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Abstract: Cyclohexane (1), oxygen-, sulfur-, and/or nitrogen-containing six-membered heterocycles 2—5,
cyclohexanone (6), and cyclohexanone derivatives 7—16 were studied theoretically [B3LYP/6-31G(d,p)
and PP/IGLO—III//B3LYP/6-31G(d,p) methods] to determine the structural (in particular C—H bond distances)
and spectroscopic (specifically, one bond 1Jc— NMR coupling constants) consequences of stereoelectronic
hyperconjugative effects. The results confirm the importance of nx — o*c_napp (Where X = O, N), oc—nax —
*c=0, Os-c — 0*c—Happ, Oc—s 0% c—Happ, f-No — 0*c—n, and oc-n — 0*c-napp hyperconjugation, as advanced
in previous theoretical models. Calculated rc—y bond lengths and Jc-n coupling constants for C—H bonds
participating in more than one hyperconjugative interaction show additivity of the effects.

Introduction Particularly useful in this area of study are spectroscopic

) ) .. manifestations of stereoelectronic interactions. Indeed, already
Present-day interpretation of molecular structure and reactivity ;, 1957 £. Bohlmann made the important observation thatiC

usually takes into account steric and electrostatic interaction::,,bonds antiperiplanar (app) to a vicinal nitrogen lone pair in
and increasingly, stereoelectronic effects. In particular, it i ¢qntormationally defined amines present characteristic stretching
realized that the orientation between bonds and lone pairs in 3frequencie$. Subsequent model studies with methylamine
molecule may lead to stereospecific bond cleavage and/or bond,, jicated that the €Happ bond is longer and weaker than the

formation. This is, of course, of fundamental importance in areas C—Hgauenebonds® and these observations have been interpreted
such as diastereo- and enantioselective synthesis, and motivateéS the result of  — 0*c—uapp hyperconjugation & < A';

continued interest in the understanding of the basic principles

eq 1).
and consequencesf stereoelectronic interactions. ad)
H
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Scheme 1
A
E

ing interactions usually take place between the most effective

donors and the most effective acceptors.

In another insightful observation, Perlin and Caseported
that the magnitude of the one bok€—H coupling constants
for an axial C-H bond adjacent to oxygen or nitrogen in a six-
membered ring is substantially smaller (by B0 Hz) than that
of a LJc—y for an equatorial €H bond; that is,3Jc—pax <
e req®® This finding has been explained in terms of an
Nx — 0*c-napp (X = O, N) interaction between a pair of
nonbonded electrons on oxygen or nitrogen and the axial
(antiperiplanar) adjacent-€H bond; that is, double bond-no
bond resonanééweakens the €Hy, bond and attenuates the
Fermi contribution to the one boddC—H coupling constant
(eq 2)1%714 |t has been proposed by Wolfe et 'althat
stereoelectronic effects upon one-bondKCcoupling constants
be termed “Perlin effects”.

CHox "
Qg)\ Heq Qz\ H @)
X=ON

Nevertheless, Bailey et &t. discovered in 1988 that, in
contrast with the situation inis-4,6-dimethyl-1,3-dioxaneR

Chart 1) WheréJc(z) Hax = 157.4 Hz< Jc(z Y-Heq = 167.5 st?a
Chart 1
157 4 Hz 154 1 Hz
4\/167 5 Hz /144 9 Hz

@s

(7) (a) Epiotis, N. D.; Cherry, N. R.; Shaik, S. Yates, R. L.; Bernardi ¢pics
in Current Chemistry: Structural Theory of Organic Chemis®pringer-
Verlag: Berlin, 1977. (b) Whangbo, M.-H.; Wolfe, &r. J. Chem1998
20, 36.

(8) Perlin, A. S.; Casu, BTetrahedron Lett1969 2921.

(9) See, also: (a) Bock, K.; Wiebe, Bcta Chem. Scand.973 27, 2676. (b)
Rao, V. S.Can. J. Chem1982 60, 1067.

(10) Compare with: Romers, C.; Altona, C.; Buys, H. R.; HavingaT&p.
Stereochem1969 4, 39.

(11) (a) David, S. IMAnomeric Effect: Origin and Consequenc&zarek, W.
A.; Horton, D., Eds.; American Chemical Society Symposium Series:
Washington, DC, 1979. (b) Fraser, R. R.; BresseQdn. J. Chem1983
61, 576.

(12) Wolfe, S.; Pinto, B. M.; Varma, V.; Leung, R. Y. ICan. J. Chem199Q
68, 1051.

(13) Alabugin, I. V.J. Org. Chem200Q 65, 3910.

(14) See, also: (a) Peralta, J. E.; Contreras, R. H.; SnyderChen. Commun.
200Q 2025. (b) Wilkens, S. J., Westler, W. M., Markley, J. L.; Weinhold,
F.J. Am. Chem. So2001, 123 12 026

(15) Bailey, W. F.; Rivera, A. D.; Rossi, Kletrahedron Lett1988 29, 5621.

the 1,3-dithiane analogu€ (Chart 1) exhibits and opposite
behavior: lJc(z)fHax = 154.1 Hz> lJc(z)fHeq = 144.9 Hz.

This reversal of the relative magnitudes of the coupling
constants was explained by Wolfe et!até in terms of a
dominantoc-s — 0*c-Heq OF Oc—Heq — 0*s—c (rather than
Ns — 0* c—Hax) iNteraction inC (eq 3). Juaristi and co-workéfs
provided experimental as well as theoretical support for such
interpretation. Furthermore, the peculiar upfield chemical shifts
observed for C(2yHeq in 1,3-dithiane and derivatives are in
agreement witloc—s — 0* c—Heq Nyperconjugation, instead of
OC-Heq — 0*s—c interactions.’¢:18

Hax

)
Heq

*
Scs™ GC'Heq

(©)

H

535 QS? H

In a further development, Anderson efateported evidence
for a stereoelectronic interaction betweeftaxygen atom and
equatorial G-H bonds in 1,3-dioxanes and 1,2,4-trioxanes, that
afforded the “reversed®Jc nax > *Jc-neq Order. On the basis
of intuitive arguments, Anderson et *dlsuggest that “homo-
anomeric” hyperconjugation between the equatorial lone pair
on thef—oxygen and € Heqin a W-plan arrangement resulted
in weaker bonds and, therefore, smaller one-bortH@oupling
constants (eq 4).

More recently, however, a computational study by Alabtigin
led to the plausible conclusion that it is the axial (p-type), rather
than the equatorial (s-type) lone pair at fhexygen atom, that
is involved in the stereoelectronic interaction (eq 5).

Pow == f577 @)
+

SG, Fnow oy (o7 W ®

Thus, the relative magnitude of one bolf€—'H coupling
constants in six-membered oxygen- and sulfur-containing
heterocycles show the importance of various stereoelectronic
hyperconjugative interactions through which electron density
is transferred to suitably oriented acceptor i€ bonds ( —
0* c—Happ® Y7 0c—s — 0% c—Happ 2131617aNd B-Noax — 0* c—tiedtd).
Furthermore, it is now generally accepted thaty bonds are
better donors thao* c—c bonds?*@13.2050 thatoc—pax— 0* c—Hax
stereoelectronic interactions must be considered in any system-
atic analysis of Perlin effects.

A different form of hyperconjugation has been documented
for substitutedr systems. In particular, sigma- bonds can

(16) Wolfe, S.; Kim, C.-K.Can. J. Chem1991, 69, 1408.

(17) (a) Juaristi, E.; Cuevas, Getrahedron Lett1992 33, 1847. (b) Juaristi,
E.; Cuevas, G.; Flores-Vela, Aletrahedron Lett1992 33, 6927. (c)
Juaristi, E.; Cuevas, G.; Vela, . Am. Chem. S0d.994 116, 5796. (d)
Juaristi, E.; Cuevas, G.; Vela, A. Mol. Struct. (Theochem1)997, 418
231. (e) Cuevas, G.; Juaristi, E.; Vela, A. Phys. Chem. A999 103
932.

(18) Anet and Kopelevich have provided convincing evidence that the lone pairs
on sulfur fig) in 1,3-dithiane are not involved ims — 0*c—Happ
hyperconjugation. Anet, F. A. L.; Kopelevich, M. Chem. So¢.Chem.
Commun.1987, 595.

(19) (a) Anderson, J. E.; Bloodworth, A. J.; Cai, J.; Davies, A. G.; Tallant, N.
A. J. Chem. Soc., Chem. Commuir892 1689. (b) Anderson, J. E.;
Bloodworth, A. J.; Cai, J.; Davies, A. G.; Schiesser, CJHChem. Sog.
Perkin Trans. 21993 601. (c) Cai, J.; Davies, A. G.; Schiess&rChem.
Soc., Perkin Trans. 2994 1151. (d) Anderson, J. E., Cai, J.; Davies, A.
G. J. Chem. Soc., Perkin Trans.1®97, 2633.

(20) Cieplak, A. S.; Tait, B. D.; Johnson, C. R.Am. Chem. S0d.989 111,
8447.
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in principle act as electron donors to adjacerdouble bonds acceptor orbital. (Nevertheless, interactions whegey is a
or carbonyl groups as depicted in ed'6. donor orbital, as iwc—pax — 0* c—Hax hyperconjugation, should
also result in G-H bond lengthening since electron density is
| ~ Sen —Toeo || removed from a bonding orbital). Furthermore, although longer
—C4C= ~ —C=C—O C—H bonds arenot always associated with larger one-bond
}L C—H coupling constant¥17cweaker G-H bonds are expected
H to be associated with smallélc_ coupling constant:17
Cyclohexanon® allows determination of any effect that the
In this paper, we describe a computational study aimed at presence of the carbonyl group has on theHCbond strength
determining the relative importance of hyperconjugative interac- for the ring methylenes. In particular, as indicated in the
tions involving sigma €H donor bonds and the carboryl Introduction, axial C-Hax bonds adjacent to the carbonyl
system as the acceptor orbital. Specifically, we sought mani- z-system should hyperconjugate, leading to weaker bonds. By
festation ofoc-n — 7*c—o stereoelectronic interaction upon  contrast, equatorial €Heq bonds adjacent to the carbonyl are
the magnitude of calculatedlc 1 coupling constants. An  essentially orthogonal to theorbital, so that hyperconjugation
additional question of interest is whether stereoelectronic effects oc_peq— 7* =0 will be negligible. Thus, it is anticipated that
are additive in systems where a sigmal€bond can participate  for the methylenic groups adjacent to the carbo¥d, pax <

both as an acceptar*c—y orbital (in particular,nx — o*c-n Lc-teq (SeE below).
hyperconjugation, %= O, N) and as a donasc— orbital (in 1-Heterocyclohexan-3-on&s-10 present four distinct pairs
particular,oc-n — 7*c=o0 hyperconjugation). of methylenic C-H bonds. Most interestingly, the axia-&1

bond at C(2) can participate itwo stereoelectronic interac-
tions: as acceptor orbital inx — 0* c—napp “@nomeric-type”
A. General Remarks. Chart 2 presents the 16 molecular hyperconjugation, and as donor i@ pax— 7* c—o interaction.
Neither of these interactions should be relevant in €2y
so that the differenc&lc(2)-Heq — WJc)-Hax Should be a measure

H H
4 on the degree of additivity of hyperconjugative mechanisms,
° Qﬁ\ H M\ H which are best evaluated by examination 6fl€,y and C—Heq

Results and Discussion

Chart 2

H
o~
1 ) at C(4), where only thec_pax— 7* c=o interaction is revelant,
and at C(6), wherenx — 0*c—nax must be the dominant
H o o o stereoelectronic interaction relative t@-peq — 0*c-c or
NI\H ) Z\“%H Oc-Heq — 0*x—c alternative interaction that weaken the equato-
N £ O~ S—(-H rial C(6)—H bond?23
H H H H Finally, the question of additivity of stereoelectronic effects
5 6 7 3 on C—H bond length andJc—y coupling constants can be

answered by examination of 1,3-diheterocyclohexan-5-bhes
o o o o 16. Indeed, the methylenic axial and equatoriati€ bonds at
H b S C(2) in these compounds are adjacentwo heteroatoms, so
N/H N H—£-O~/PH H- S LH o : . ;
/ \|2L T \f that twonyx — 0* c—napp interactions are possible. In contrast,
Hoh H H H H H the methylenic &H bonds at C(4,6) in heterocycldd—16
are both adjacent to one heteroatom possessing one or two lone

9 10 1 12 pairs of electrons and to the carbonyl group.
. B. Computational Methods. Full geometry optimizations (no
e e l;lH o symmetry constraints) of all compounds were performed using
N N i i i . i
H \% H % H\f@_{ H\flll H the hybrid functional B3LYP with a 6 31@(p_) basis set. For
i \f H compounds6 and 11—-16, six d orbital functions were used
H HoH H H instead of the usual five functions, and for compounds-5
1 14 s - and 7—10 six d and 10f orbital functions were used. These

calculations were carried out with the Gaussian 92 Program
(G92)?4 As it is reported, in this protocol electron exchange is
taken into account by a combined local and gradient-corrected
correlation functionalC*Ex"” + (1 — C*ELY, where LYP

is the correlation functlonal of Lee, Yang, and P&iincluding

structures that were examined in this work. Cyclohexane
serves as the parent, reference compound, whereas heterocycles
2-5 provide the fundamental information on the consequences.
of replacing a methylene group in cyclohexane for oxygen
(2 — 2), sulfur @ — 3), equatorial N-H (1 — 4), and axial

(22) For additional computational studies of 1,3-dioxane, see: (a) Salzner, U.;

N—H (1 — 5). Specifically, all C-H bond lengths ir2-5 are Schleyer, P.v. RJ. Org. Chem1994 59, 2138. (b) Freeman, F.; Lee, C,;
i ¢ > Hehre, W. J.; Po, H. NJ. Comput. Chen997, 18, 1392. (c) Freeman,
pompared with the referenc axand C Heq bond lengths F.; Do, K. U.J. Mol. Struct.(TheoChen).2002 577, 43.
in cyclohexane: any €H bond lengthening observed 1-5 (23) It has been established by Alabugin th¢_c ando*s_c are rather poor
i in i i i acceptor orbitals. For a thorough discussion, see ref 13.
might reflect stereoelectronic interactions, whetg_y is the (24) Frisch, M. J.: Triicks, G. W.: Head-Gorden, M.: Gill, P. M. W.: Wong, M.
W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A;;
(21) (a) Carey, F. A.; Sundberg, R. Advanced Organic ChemistryPart A, Replogle, E. S.; Gomperts, R.; Andres, J. L.; Rahavachari, K.; Binkley, J.
d ed; Plenum Press: New York, 1990; pp 589. (b) Kirby, A. J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart,
Stereoelectronlc EffectOxford Science Publications: Oxford, 1996; pp. J. J. P.; Pople, J. AGaussian 92Revision G.2, Gaussian, Inc.: Pittsburgh
25-26. PA, 1992.
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both local and gradient corrected terms, and VWN is the Vosco, Table 1. Optimized Geometries at the B3LYP/6-31G(d,p) Level

Wilk, and Nusair 1980 correlation functional fitting the RPA
solution to the uniform gas, often referred to as Local Spin
Density (LSD) correlatiod® VWN is used to provide the excess
local correlation required, since LYP contains a local term
essentially equivalent to VWRP. For compounds to 10, 6d
and 10 keywords were included, whereas for compoutds

(distances in A, angles in deg) for Cyclohexane (1), Oxane (2),
Thiane (3), Equatorial Azane (4), and Axial Azane (5)

to 16 only the & keyword was used.

The density functional calculation ofH and 3C NMR

coupling constants was done using the recently proposedc(_z)_c)(3)

approach of Malkin, Malkina, and Salah&b?2® Within this
methodology, three contributions to the NMR coupling constants
are considered, namely, the Fermi contact (FC), the paramag-
netic spin-orbit (PSO) and the diamagnetic spiarbit (DSO).
The spin-dipolar (SD) and cross terms such as-BD are
neglected. The FC term is calculated by finite perturbation
theory (FPT), the PSO contribution is obtained using the sum-
over-states density functional perturbation theory (SOS-D¥EPT)
and the DSO term by numerical integrati®r® These spin

spin coupling constant calculations were carried out with a
modified version of the deMon-KS progrdf#! together with

the deMon-NMR prograr®®—3° Following the suggestions made
by the authors of this latter code, the NMR spspin coupling

1, X = CHy 4, X = equat. N-H
2,X=0 5, X = axial N-H
3, X=S
1 2 3 4 5
1.537 1.423 1.838 1.465 1.467
1.532 1.531 1.531 1.533 1.540
C(3)-C(4) 1.532 1.537 1.537 1.537 1.537
C(2)—Hax 1.100 1.105 1.097 1.109 1.100
—Heq 1.098 1.094 1.094 1.096 1.096
C(3)—Hax 1.108 1.097 1.097 1.097 1.100
C(3)—Heq 1.098 1.097 1.098 1.097 1.098
C(4)—Hax 1.100 1.099 1.100 1.100 1.100
C(4)—Heq 1.106 1.096 1.096 1.096 1.096
—C(2)-C(3) 111.5 111.8 1129 109.6 114.2
C(2-C(3)-C(4) 111.5 110.2 112.9 110.7 110.7
C(3)-C(4)-C(5) 111.5 110.1 113.3 110.8 110.8
C(6)-X—C(2) 111.5 112.1 98.0 112.1 112.0
X—C(2)-C(3)-C(4) 54.9 55.7 60.1 56.4 53.2
C(2-C(3)-C(4-C(5) 54.9 51.5 59.3 52.6 52.6
C(6)-X—C(2)—-C(3) 54.9 60.3 53.4 62.1 52.7
X—Hax - ---- - - 1.019
X—Heq - - - 1.016 ----

constants were calculated using the semilocal exchange of
Perdew and Wari§and the correlation functional of Perdé,

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 1 approximatio®. 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 IGLD of
Kulzelnigg3* Thus, following the usual notation, the level of
theory for the determination of coupling constants used in this
work is PP/IGLO-I1I//B3LYP/6-31G(d,p).

C. Cyclohexane 1 and Monoheterocyclohexanes—25.
Table 1 collects the structural data for cyclohexénexane2,
thiane3, and azaned and5, where the N-H bond is oriented
equatorial or axial, respectively. In the 4-31G calculations of
Wiberg et aFf® the axial and equatorial -€H bond lengths of
cyclohexanel are 1.088 and 1.086 A, respectively. Our values
(ref 17d and this work) also predict that the axiatB bond
of cyclohexane is longer (and thus weaker) than the equatorial
C—H bond: G-Hax = 1.100 A and G-Heq= 1.098 A. In the
Cieplak languagé?2°the longer and weaker axia-H bonds

(25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785-789. Miehlich,
B.; Savin, A. Stoll, H.; Preuss, HChem. Phys. Lettl989 157, 200.

(26) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(27) (a) Malkin, V. G.; Malkina, O. L.: Casida, M. E.; Salahub, D. RAm.
Chem. Soc1994 116, 5898. (b) Malkin, V. G.; Malkina, O. L.; Eriksson,
L. A.; Salahub, D. R. IfModern Density Functional Theory. A Tool for
Chemistry Seminario, J. M.; Paolitzer, P., Eds.; Elsevier: Amsterdam, 1995.

(28) Malkin, V. G.; Malkina, O. L.; Salahub, D. RChem. Phys. Lett1994
221, 91.

(29) Malkina, O. L.; Salahub, D. R.; Malkin, V. G. Chem. Phys1996 105
8793

(30) Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, |.; St-Amant, A.; Uskio,
J. InDensity Functional Methods in Chemistiyabanowski, J. K., Anzelm,
J. W., Eds.; Springer: New York, 1991; p 77.

(31) St-Amant, A.; Salahub, D. RChem. Phys. Lett1l99Q 169, 387.

(32) Perdew, J. P.; Wang, Yhys. Re. B 1986 33, 8800.

(33) Perdew, J. PPhys. Re. B 1986 33, 8822; Perdew, J. FPhys. Re. B
1986 34, 7406.

(34) Kultzelnigg, W.; Fleischer, U.; Schindler, M. NMR—Basic Principles
and ProgressSpringer-Verlag: Heidelberg, 1990; Vol. 33, p 165.

(35) Wiberg, K. B.; Walters, V. A.; Dailey, W. PI. Am. Chem. Sod 985
107, 4860.

are the result 0bc—Hax — 0* c—Hax hyperconjugation between
antiperiplanar bond%:36

Although the bond length difference between axial and
equatorial C-H bonds in cyclohexane is smaltc(Hax —
lc—neq = 0.002 A), it becomes quite large for methylenes
adjacent to oxygen and nitrogen (Table 1). For example, in
oxane2 (rc@)-Hax — fo—heq = 0.011 A) and azané (equatorial
N—H bond, thus axial lone pair at nitrogemgp)-Hax —
lc—heq= 0.013 A). This larger €Hayeqbond length difference
can of course be ascribed to the stereoelectronic effeet-n
0% c—Happ Present in2 and4.581+17

Recently, Freeman and co-work&€reeported the calculated
optimized geometries for oxang)(at various levels of theory,
including higher levels of theory than those reported in this
work. Nevertheless, it was found that HF 6-31G* basis sets
afforded data that were generally reproduced at MP2 |éVels.
Most relevant to the present discussion, the structural data
reported by Freeman also indicate that axiatHC bonds
adjacent to oxygen are 0.009 to 0.014 A longer than the
equatorial G-H bonds. The lengthening of the C(2,6)xonds
in the chair conformation of oxang is also ascribed by
Freeman, Hehre, and co-workers te f+ 0* c—nax hypercon-
jugation3”

An interesting observation printed out by one of the reviewers
is that, except for azane (axial N—H), the C(2)-C(3) bonds
in 2, 3, and4 are shorter than the C(3C(4) bonds. Although
the shorter C(2yC(3) bonds in2—4 may arise from the
electronegativity effect by the heteroat®ém(increased s-
character at C(2)), it can be appreciated that the longer-C(2)
C(3) bond is present in the only heterocycle in the series where
the equatorial orientation of the lone pair at nitrogen prevents

(36) (a) Reed, A. E.; Weinhold, Fsr. J. Chem1991, 31, 277. (b) Goodman,
L.; Pophristic, V. T.Nature 2001, 411, 565 and references therein.

(37) (a) Freeman, F.; Kasner, J. A.; Kasner, M. L.; Hehre, W. Mol. Struct.
(Theochen).200Q 496, 19. (b) Freeman, F.; Kasner, M. L. Phys. Chem.
A. 2001, 105, 10 123.

(38) Bent, H. A Chem. Re. 1961, 61, 275.
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anomeric R — 0*c—nax interaction. It can be argued that the
s-character at C(2) in azahds therefore lower, resulting in a
longer C(2)-C(3) bond.

Thiane3 has previously been studied computationally by the
Freeman group? The agreement between their structural
parameters calculated at the B3LYP/®&LG(d) level and the
data reported in Table 1 at the B3LYP/6-31G(d,p) level is almost
perfect.

It should be noted that the small bond length difference,
rc@y-Hax — rc@y-Heq = 0.003 A) encountered in thiargis in
line with the poor ability by sulfur to participate as donor in
Ns — 0*c Happ hyperconjugatiod?131518 As anticipated,
Arc)y-Haxeqin 8zanes is also comparable to that in cyclohexane
itself, because an axial\H bond in azane presents necessarily

an equatorial nitrogen lone pair, that is essentially orthogonal

to the vicinal C-H bonds.

Finally, re@)-Hax = r'c@-Heq = 1.097 A in oxane2; thus,
Arc@y-Haxeq = 0. This finding can be explained in terms of
competition between the normalc-y — 0*c-napp Which
weakens the axial C(3)H bond, and an opposing effect that
weakens the equatorial C3)H bond. Alabugif® has suggested

ticularly interesting observation is the significant difference in
the axial C(2)-H bond lengths in isomeric azanéand5. Only
compound4 should show the “anomerieiy — 0* c2)-Hax effect,
and indeedc(zy-rax = 1.109 A for4, whereas cy-ax= 1.100

A for 5.

Chart 3 presents the calculated one bé#e—H coupling
constants (Hz) for cyclohexang)@nd monoheterocyclohexanes
2—5. To facilitate the analysis of the collected data, Chart 3
also includes the differena®Jayeq= Jc-Heq — Jc-Hax fOr each
distinct methylene in the molecule. Positix& values reflect
then normal “Perlin effects”; that is, typical situations where
Oc—Hax — O0*c—Happ and/or nx — o*c—napp Stereoelectronic
interactions lead to weaker axiaH& bonds and smallédc—pax
coupling constants, relative fdc_peq 8 173740

With respect to our parent, reference cyclohexadg (
molecule, calculations reproduce the relative magnitude of both
the C—Hax and C-Heq coupling constants, that is, the normal
“Perlin effect” observed in cyclohexaritas well as the absolute
values, within reasonable limits+@—3 Hz). Indeed, the
calculated valuedJc na= 120.5 Hz andiJc weq = 124.1 Hz
are to be compared with the corresponding experimental values,

a stereoelectronic interaction between a pseudoaxial nonbonding) 25 4 and 126.4 Hz, respectivély.

electron pair on #@-oxygen and the equatorial-<31 bond (eq
5) as responsible for the weakening of this bofiehoax —
U*CfHeq-

Many more data in Table 1 are valuable for the evaluation
of stereoelectronic interactions in six-membered rings. A par-

(39) (a) Freeman, F.; Phornvoranunt, A.; Hehre, W. Phys. Org. Cheni.998
11, 831. (b) Freeman, F.; Hehre, W.Jl.Mol. Struct.(Theochen).200Q
529 225.
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There exist three distinct methylenic pairs ofB bonds in
oxane 2. As anticipated,no — 0*c-Happ hyperconjugation
weakens the axial €H bonds at C(2,6), so thafc(,6)-Hax =

(40) The dissection of the NMR coupling constanst into the Fermi Contact (FC)
and diamagnetic and paramagnetic sprbit contributions (DSO and PSO,
respectively) shows that the FC term plays the decisive role: see Table 3
in ref 17e.

(41) Chertkov, V. A.; Sergeyev, N. M. Am. Chem. Sod.977, 99, 6750.
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129.5 Hz is significantly smaller thaldce 6y-Heq = 140.7 Hz;
thus, the calculated\'Jayeq is 11.2 Hz. In strong contrast,
lJC(S,S%Hax = 122.7 Hz > 1JC(3,5rHeq = 122.1 Hz, and
Alaeq= —0.6 Hz. Thisreversecorrelation oftJ-values relative
to cyclohexan® is in agreement with the proposal advanced
by Anderson et al® and Alabugin'® that a stereoelectronic
“homoanomeric” interaction between a lone pair gh-aoxygen
and the equatorial €H bond, as depicted in egs 4 and 5,
weakens this bond. The difference between the Andé?som
the Alabugin® proposals consists of that the former invokes
the participation of the pseudoequatorial oxygen lone pair
(B—Noeq — 0*c-Heq €Q 4), whereas the latter supports the
involment of the pseudoaxial lone paftNoax — 0* c—Heq €4
5). Finally, the calculated coupling constants for the methylenic
C—H bonds at C(4)1[JC(4)7Ha>< =119.0 Hz< 1\JC(4)7Heq: 126.2
Hz; Alaveq= 7.2 Hz] are those expected for a “cyclohexane-
like” methylenic segment.

The one bond €H coupling constants calculated for thiane
3 (Chart 3) reveal two “reverse” Perlin effec&at C(2), where
Ns — 0* c(2)-Hax hyperconjugation is not releva#té(see above)
and the expectedc(s)-H — 0* c(2)-Hax iNteraction is offset by a
dominantocsy-s — 0* c(2)-Heq Stereoelectronic effeét:l’ By
the same token, at C(3Pc-req < Jc-Hax (121.0 and 123.6

Hz, respectively). This observation is best interpreted in terms C(4)-C(5)—C(6)

Os-c(2) — 0*c(3)-Heq €lectron transfer that is apparently more
important than twooc-4 — 0*c3)-Hax and tWo oc¢(3)-Hax —
o0*c—n hyperconjugative interactions. Other stereoelectronic
interactions that weaken the equatorial G{B) bond are,
0C(@)-Heq — 0*s-C(2), Oc(3)-Heq — 0% c(a)y-c(s) andaocu)-c(s) —
0*c@3)-Heg although these contributions are anticipated to be
less important in view of the poor acceptor ability of ies ¢
ando* c—c orbitals, as well as the poor donor ability of the_c
orbital 137

Most interestingly, from the relative magnitude of the “reverse
Perlin effects” observed at C(2) and C(3) in thicBét can be
inferred that electron transfer from an antiperiplanaiCsbond
orbital is more efficient than from a-€S donor orbital. That
is, as suggested in ref 17a,c, although the energy obthe
and oc—s orbitals is expected to be the same, bond polarities
are actually opposite and this may lead to a more efficient
Os-c — O*c-Happ iNteraction relative tooc-s — 0* c—Happ
Different acceptor abilities of -SC orbitals have also been
observed by Alabugin and Zeid4dh,who suggest that the
difference in orbitals overlap is responsible for the contrasting
behavior. Again, additional hyperconjugative effects weakening
the axial and equatorial C(3H bonds in thiane3 should
modulate the final values fok'Jayeqcollected in Chart 3.

Finally, a normal Perlin effect is found at C(4}Jc—nax =
118.6 Hz < Jc_peq = 123.6 Hz;AlJaxeq= 5.0 Hz. Analysis
of theJc_p coupling constants in azanésnd5 is particularly

interesting because of the possible consequences of the pseudq
axial and pseudoequatorial orientation of the nitrogen lone pair

in these models. Indeed, in azade(equatorial N-H), a
substantial Perlin effect is appreciated at C@)-pax = 121.0
Hz < Jc teq = 130.8 HZ;Aayeq = 9.8 Hz. By contrast, in
azaneb, where the nitrogen lone pair is gauche to both €2)

(42) The term “reverse Perlin effect” has been introduced in describing such

unusual spectroscopic tredt!® It should be stressed, however, that this
term refers to an empirical observation rather than to the underlying
fundaments of the effect. See also ref 13.

(43) Alabugin, I. V.; Zeidan, T. AJ. Am. Chem. So@002 124, 3175-3185.

Table 2. Optimized Geometries (distances in A, angles in deg) for
Cyclohexanone (6), and 3-Keto-monoheterocyclohexanes 7—10.
B3LYP/6-31G(d,p)

(0]
d . / 6, X = CHy 9, X = equat. N-H
X 7, X=0 10, X = axial N-H
6 ! 2 8, X=S8
6 7 8 9 10

X—C(2) 1.543 1.420 1.843 1.464 1.470
C(2-C(3) 1542 1531 1524 1529 1531
C(3)-C(4) 1542 1522 1523 1523 1524
C(4)y-C(5) 1543 1539 1534 1540 1.543
C(5)-C(6) 1535 1528 1530 1530 1537
C(6)-X 1.535 1.423 1.836 1.462 1.466
X—Hax 1.098 1.018
X—Heq 1.096 1.016
C(2)—Hax 1.100 1.107 1.097 1.111 1.101
C(2)—Heq 1.093 1.092 1.100 1.093 1.093
C(3=0 1.217 1.215 1.215 1.215 1.217
C(4)—Hax 1.100 1.101 1.100 1.101 1.101
C(4)—Heq 1.093 1.093 1.093 1.093 1.093
C(5)—Hax 1.098 1.096 1.095 1.095 1.098
C(5)—Heq 1.096 1.096 1.098 1.096 1.097
C(6)—Hax 1.099 1.104 1.097 1.109 1.099
C(6)—Heq 1.096 1.093 1.094 1.095 1.095
X—C(2)-C(3) 1120 1137 1111 1107 1141
C(2)-C(3)-C(4) 1152 1157 1161 1154 1147
C(3)-C(4)-C(5) 1120 1127 1136 1130 1122

111.6 1104 112.9 110.8 110.9
C(5)—-C(6)-X 111.2 110.7 112.5 108.8 113.6
0—C(3)-C(2) 1223 1213 1214 1218 1223
0-C(3)-C(4) 1223 1230 1225 1227 12238
C(6)-X—-C(2) 111.6 1128 977 1127 1125
X—C(2)-C(3-C(4) 483 397 591 450 455
C(2-C(3)-C(4)-C(5) 483 35.8 56.0 40.5 44.1
C(3-C(4)-C(5)-C(6) 51.7 44 .4 55.6 46.5 47.7
C(4)—-C(5)—-C(6)—X 56.5 58.8 60.9 58.1 54.7
C(5-C(6)-X—C(2) 565 646 567 656  56.1
C(6)-X—C(2)—-C(3) 51.7 54.1 54.3 58.1 50.5
X—=C(2)—-C(3)-0 132.1 143.8 120.9 138.5 134.9

bonds, a much diminished normal Perlin effect is found:
Alaeq = 3.4 Hz. Importantly, in azanel YJc@) Hax ~
LJc@)y-Heq~ 122.5 Hz, whereas in epimeric azahée normal
trend is observediJe@) Hax = 119.5 Hz< Lc(3)-Heq = 121.8

Hz. This result indicates that, contrary to the findings reported
in 1,3-dioxanes and 1,2,4-trioxan€,c W-type stereoelectronic
interaction involving thes—nitrogen -Nneq — 0* c(3)-Heg) IS

not relevant. On the other hand, this result does fit expectation
in terms S-Nnax— 0* c3)-Heq Nyperconjugation (cf. eq 5), as
advanced by Alabugii® That a W-type stereoelectronic interac-
tion is not relevant in azanes, has already been suggested on
the basis of experimental observations by Anderson, Cai, and
Davies!®Finally, normal Perlin effects'{c—nax < *Jc-Heq) are
seen at C(4), both id and5.

D. Cyclohexanone 6 and 1-Heterocyclohexan-3-ones
7—10.Table 2 collects the calculated structural data for ketones
6—10, where the axial and equatoriaH&l bonds adjacent to
he carbonyl group provide convenient probes for potential
Oc—Hax — 7T* c=0 hyperconjugation.

Most interestingly, a quite large difference in bond lengths
(r) is calculated for the axial vis-ais equatorial G-H bonds
adjacent to the carbonyl group 610 (Table 2). Indeed, the
axial C—H bonds at C(2) and C(4) in cyclohexanofieare
substantially longerr¢ 4-nax = 1.100 A) than the equatorial
C—H bonds {c( 4y-+eq= 1.093 A); thus Arayeq= 0.007 A. It
is recalled thatArayeqin cyclohexane itself is only 0.002 A.
This contrasting behavior supports the participation of
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Chart 4
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Oc-Hax — TT*c=0 hyperconjugation in cyclohexanorg as it
was discussed in the Introduction (eq 7).

(0] o

*
# JoHex = Teg %
H —m H

H H*

(7)

Even larger is the difference in bond lengths between the
axial and equatorial €H bonds at C(2) in heterocyclohexan-
3-ones7 (X = O) and9 (equatorial N-H), Araxeq(7) = 0.015
A and Araeq(9) = 0.018 A. The almost doubl&r ayeqvalue in
the latter compounds relative ® arises, of course, from a
second stereoelectronic effect with heteroatom participation,
Nx — 0* c(2-Hax, Where X= O or equatorial N-H. Therefore,
the results show additivity of the two stereoelectronic interac-
tions where C(2yHax participates in7 and 9: oc-nax —
T*c=o0 and x — 0*c—Hax INnterestingly,Arayeqis only worth
0.008 A in10 (X = axial N—H), where the nitrogen lone pair
is not antiperiplanar to any of the C(2H bonds. Finally, an
opposite trend iMrayeqis found for C(2) in sulfur-containing
8, where the equatorial C(2Heq bond is actually longer by
0.003 A than C(2yHa (Table 2). This result suggests that
Ns — 0*c2)-Hax IS NOt operative, and the additional loss of
Oc-Hax — 0% c—pax hyperconjugation leads to the observation
that C(2)-Hxin 8 is shortened (Table 2), despite the anticipated
0c(2)-Hax — T* c—o interaction.

On the other hand, the observation (Table 2) thg}-req =
res)y-Hax IN 7—10 is in line with the importance offi-no —
0*C—Heq IN 7 @nd ox-c — 0*c-eq iN 8—10. As previously
discussed above, experimentally obsetVedbfield shifts for
the equatorial €H NMR proton signals in heterocycles related
to 7 and 8, indicate that the alternativecs)-Heq — 0*x—c
interaction is of minor importance relative é&-c — 0* c—Heq
hyperconjugation.

Chart 4 collects the calculated one bot¥&€—!H coupling
constants (in Hz) for cyclohexanoleand 3-keto-heterocyclo-
hexanoneg—10. Chart 4 includes the corresponding difference
Aaxieq = c-teq — c-nax for each distinct methylenic pair

13094 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002
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of C—H bonds in the molecule. According to the arguments
advanced in this paper, positiVeJayeqvalues reflechormal
trends in Perlin effects, whete:—y — 0* c—Happ Nx — 0™ c—Happ

and oc—pax — T*c=0 Stereoelectronic interactions originate
longer and weaker axial €H bonds, and therefore smaller
LJcHax coupling constants, relative e peq

As expected, normal and moderate Perlin effects are found
at C(1), C(5), and C(6) of cyclohexanor® ({Jc-teq —
Uc—nax = 3.9 anf 4.2 Hz, Chart 4). The “reverse Perlin ef-
fects™2 observed at C(5) in keto-oxaifeand C(5) keto-thiane
8 (Chart 4) are in line with competing-noax — 0* ¢(5)-Heq OF
Os-c — 0% c(5)-Heq (SEE above).

Evidence supporting the additivity of stereoelectronic effects
on the magnitude of)c—y coupling constants is manyfold. For
instance, the differencBlce)-req — Jc(e)-Hax = 10.1 Hz for
the methylenic €&H bonds vicinal to the equatorial-\H group
in azane9 arises mainly from the\yw— o* c(e)-Hax interaction,
whereasAJayeq at C(4) amounts to 15.5 Hzo€@a)y-Hax —

7* c=0); these two values are to be compared Withaxeq at
C(2) = 21.9 Hz, where both hyperconjugative effects are
operative. (Chart 4). By contragt!Jaeqat C(6), C(4), and C(2)
for azane 10 (axial N—H) are 4.1, 14.7, and 10.5 Hz,
respectively. Thus, whereas the valueAdf,eqis essentially
unchanged at C(4), those at C(6) and C(2) are significantly
smaller owing to the missingnn— o* c—nax interaction.

E. 1,3-Diheterocyclohexan-5-ones H16. Table 3 presents
the calculated structural data for compoudds 16, where each
methylenic pair of G-H bonds is adjacent ttwo heteroatoms,
or one heteroatom and one carbonyl group. Examination of these
compounds was deemed relevant in order to gain additional
information regarding the additivity of stereoelectronic effects
on the magnitude of one boridc—H coupling constants.

Most remarkable is the very long bond calculated for the
axial carbor-hydrogen bond at C(2) in keto-diazariek
rc@y-Hax = 1.118 Al By comparisomn;c()-Hax is equal to 1.107
A'in epimer15, andrc()-naxis normal (1.098 A) in keto-diazane
16, where both N-H bonds are axial. This trend is, of course,
in full agreement with an additive effect @iy — 0* c—Happ
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Table 3. Optimized Geometries (distances in A, angles in deg) for
1,3-Diheterocyclohexan-5-ones 11—16, at the B3LYP/6-31G(d,p)
Level of Theory

0 11, X=Y=0
X~ 4 12, X=Y=S
/v, 13, X=0;Y=5
2 4 14, X = Y =equat. N-H
15, X = equat. N-H; Y = axial N-H
16, X =Y = axial N-H
11 12 13 14 15 16
X(2) 1.406 1829 1.403 1457 1.465 1.463
C(2)Y 1.406 1.829 1.839 1.457 1453 1.463
Y—-C(4) 1.422 1.844 1841 1463 1469 1.471
C(4)-C(5) 1.527 1524 1522 1527 1530 1.531
C(5)—C(6) 1.527 1524 1533 1527 1529 1.531
C(6)-X 1.422 1.844 1423 1463 1466 1.471
C(2)—Hax 1.107 1.094 1101 1.118 1.107 1.098
C(2)—Heq 1.090 1.092 1.091 1.094 1.094 1.094
C(4)—Hax 1.105 1.097 1.098 1.111 1.101 1.101
C(4)—Heq 1.092 1.091 1.091 1.093 1.093 1.093
C(6)—Hax 1.105 1.097 1.106 1.111 1111 1.101
C(6)—Heq 1.092 1.091 1.091 1.093 1.093 1.093
C=0 1.213 1.214 1.214 1.214 1215 1.216
X—C(2)-Y 112.1 1153 112.8 108.1 111.2 116.6
C(2-Y-C(4) 111.9 98.1 95.1 112.0 1112 1118
Y—C(4)-C(5) 113.8 112.7 112.1 1113 1149 1144
C(4)—-C(5)—C(6) 116.3 116.6 117.5 1157 1154 1147
C(5)-C(6)—X 113.8 112.7 1154 111.2 111.0 1144
O—C(5)-C(4) 121.7 1217 121.7 1220 1225 1226
C(6)-X—C(2) 111.9 98.1 113.8 1119 111.8 111.8
O—C(5)—C(6) 121.7 1217 120.6 1220 1219 1226
X—=C(2-Y—-C(4) 65.1 61.2 60.5 65.5 59.8 54.2
C(2-Y—-C4)-C(5) 439 57.5 48.9 51.9 45.2 45.4
Y—-C(4)-C(5)-C(6) 26.1 66.6 48.1 39.0 35.8 39.8
Y—-C(4)-C()-O 159.0 1149 136.7 1469 1450 142.0
C(4)-C(5)-C(6)—X 26.3 66.3 46.7 39.2 38.8 39.9
C(5)—-C(6)-X—C(2) 43.9 57.5 56.3 52.3 52.8 454
C(6)—X—C(2)-Y 65.1 61.2 68.7 65.7 65.2 54.2
X—C(6)—-C(5)-0 159.0 1149 138.0 1469 148.0 1420
X—Hax 1.019 1.109
X—Heq 1.016 1.016
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the carbon bond to equatoria-¥H is shorter (1.466 A) than
the bond to axial N-H (1.469 A). Finally, the torsional angles
provide information on the consequences of lone pair orientation
on geometry. For example, using again diazane derivati¢es

16, it is appreciated (Table 3) that dihedral angle NE(4)—
C(5)-0 is substantially larger iti4 (equatorial N-H, double
bond-no bond hyperconjugation leads to a flattening of the ring)
relative to16: 146.9 and 142.0, respectively.

Additivity of stereoelectronierc-s — 0* c(2)-Heq hypercon-
jugation is also apparent in the series dioxanbiiexathianone
13dithianonel2, with increasing £)-Heq: 1.090, 1.091, and
1.092 A, respectively. Furthermore, the parameatgp)-Hax
decreased the same series of compounds: 1.107, 1.101, and
1.094 A for11, 13, and12, respectively. (Table 3). This trend
is congruent with a manifestation of twao — 0*c(2)-Hax
interactions inl1, only one in13, and none in2

Other structural data available in Table 3 are also in line with
the additive nature of the stereoelectronic effects operative in
heterocyclesl1-16, including their impact on the magnitude
of the 1Jc—y coupling constants (Hz) presented in Chart 5. To
facilitate the analysis of the coupling patterns, Chart 5 includes
also the differenceaJaeq between methylenic €H bonds.

The largest difference in one bond coupling constants for a
methylenic pair of G-H bonds is found at C(4,6) in keto-diazane
14, where both N-H bonds are equatorial. Thus, the combined
influence of oneny — 0*c.6)-Hax Stereoelectronic effect, as
well asoc,e6-Hax — 7* c—o hyperconjugation, is reflected in a
rather largeA Jaxeq= 24.5 Hz. A similar situation is present at
C(6) in oxathianond.3, whereAJ.eq= 23.3 Hz. Here again,
the axial carborrhydrogen bond experiences > 0* c(e)-Hax
and ocs)-Hax — ¥ c=o hyperconjugative interactions. Interest-
ingly, AlJaxeqfor C(4,6) in keto-diazan&6 (both N—H bonds
axial) is only worth 11.0 Hz. In this case, mQ — 0* c(4,6)-Hax

hyperconjugation on bond length. Furthermore, as expected fromis feasible, so that th&'J.eqvalue originates almost exclusively

this “anomeric ” interactiod, C—N bonds are shorter ini4
(rc(4,6yN = 1.463 A) than inl6 (I'c(4,5yN =1.471 A) Forl5,

from oc,6y-Hax — T* c—=o hyperconjugation. Keto-diazarkb
presents a methylene at C(4) that shows a behavior similar to
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that exhibited byl4, and then another methylene at C(6) that
mirrors 16 (Chart 5).

With regard AJaeq values at C(2) in thedl1—-16 series, a
whole range is registered: from a largest positiV&axeq =
17.5 Hz for dioxanond.1 (two no — 0* c(2)-Hax), t0 @ medium
sizeAWayeq= 9.5 Hz in keto-diazan&5 (oneny — 0* c(2)-Hax),
to a smallA%aeq = 3.9 Hz in oxathianondl3 (one nop —

0% c(2)-Hax iNteraction counterbalanced by o0€ s — 0* c2)-Heq
effect), to a largereversed AlJayeq = —20.5 Hz (two
0c-s—0% c(2)-Heq iNteractions) in dithianoné&2.

Conclusions

Theoretical evaluation of the molecular geometry [B3LYP/
6-31G(,p) level] and the associated one bohit-y NMR
coupling constants [PP/IGLAII/B3LYP/6-31G(d,p) theory]

for a series of 16 six-membered cyclic compounds, including

Furthermore, for €&H bonds participating as donor and/or
acceptor orbital in more than one stereoelectronic interaction,
the calculated structurat{—y bond length) and spectroscopic
(Y- coupling constant) indicate additivity of the correspond-
ing effects.
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or two heteroatoms as well as a carbonyl group, afforded a

wealth of relevant information. In particular, both-€l bond
lengths and differences iklc—y coupling constants seem to

Supporting Information Available: Calculated geometries for
1-16 and their calculated energies. This material is available

confirm the validity of models based on stereoelectronic effects, free of charge via the Internet at http://pubs.acs.org.

Nx — 0% c—Happ 0C—S ~ 0% C—Happ 0S—C ~~ 0% C—Happ OC—H —
0* C—Happ andf-Noax — 0% c—Heq @Mong the most relevant.
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