — O’*CfHeq,lo and Npo — G*CfHeqll’lz
two-electron/two-orbital stereoelectronic interactions that
weaken the acceptor C—H bonds and attenuate the Fermi
contribution to the one-bond *3C/*H coupling constants
(Scheme 2).

Very recently,® theoretical determination [B3LYP/6-
31G(d,p) and PP/IGLO//B3LYP/6-31G(d,p) methods] of
the structural (in particular, C—H bond distances) and
spectroscopic (specifically, one-bond *Jc_ NMR coupling
constants) consequences of stereoelectronic hyperconju-
gative effects in cyclohexanone derivatives confirmed the
importance of a different form of hyperconjugation in

(4) For reviews on the anomeric effect, see: (a) Anomeric Effect.
Origin and Consequences; Szarek, W. A., Horton, D., Eds.; ACS
Symposium Series 87; American Chemical Society: Washington, DC,
1979. (b) Kirby, A. J. The Anomeric Effect and Related Stereoelectronic
Effects at Oxygen; Springer: New York, 1983. (c) Juaristi, E.; Cuevas,
G. Tetrahedron 1992, 48, 5019. (d) The Anomeric and Associated
Stereoelectronic Effects; Thatcher, G. R. J., Ed.; American Chemical
Society: Washington, DC, 1993. (e) Graczyk, P. P.; Mikolajczyk, M.
Top. Stereochem. 1994, 21, 159. (f) Juaristi, E.; Cuevas, G. The
Anomeric Effect; CRC Press: Boca Raton, FL, 1994. (g) Chatto-
padhyaya, J. Stereoelectronic Effects in Nucleosides and Their Struc-
tural Implications; Uppsala University Press: Uppsala, Sweden, 1999.
(h) Perrin, C. L. Acc. Chem. Res. 2002, 35, 28.

(5) The interaction between the oxygen lone pair and the adjacent
antiperiplanar antibonding orbital of the C—Y bond was first consid-
ered in 1959 by Lucken.® Later, Altona and co-workers’ suggested that
the same orbital interaction could explain the peculiar bond lengths
observed in anomeric segments.

(6) Lucken, E. A. C. J. Chem. Soc. 1959, 2954.

(7) (a) Altona, C. Ph.D. Thesis, University of Leiden, Leiden, The
Netherlands, 1964. (b) Romers, C.; Altona, C.; Buys, H. R.; Havinga,
E. Top. Stereochem. 1969, 4, 39.

(8) (@) Reed, A. E.; Weinhold, F. Isr. J. Chem. 1991, 31, 277. (b)
Goodman, L.; Pophristic, V. T. Nature 2001, 411, 565 and references
therein.

(9) (a) Perlin, A. S.; Casu, B. Tetrahedron Lett. 1969, 2921. (b) Bock,
K.; Wiebe, L. Acta Chem. Scand. 1973, 27, 2676. (c) Rao, V. S. Can. J.
Chem. 1982, 60, 1067.

(10) (a) Bailey, W. F.; Rivera, A. D.; Rossi, K. Tetrahedron Lett. 1988,
29, 5621. (b) Wolfe, S.; Kim, C.-K. Can. J. Chem. 1991, 69, 1408. (c)
Juaristi, E.; Cuevas, G. Tetrahedron Lett. 1992, 33, 1847. (d) Juaristi,
E.; Cuevas, G.; Flores-Vela, A. Tetrahedron Lett. 1992, 33, 6927. (e)
Juaristi, E.; Cuevas, G.; Vela, A. 3. Am. Chem. Soc. 1994, 116, 5796.
(f) Juaristi, E.; Cuevas, G.; Vela, A. J. Mol. Struct. (THEOCHEM) 1997,
418, 231. (g) Cuevas, G.; Juaristi, E.; Vela, A. J. Phys. Chem. A 1999,
103, 932. (h) Freeman, F.; Le, K. T. J. Phys. Chem. A 2003, 107, 2908.

(11) (a) Anderson, J. E.; Bloodworth, A. J.; Cai, J.; Davies, A. G.;
Tallant, N. A. J. Chem. Soc., Chem. Commun. 1992, 1689. (b)
Anderson, J. E.; Blooodworth, A. T.; Cai, J.; Davies, A. G.; Schiesser,
C. H. J. Chem. Soc., Perkin Trans. 2 1993, 601. (c) Cai, J.; Davies, A.
G.; Schisesser, C. H. J. Chem. Soc., Perkin Trans. 2 1994, 1151. (d)
Anderson, J. E.; Cai, J.; Davies, A. G. J. Chem. Soc., Perkin Trans. 2
1997, 2633.

(12) (a) Alabugin, I. V. J. Org. Chem. 2000, 65, 3910. (b) Alabugin,
1. V.; Manoharan, M.; Zeidan, T. A. 3. Am. Chem. Soc. 2003, 125, 14014.
(c) See also: Lill, S. O. N.; Rauhut, G.; Anders, E. Chem.—Eur. J. 2003,
9, 3143.

(13) Cuevas, G.; Juaristi, E. J. Am. Chem. Soc. 2002, 124, 13088.
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those & systems; in particular, ¢ C—H bonds can act as
electron donors to the adjacent sz double bonds of carbonyl
groups, as depicted in eq 1.1

| Oc.H—> =0 | | -
— IJ_C@ ~— —(C=C—0 M
H

+

In this paper, we describe a computational study aimed
at determining the relative importance of hyperconjuga-
tive interactions involving ¢ C—H donor bonds and the
carbonyl (C=0), thiocarbonyl (C=S), and methylidene
(C=CHy,) & systems as the acceptor orbitals. Specifically,
we sought the manifestation of oc—y — 7*c=y (Y = O, S,
or CHy,) stereoelectronic interactions upon the magnitude
of calculated 'Jc—p coupling constants, which generally
should also correlate with the corresponding C—H bond
lengths (i.e., the longer the bond, the weaker the *Jc_y
coupling constant). An additional stereoelectronic effect
that was evaluated is the alternative mc—y — 0*c_Hax
interaction, where the x orbital is the donor and the o
C—H orbital is the acceptor. This hyperconjugative
interaction should also lead to C—H bond elongation and
weakening. Also of interest is to confirm whether ste-
reoelectronic effects are additive in systems with two =z
systems or molecules that include both an acceptor &
system and a donor atom (e.g., oxygen or nitrogen) or
bond, such as the C—S bond. Such additivity could be
anticipated in light of previous observations.*®* Finally,
comparison is made of the relative acceptor strength of
isolated 7 systems and those that are part of ester
(lactone), amide (lactam), or vinylic ether segments.

Results and Discussion

A. General Remarks. Chart 1 presents the 27 mo-
lecular structures that were examined in this work.
Cyclohexane 1 and cyclohexanone 2 serve as reference
compounds, where the consequences of oc—pax — 0% c—Hax
and oc-nax — T*c=o hyperconjugation on Jc_y coupling
constants have been thoroughly discussed.*®

Thiocyclohexanone 3 and methylenecyclohexane 4
provide the required information on the relative acceptor
ability of the carbonyl (C=0), thiocarbonyl (C=S), and

(14) (a) Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry,
3rd ed.; Plenum Press: New York, 1990; Part A, pp 54—59. (b) Kirby,
A. J. Stereoelectronic Effects; Oxford Science Publications: Oxford,
1996; pp 25—26.
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methylidene (C=CH,) & systems toward the oc_ donor
orbital. Specifically, oc—_y — 7* hyperconjugation results
in longer and weaker C—H bonds that are anticipated to
exhibit smaller *Jc_y coupling constants.®~1315

Heterocyclic derivatives 5—12 present four distinct
pairs of methylenic C—H bonds. Most interestingly, the
axial C—H bond at C(2) can participate in three stereo-
electronic interactions [as a donor in a oc—pax — T*c=y
interaction, as an acceptor in an Nx — 0*c—wapp (@PP =
antiperiplanar to the lone pair) “anomeric-type” interac-
tion, and in a sic—y — 0*c—nax hyperconjugation]. None of
these interactions should be relevant in C(2)—He; so, the
difference of *Jc()-req — Jc)-Hax Should be a measure of
the degree of additivity of hyperconjugative mechanisms,
which are best evaluated by the examination of C—Huy
and C—H., and C(4), where only the oc_pax — 7*c=y and
Tc—y — O0*c—nax iNteractions are relevant, and at C(6),
where ny — o0*c_pax Must be the dominant stereoelec-
tronic interaction relative to oc—weq — 0*c—c OF Oc—Heq —
o0*x—c alternative interactions that weaken the equatorial
C(6)—H bond.*®

The endocyclic heteroatoms (X = O, N, or S) in
compounds 13—24 are capable, in principle, of conjugat-
ing with the exocyclic double bonds. Such X—C=Y <«
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X*t=C—Y~ conjugation is anticipated to decrease the
acceptor character of the 7z system and should be reflected
in an attenuation of the oc_pax — 7*c—v Stereoelectronic
interaction.

Finally, compounds 25—27 can also provide useful data
regarding the question of additivity of stereoelectronic
effects on C—H bond length and Jc_ coupling constants.
Indeed, the methylenic axial and equatorial bonds at C(2)
in 25—27 are adjacent to two sz bonds so that two oc—pax
— *c—y and zc—y — 0*c_nax iNteractions are possible. In
contrast, the methylenic C—H bonds at C(4,6) in com-
pounds 25—27 are both adjacent to one double bond.

Although the rigid geometry of six-membered hetero-
cycles can prevent true antiperiplanar arrangements of
the donor and acceptor orbitals, there is ample precedent
demonstrating the usefulness of six-membered frame-
works in the study of stereoelectronic effects.3410

B. Computational Methods. Full geometry optimi-
zations (no symmetry constraints) of all of the compounds

(15) Nevertheless, exceptions where longer C—H bonds are associ-
ated with larger one-bond coupling constants have been recorded.10¢.122

(16) It has been established by Alabugin that o*c_c and o*s_c are
rather poor acceptor orbitals.12a
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were performed using the hybrid functional B3LYP with
a 6-31G(d,p) basis set. For all of the compounds, 6 d and
10 f orbital functions were used. These calculations were
carried out with the Gaussian 94 program (G94).17 As
reported in this protocol, electron exchange is taken into
account by a combined local and gradient-corrected
correlation functional, C*&"" + (1 — C)*&"™, where LYP
is the correlation functional of Lee, Yang, and Parr,8
including both local and gradient-corrected terms, and
VWN is the Vosco, Wilk, and Nusair 1980 correlation
functional fitting the RPA solution to the uniform gas,
often called the local spin density (LSD) correlation.!®
VWN is used to provide the excess local correlation
required since LYP contains a local term essentially
equivalent to VWN.18

The density functional calculation of 'H and *C NMR
coupling constants was done using the recently proposed
approach of Malkin, Malkina, and Salahub.?°=22 Within
this methodology, three contributions to the NMR cou-
pling constants are considered, namely, the Fermi contact
(FC), the paramagnetic spin—orbit (PSO), and the dia-
magnetic spin—orbit (DSO). The spin-dipolar (SD) and
cross terms such as FC—SD are neglected. The FC term
is calculated by the finite perturbation theory (FPT); the
PSO contribution is obtained using the sum-over-states
density functional perturbation theory (SOS-DFPT),202
and the DSO term is determined by numerical integra-
tion.?122 These spin—spin coupling constant calculations
were carried out with a modified version of the deMon
KS program?¥?4 along with the deMon NMR program.?:~23
Following the suggestions made by the authors of this
latter code, we calculated the NMR spin—spin coupling
constants using the semilocal exchange of Perdew and
Wang?® and the correlation functional of Perdew,?® a
combination that will be denoted as PP. A value of 0.001
was used for the perturbation parameter in the FPT
calculation of the FC term, and the lighter nucleus is
selected as the perturbation center. The PSO contribution
was obtained with the local one approximation.?® A fine
grid (with 32 radial points) with an extra iteration was
used, and the basis set employed in the coupling constant
calculations was the IGLO-III of Kutzelnigg.?” Thus, as

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian
94, revision D.4; Gaussian, Inc.: Pittsburgh, PA, 1995.

(18) (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. 1988, B37, 785—
789. (b) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Chem. Phys. Lett.
1989, 157, 200.

(19) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200.

(20) (a) Malkin, V. G.; Malkina, O. L.; Casida, M. E.; Salahub, D.
R. J. Am. Chem. Soc. 1994, 116, 5898. (b) Malkin, V. G.; Malkina, O.
L.; Eriksson, L. A.; Salahub, D. R. In Modern Density Functional
Theory. A Tool for Chemistry; Seminario, J. M., Politzer, P., Eds.;
Elsevier: Amsterdam, The Netherlands, 1995.

(21) Malkin, V. G.; Malkina, O. L.; Salahub, D. R. Chem. Phys. Lett.
1994, 221, 91.

(22) Malkina, O. L.; Salahub, D. R.; Malkin, V. G. J. Chem. Phys.
1996, 105, 8793.

(23) Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, I.; St-Amant,
A.; Uskio, J. In Density Functional Methods in Chemistry; Labanowski,
J. K., Anzelm, J. W., Eds.; Springer: New York, 1991; p 77.

(24) St-Amant, A.; Salahub, D. R. Chem. Phys. Lett. 1990, 169, 387.

(25) Perdew, J. P.; Wang, Y. Phys. Rev. B 1986, 33, 8800.

(26) Perdew, J. P. Phys. Rev. B 1986, 33, 8822; 1986, 34, 7406.
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we follow the usual notation, the level of theory for the
determination of coupling constants used in this work is
PP/IGLO-111//B3LYP/6-31G(d,p).

NBO analyses were performed with version 3.1 (in-
cluded in G94),28 and this was used to evaluate changes
in hyperconjugation. The interactions between filled and
vacant orbitals represent the deviation of the molecule
from the Lewis structure and can be used as a measure-
ment of delocalization.?®

C. Cyclohexane 1, Cyclohexanone 2, Thiocyclo-
hexanone 3, and Methylenecyclohexane 4. Table 1
of the Supporting Information collects the structural data
for the title compounds 1—4. As discussed pre-
viously,19012a13 the slightly longer (and thus weaker) axial
C—H bond in cyclohexane (C—H, = 1.100 A versus
C—Heq = 1.098 A, Table 1 of the Supporting Information)
is the result of oc_pax — 0*c—Hax hyperconjugation between
antiperiplanar bonds.

A salient observation in Table 1 of the Supporting
Information is the significant difference in Z—C(2) bond
lengths. Indeed, the Z—C(2) bond length in cyclohexanone
2 is significantly longer than those of its congeners 3 and
4. These differences are important in describing the
contrasting hyperconjugative effects in these systems, as
discussed below.

Although the bond length difference between axial and
equatorial C—H bonds in cyclohexane is small (rc—pax —
rc—neq = 0.002 A), it becomes quite large for methylenes
adjacent to the carbonyl group in cyclohexanone 2
(re@-max — Fo@)-Heqg = 1.100 — 1.093 = 0.007 A, Table 1 of
the Supporting Information). Surprisingly, the bond
length difference in methylenic C—H bonds that are
adjacent to the thiocarbonyl group in thiocyclohexanone
3 is calculated to be even larger (ree)-rax — rc@e)—Heq =
1.101 — 1.092 = 0.009 A, Table 1 of the Supporting
Information). By contrast, Arc_naxeq for the methylenes
adjacent to the C=CH, methylidene group in 4 is smaller
than that observed in cyclohexanone 2 (0.006 and 0.007
A, respectively).

Interestingly, and contrary to our initial expectation,
the larger differences between axial and equatorial
C(2)—H bond lengths in compounds 2—4 relative to
cyclohexane 1 cannot be ascribed solely to a lengthening
of the axial C—H bonds as a result of the oc@)—Hax — T*c=
vy stereoelectronic interaction present in the unsaturated
models*® since the data reported in Table 1 (Supporting
Information) clearly show that the axial C(2)—H bond
lengths do not change significantly and the differences
actually result from the variations in the equatorial
C(2)—H bonds. In particular, the C(2)—He, bond distance
is shortest (1.092 A) in thioketone 3, followed by ketone
2 (1.093 A) and methylenecyclohexane 4 (1.095 A). By
comparison, the calculated C(2)—H.q bond length in the
reference cyclohexane is a “normal” 1.098 A.

What makes the C—Hg bonds stronger in 2—4? A
reasonable interpretation can be advanced in terms of

(27) Kutzelnigg, W.; Fleischer, U.; Schindler, M. In NMR-Basic
Principles and Progress; Springer-Verlag: Heidelberg, Germany, 1990;
Vol. 33, p 165.

(28) Glendening, E. D.; Reed, A. D.; Carpenter, J. E.; Weinhold, F.
NBO 3.1; Theoretical Chemistry Institute, University of Wisconsin:
Madison, WI, 1993.

(29) Alabugin, I. V.; Manoharan, M.; Peabody, S.; Weinhold, F. J.
Am. Chem. Soc. 2003, 125, 5973.
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SCHEME 3
Y+
Te=y = O*C.Hax
-
0
CHART 2

the double bond—no bond canonical structure that origi-
nates from oc—pax — T*c=y and sc—y — 0*c—nax hypercon-
jugative interactions (Scheme 3). Thus, the increased s
character in the equatorial Cs;,—H bonds renders those
bonds stronger (and shorter).

The structural data presented in Table 1 of the
Supporting Information and, in particular, the differences
in bond lengths between axial and equatorial C(2)—H
bonds suggest that oc_pax — 7*c=y and/or mc—y — 0*c—Hax
hyperconjugation (Scheme 3) is most effective with the
thiocarbonyl group, followed by the carbonyl and, finally,
the methylidene group.

The above conclusion is supported by the analysis of
the corresponding one-bond coupling constants (in hertz,
Chart 2). This chart also includes the difference AJayeq
= Jc-Heq — Jc-nax for each distinct methylene in the
molecule. Positive AJ values reflect typical situations
(see Introduction) where oc—ax = 0*c—Hax, Nx = 0*c—Happ
and/or oc—pax — T*c=v Stereoelectronic interactions lead
to weaker axial C—H bonds with smaller *Jc_pax coupling
constants relative to 1Jc_jyeq. 210121330

Most relevant is that the calculated difference (AJayeq)
for the methylenic C(2,6)—H bonds adjacent to the
exocyclic C=Y bonds (Chart 2) decreases in the sequence
thioketone 3 (AJayeq = 15.8 Hz) > ketone 2 (Adayeq = 13.5
Hz) > methylenecyclohexane 4 (AJayeq = 6.5 Hz), which
is, nevertheless, larger than AJayeq = 3.6 Hz that is found
in the reference compound cyclohexane 1. This trend is,
of course, in line with the structural evidence reported
in Table 1 (Supporting Information) and discussed above
that indicates that the relative acceptor ability of the &
bonds diminishes in the order C=S > C=0 > C=CH..
Thus, the better the i acceptor, the greater the contribu-
tion of the double bond—no bond delocalized form to the
molecule and the weaker the ¢ C—H bond (eq 1).

(30) (a) Freeman, F.; Phornvoranunt, A.; Hehre, W. J. J. Phys. Org.
Chem. 1998, 11, 831. (b) Freeman, F.; Hehre, W. J. J. Mol. Struct.
(THEOCHEM) 2000, 529, 225.
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OC-Hax = T¥c-y
-
Heq

Simultaneously, the potential role of 7c—y — 0*c—Hax
hyperconjugation must be considered, as discussed in the
Introduction.

As was recently shown by Alabugin,*? the natural bond
orbitals (NBO) method developed by Weinhold and co-
workers is a very useful theoretical method for the study
of hyperconjugative interactions.?®3! In particular, NBO
analysis gives the energies of the delocalizing interactions
that are weakening the C—H bonds of interest. These
energies (Eqe) are obtained by the deletion of the corre-
sponding Fock elements and followed by the recalculation
of the wave function.'?2

Table 1 summarizes the NBO-estimated energies of
deletion (Ege) for the main hyperconjugative interactions
in cyclohexanone 2, thiocyclohexanone 3, and methyl-
enecyclohexane 4. Table 1 includes the calculated differ-
ence in energy between the donor and acceptor orbitals
of interest. As expected, the magnitude of the two-
electron/two-orbital hyperconjugative interaction depends
inversely on the energy gap between the donor and
acceptor orbitals. Thus, as evidenced by the analysis of
the C—H bond strength presented above, the smaller
energy difference encountered in thioketone 3 (AE = 0.45
hartree) results in a stronger delocalizing interaction
0c(2,6)-Hax — T*c=s (Eder = 7.32 kcal/mol) relative to the
corresponding stereoelectronic interaction in cyclohex-
anone 2 (Ege = 5.47 kcal/mol for oc(,6)-Hax — T*c=0). By
the same token, the donor (ocpe-Hax) to acceptor
(7 c=ch,) energy gap in methylenecyclohexane 4 is largest
(AE = 0.55 hartree), and this is manifested in weaker
Oc—Hax — T*c=cn, hyperconjugation. Unexpectedly, the Ege
value calculated for oc2,6)-Hax — T*c=ch, hyperconjugation
in 4 is slightly larger than the corresponding value in

(31) (a) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1985, 83, 1736.
(b) Weinhold, F. Natural Bond Orbital Methods. In Encyclopedia of
Computational Chemistry; Schleyer, P. v. R., Allinger, N. L., Clark,
T., Gasteiger, J., Kollman, P. A., Schaefer, H. F., Ill, Schreiner, P. R.,
Eds.; John Wiley & Sons: Chichester, U.K., 1998; Vol. IlI, pp 1792—
1811.
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TABLE 1. Selected Hyperconjugative Interactions (Ege) for C(2,6)—H Bonds Adjacent to the C=Y Acceptor Group in
Cyclohexanone 2, Thiocyclohexanone 3, and Methylenecyclohexane 4

donor orbital

acceptor orbital

E,, (kcal/mol) AE donor/acceptor

(Hartrees)

st ¥co 1.195 1.11

0  Ocoomn ™o 5.474 0.53

%—I O 26)teq o* ., 1.243 1.11

H Ot Tt 0.054 0.53

2 G.o O iy 611 -0.32 1.51

Moo O%F 6t 2.46 0.80

Ot ¥ g 2.28 0.82

g Cceona T s 7.32 0.45
M‘ O26rtieq o* g 0.05 -
H SR e 0.00 .

> O % e 0.762 1.17

Tess O 61t 3.53 0.7

Oepotiar o* . 1.615 1.16

CH, Oca6)Har FL 5.790 0.55
%" O ptteq 0¥ e 0.119 -
H R e 0.015 -

! Oc.cm O 2.0 tar 0.44 1.17

T o 4.86 0.70

'C=CH2 C(2,6)-Hax

cyclohexanone 2 (5.790 versus 5.474 kcal/mol, respec-
tively, Table 1), but this observation can probably be
interpreted as a consequence of the substantially shorter
C(2)—C=CH; bond length relative to the C(2)—C=0 bond
length (1.513 and 1.543 A, respectively, Table 1 of the
Supporting Information) that results in better donor/
acceptor orbital overlap in 4.

With regard the relative importance of oc—pax — 7*c=y
and mc—y — 0*c_nax hyperconjugation, Ege values for the
former are substantially larger, except in the case of the
methylidenic segment, where the lower electronegativity
of Y = CH, renders the corresponding x orbital a
relatively better donor.

One obvious consequence of the more relevant oc—pax
— m*c=s hyperconjugation mechanism relative to that of

Oc—Hax — T*c—o IS that thioketones must be more acidic
than the corresponding ketones. Although the extensive
acidity (pK,) listings of Streitwieser et al.®?® and Bord-
well32 do not include values for thioketones, we note that
thioacetamide is seven pK, units more acidic than
acetamide.®® Another argument is that the enol/keto
ratio is greater for thioketones, and the thioenoles are
more acidic than enols;3 therefore, the thioketones are
also more acidic.

With regard to methylenic C—H, and C—H,q at C(3,5)
and C(4), the small differences in *Jc_pax — Jc-req = 2.6—
4.6 Hz are similar within the £1.0 Hz margin of error to
AJdaweq Values observed in cyclohexane 1 (Table 1 of the
Supporting Information) and suggest that the main
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stereoelectronic interaction taking place corresponds to
OCc-Hax — 0*c—nax, Which results in weaker axial C—H
bonds.

D. 1-Heterocyclohexane-3-thiones 5—8. Table 3 of
the Supporting Information collects the calculated struc-
tural data for thioketones 5—8, where the axial and
equatorial C(2)—H bonds provide convenient probes for
potentially additive oc—Hax — T*c=s, Tc=s — 0*c—Hax, and
Nx — 0*c—nax hyperconjugative interactions.

Most interesting is that a very large difference in bond
lengths (Ar) is calculated for the axial vis-a-vis equatorial
C—H bonds adjacent to both the thiocarbonyl group and
oxygen in 5 or equatorial N—H in compound 6. Indeed,
Arayeq Values at C(2) in heterocyclic thioketones 5 and 6
are estimated as 1.108 — 1.090 = 0.018 A and 1.112 —
1.091 = 0.021 A, respectively. This dramatic observation
supports the additive effect of oc_pax — T c=s, 7Tc=s —
0*c—Hax, and either No — 0*c_pax iN 0xacyclohexane-thione
5 or ny — 0*c—nax hyperconjugation in azacyclohexane-
thione 6, as discussed in the Introduction (Scheme 4).

By comparison, Araeq Values at C(2) in heterocycles 7
(X = axial N—H, Arapeq = 1.101 — 1.092 = 0.009 A) and
8 (X =S, Arageq = 1.098 — 1.090 = 0.008 A) are about
one-half of those encountered in 5 and 6 and are in line
with those expected; in aza derivative 7, the axial
orientation of the N—H bond prevents ny — 0*c@)—Hax
hyperconjugation, whereas in thiocyclohexane thione 8,
the lone pairs on sulfur (ng) are not efficient in ng —
0*cz-nax hyperconjugation.’%** Under these circum-
stances, mainly one stereoelectronic interaction is opera-
tive, oc@)-Hax — 7*c=s, Which is manifested in the
increased length of the axial C(2)—H bonds.

(32) (a) Streitwieser, A., Jr.; Juaristi, E.; Nebenzahl, L. L. In
Comprehensive Carbanion Chemistry; Buncel, E., Durst, T., Eds,;
Elsevier: Amsterdam, The Netherlands, 1980; Chapter 7. (b) Bordwell,
F. G. Acc. Chem. Res. 1988, 21, 456.

(33) (a) Apeloig, Y. In The Chemistry of Enols; Rappoport, Z., Ed.;
Wiley: New York, 1990; Chapter 1, p 45. (b) Zhang, X.-M.; Malick, D.;
Petersson, G. A. J. Org. Chem. 1998, 63, 5314.

(34) Anet, F. A. L.; Kopelevich, M. J. Chem. Soc., Chem. Commun.
1987, 595.
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According to the same argument, at C(4) in 5—8, the
axial C—H bonds participate in oc—pax — T*c=y and mc—y
— 0*c—nax hyperconjugation, and this is reflected in their
increased bond length relative to the equatorial C(4)—
Heq bonds. Indeed, Araweq is a nearly identical 0.010 Ain
all four thiones 5—8 (Table 3 of the Supporting Informa-
tion).

By contrast, Araeq for the methylenic C—H bonds at
C(5) in derivatives 5 and 6 is equal to zero (Table 3 of
the Supporting Information). This result suggests that
the “cyclohexane-like” oc—pax — 0*c-Hax Stereoelectronic
interaction that is expected to result in slightly longer
C—Hax bonds (see Introduction) is balanced by the
through-space ngo — 0*c-1eq Stereoelectronic interaction
that should lengthen the equatorial C—H bond (see
Introduction). Furthermore, the equatorial C(5)—H bond
in thione 8 is actually slightly longer than the corre-
sponding axial C—H bond (Araweq = 1.095 — 1.097 =
—0.002 A, Table 3 of the Supporting Information), and
this observation is in line with a dominant os_-¢ —
0*c(5)-Heq Nyperconjugative interaction that results in a
longer equatorial C—H bond. By comparison, an analo-
gous on-c — 0%c(s)-Heq INteraction in azathione 7 appears
to be less efficient, Arawveq = 1.098 — 1.097 = 0.001 A.
(Table 3 of the Supporting Information).

With regard to the methylenic C—H bonds at C(6) in 5
and 6, Nx — 0*c—pax (X = O, equatorial N—H) hypercon-
jugation makes the axial C(6)—H bonds longer than the
corresponding equatorial C(6)—H bonds: Araeq = 0.011
and 0.014 A, respectively. By contrast, the slightly longer
C(6)—Hax bonds in 7 and 8 are explained in terms of
exclusive oc—pax — 0*c—nax iNteractions.

The arguments presented above in terms of calculated
bond lengths are supported by the analysis of the relative
magnitude of 'Jc_y coupling constants calculated for
1-heterocyclohexane-3-thiones 5—8, which are collected
in Chart 3 and which are usually a direct consequence
of the corresponding C—H bond lengths. Indeed, AJayeq
(Mc-hax — Nc-reg) is largest for C(2) in thiones 5 and 6
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(23.8 and 23.1 Hz, respectively) and is mainly due to the
combined Nx — 0*c@)—nax anNd oc_nax — T*c=s hypercon-
jugative interactions that weaken the axial C—H bond
relative to the equatorial C—H bond. By contrast, AJax/eq
at C(4) in5and 6 is 18.1 and 18.0 Hz, respectively, which
now reflects almost exclusively the effect of ocu)—Hax —
T*c=s and sc—s — 0*c—Hax hyperconjugation. By the same
token, AJdaeq values at C(6) in these compounds (11.6 and
10.2 Hz, respectively) arise from a dominant stereoelec-
tronic effect, namely, Nx — 0*ce)—nax. INterestingly, Adayveq
values at C(5) in 5 and 6 are negative (—3.1 and —2.4
Hz, respectively). The smaller one-bond coupling con-
stants in these compounds originate from the through-
space Ngo — 0*cE)-Heq Nyperconjugative interaction that
weakens the equatorial C—H bonds.

Also quite informative is the comparison of azacyclo-
hexane-thiones 6 (equatorial N—H) and 7 (axial N—H).
At C(2), the consequence of “turning off” the anomeric-
type Ny — 0*cp)-nax Nyperconjugative interaction in 7
brings about a decrease in AJaeq since now only the
Oc@)-Hax — T*c=s and mc=s — 0*c_nax INteractions are
operative. No change is introduced at C(4) upon nitrogen
inversion (Adayeq = 18.0 Hz in 6, Adayeq = 17.3 Hz in 7),
but the negative AJaeq at C(5) decreases in magnitude
(Adaxeq = —2.4 Hz in 6, AJaxeq = —0.9 Hz in 7) since ngy
— 0™c(5)-Heq 1S NOW less important.*?? Finally, at C(6), one
observes that the sizable value of AJau/eq = 10.2 Hz that
is measured in 6 decreases to AJayeq = 3.1 Hz in 7 since
the ny — 0*¢)-Hax that operates in 6 becomes ineffective
in 7, where the nitrogen lone pair is no longer anti-
periplanar to the axial C—H bond (Chart 3).

In the case of thiacyclohexane-thione 8, where the ring
sulfur is ineffective in the ng — 0*c_pax anomeric-type
hyperconjugation,'®34 one finds the anticipated (see the
discussion for 7 above) decrease in AJayeq Values at C(2)
and C(4), as compared to those with 5 and 6. By contrast,
the substantially negative AJ.,.q = —5.6 Hz encountered
at C(5) can be explained in terms of the os—c — 0*c(5)-Heq
stereoelectronic interaction that weakens the equatorial
C—H bond.% Interestingly, AJaxeq at C(6) is also negative
but smaller in magnitude (—0.8 Hz), suggesting that
electron transfer from an antiperiplanar S—C bond
orbital is more efficient than that from a C—S donor
orbital. That is, as suggested in refs 10c,e and 13,
although the energy of the os_c and oc_s orbitals is
expected to be the same, bond polarities are actually
opposite and this may result in a more efficient os—c —
0*c—napp INteraction relative to oc_s — 0* c_napp. Different
acceptor abilities of S—C versus C—S orbitals have also
been observed by Alabugin and Zeidan,3® who suggested
that the difference in orbital overlap is responsible for
the contrasting behavior. Of course, additional hyper-
conjugative effects weakening the axial and equatorial
C(5)—H and C(6)—H bonds in thiacyclohexane-thione 8
should modulate the final values for AJ.,.q that are
collected in Chart 3.

E. Methylidene Derivatives 9—12. Table 4 of the
Supporting Information shows the calculated structural
data for heterocyclic derivatives 9—12 that allow for the
examination of the relative importance of stereoelectronic
interactions involving the heteroatom (e.g., Nx — 0*c—pHax,

(35) Alabugin, 1. V.; Zeidan, T. A. 3. Am. Chem. Soc. 2002, 124, 3175.
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Oc—x — 0%c—Heq, Npx — 0*c—neg) and/or the s system (in
particular, in 0c—pyax — T*c=y and sc—y — 0*c—nax iNterac-
tions).

The differences in C—H bond lengths calculated for all
methylenes in compounds 9—12 follow the same trends
observed in thiocarbonyl analogues 5—8, which were
discussed in full detail in the previous section. Of course,
the corresponding Aray/eq Values in 9—12 are attenuated
by the fact that the methylidene C=CH, bond is a weaker
acceptor than the thiocarbonyl C=S bond (see section C).
For instance, Arayeq for the C(2)—H bonds in oxacyclo-
hexane derivative 9 is estimated to be 1.106 — 1.093 =
0.013 A (Table 4 of the Supporting Information), whereas
the corresponding Araxeq for the same C(2) methylene in
the thioketone analogue 5 is 1.108 — 1.090 = 0.018 A
(Table 3 of the Supporting Information). In the latter
compound, the larger difference in bond lengths arises
from the more relevant ocp)-nax — 7*c=s hyperconjugative
interaction, relative to the less-effective ocp)-hax —
TT*c=ch, iNteraction in 9. Similarly, Aray/eq at C(4) in 9 is
1.101 — 1.095 = 0.006 A (Table 4 of the Supporting
Information), mostly as the consequence of ocu)—nax —
TT*c=ch, hyperconjugation, to be compared with Araeq at
C(4) in 5 [1.102 — 1.092 = 0.010 A (Table 3 of the
Supporting Information)], where the dominant stereo-
electronic interaction corresponds t0 ocw)-Hax = T*c=s.

The rest of the data reported in Table 4 of the
Supporting Information is in full agreement with the
operation of Oc-Hax — O*c—Hax, Nx — O0*c—Hax, Oc-x —
0%c—Heq, @Nd Ngx — 0*c_eq Stereoelectonic interactions
that are responsible for C—H bond lengthening, as
detailed in section D. Furthermore, the differences in
methylenic C—H bond lengths are also reflected in the
corresponding differences in one-bond C—H coupling
constants collected in Chart 4.

F. a-Heterocyclohexanones 13—16, o-Heterocy-
clohexanethiones 17-20, and Methylidene Ana-
logues 21—24. The title compounds were studied with
the goal of examining the effect that electron donation
from the o heteroatom to the & system would have on
the oc-nax — *c=y Stereoelectronic interaction that is
operative in compounds 2—12. Specifically, it is antici-
pated that classical conjugation in the X—C=Y segment
will raise the energy of the LUMO x* orbital, making it
a less-efficient acceptor (eq 2).

o

Efficient conjugation, as depicted in eq 2, should then
attenuate the oc_pax — 7T*c=y hyperconjugative interac-
tion already verified in 2—12 and should be manifested
on the corresponding bond lengths and one-bond coupling
constants in six-membered lactones, lactams, and meth-
ylidene analogues 13—24. Tables 5—7 of the Supporting
Information and Charts 5—7 collect the calculated struc-
tural and spectroscopic (*Jc-n) data of interest.

There is a wealth of structural data collected in Tables
5—7 of the Supporting Information, but perhaps the most
salient observation is the dramatic difference in X—C(2)
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bond lengths in systems where X—C(2)=Y < X*=C(2)—
Y~ conjugation is operative, relative to analogues where
conjugation is prevented. Specifically, the X—C(2)=0
bond lengths in lactone 13 and lactam 14 (pseudoequa-
torial N—H) are rather short (1.361 and 1.372 A, respec-
tively, Table 5 of the Supporting Information) as a
consequence of conjugation. By contrast, the N—C(2) bond
in lactam 15 (axial N—H) is 1.439 A long, which is a
normal length for an isolated N—C bond. Indeed, the
nitrogen lone pair in lactam 15 is not suitably disposed
for conjugation with the carbonyl group.

This same tendency [short X—C(2) bonds in conjugated
systems and normal X—C(2) bonds in analogues where
the axial orientation of the N—H bond prevents reso-
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nance] is found in thiocarbonyl derivatives 17—20 (Table
6 of the Supporting Information) and methylidene ana-
logues 21—24 (Table 7 of the Supporting Information).

As anticipated, conjugation between the heteroatom (X
= O, N—Hegg, or S) and the & bond (C=Y, Y =0, S, or
CHy,) places increased electron density in the sz orbital
and attenuates its acceptor orbital character. This effect
is manifested as a diminished participation of the vicinal
C(3)—Hax donor C—H orbital in gc_q — a* hyperconju-
gation [i.e., stronger C(3)—Ha bonds, larger Jc()-nax
coupling constants, and smaller A'Ja,eq values at C(3)].

Indeed, Chart 5 shows AlJ../q values for the methyl-
enic C—H bonds at C(3) in compounds 13, 14, and 16
(10.3, 8.5, and 5.9 Hz, respectively), which are signifi-
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cantly smaller than the corresponding AlJaeq value in
the reference cyclohexanone 2 (13.5 Hz, Chart 2). By
contrast, lactam 15 shows A'Ja./eq = 14.5 Hz for C(3), and
this value is essentially similar to that encountered in
2. It is then appreciated that the lack of N—C=0
conjugation in 15 renders a carbonyl acceptor orbital that
is fully active as an acceptor orbital to the C(3)—Ha donor
orbital.

By the same token, AlJa/eq for the methylenic C(3)—H
bonds in thiocarbonyl derivatives 17, 18, and 20 are
smaller than the corresponding value difference in thio-
cyclohexanone 3 (12.9, 10.7, and 9.9 Hz, respectively,
versus 15.8 Hz, Charts 2 and 6), whereas A'Ja/eq = 17.6
Hz in thiolactam 19, where no N—C=S < N*=C—-S
electron delocalization takes place.

Finally, A'Ja/eq = 6.5 Hz for the methylenic C—H bonds
adjacent to the C=CH, group in the reference methyl-
enecyclohexane 4 (Chart 2). The lower acceptor character

of the  orbital in derivatives 21, 22, and 24 is reflected
in smaller AlJ,,eq values (5.0, 5.6, and 0.9 Hz, respec-
tively, Chart 7). Again, AlJayeq for C(3) in nonconjugated
analogue 23 is larger (6.0 Hz), which is quite similar to
the value exhibited by the reference compound 4. Of
course, because of the distorted geometries present in
21—24 (Chart 7), the above comparisons and conclusions
must be considered with caution.

On the other hand, “anomalous” values for A'Jay,.q are
seen for the methylenic C—H bonds at C(6) (i.e., adjacent
to the heteroatom X in 13—24). The rather small (or
actually negative) values probably arise from the par-
ticular structural arrangement in the CH,—X—-C=Y
segment that results in unusual orientations of the
C(6)—H bonds (Charts 5—7).

G. Is There Additivity of the oc—y — 7*c—y Hyper-
conjugative Interaction? Table 8 of the Supporting
Information and Chart 8 list the calculated structural
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and spectroscopic (one-bond C—H coupling constants)
data for the 1,3-dicarbonylic (25), 1,3-dithiocarbonylic
(26), and 1,3-dimethylidenic (27) cyclohexane derivatives.

The structural (Arax/eq) and spectroscopic (AlJax/eq)
data (Table 8 of the Supporting Information and Chart
8) provide some evidence for the additivity of oc—pax —
m*c=y and sc—y — 0*c—nax hyperconjugative interactions.
In particular, the C—H bond length differences and one-
bond C—H coupling constant differences are always
larger at C(2) than at C(4,6). As discussed in section C,
these differences are due mainly to changes in the length
of the C(2)—H.q bond length, which seems to be particu-
larly sensitive to the hybridization change operative in
the hybrid structure (Cgpz—Heq versus Cgpo—Heg). Of
course, the C(2) methylene is adjacent to both C=Y
groups, whereas C(4) and C(6) methylenes are adjacent
to only one C=Y group. Nevertheless, there is undoubt-
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27

edly a “saturation” of the effect since Arageq and A'Jayeq
at C(2) do not reach twice the values calculated at C(4,6).
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