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Hyperconjugative and electrostatic interactions effectsJgn spin—spin coupling constants (SSCCs) are
critically studied from both theoretical and experimental points of view. A qualitative model is used to predict
how the former affect such SSCCs, while electrostatic interactions are modeled with a point charge placed in
the vicinity of the correspondingcy bond. Hyperconjugative interactions are calculated using the “natural
bond orbital” approach, and using the point-charge model, it is shown how intertwined are both types of
interactions. Several members of the series 1-X-bicyclo[1.1.1]pentane and 1-X-3-methylbicyclo[1.1.1]pentane
are chosen as model compounds for measutigg SSCCs; in some of them were performed also DFT-
SSCC calculations. The strained cage substrate in these series definegdtggpagconjugative interactions,
making these compounds excellent examples to verify the qualitative model presented in this work. It is
verified that (a) hyperconjugative interactions from thg bond or into theo* ¢y antibond containing the
coupling nuclei yield a decrease of the correspondilgg SSCC and (b) hyperconjugative interactions from
other bonds involving the coupling C nucleus yield an increase of'flagtSSCC.

The influence of negative hyperconjugative effectstagy
SSCCs has been discussed extensively by several adifzord;

1. Introduction

The importance of hyperconjugative interactions in modern

organic chemistry is nowadays well-recognized, and in the
current bibliography extensive lists of recent works can be
found! Qualitative descriptions of several aspects of such
interactions can be obtained resorting to the simple PMO
theory? Quantitative descriptions of hyperconjugative interac-
tions can be obtained employing Weinhold’s Natural Bond
Orbitals (NBO) method. Interactions of types — o*, 0 —

a*, m — o* and ¢ — ¢* can affect spir-spin coupling
constants (SSCCs) significanththerefore, if properly under-
stood the way in which they are affected, SSCCs can be use
as probes to study hyperconjugative interactfomnke first type

is part of the “anomeric effect”and is known as “negative
hyperconjugative interaction”generally, it is notably stronger
than the latter three. The second and third types are accepted t

be the main transmission mechanism for the Fermi contact (FC)

term of long-range benzylic-like couplin§s he fourth type is
now known to transmit the FC term of long-range SSCCs in
strained saturated compourfds.
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the closely related lone-pair orientation effect on SSCCs was
also discusset- However, in a recent paper Cuevas et?al.
expressed “... théJcy value in HCOC fragments is definitely
not a consequence af(O) — o*cy delocalization, despite
expectations, although a small contribution cannot be excluded.”
In that paper, Cuevas et al. concluded that the main contribution
to the Perlin effeéf comes from a polarization effect. In several
papers the influence of proximate electrostatic effectdJen

was studied from different points of view, like for instance, in

d“improper" hydrogen bonds or considering an electric field along

the correspondingcy bond14 Nowadays, it is well-known that

hyperconjugative interactions involving eitherogy bond or

its corresponding antibond can be inhibited (enhanced) depend-

ing on the orientation of an electric field along that b&ad.
herefore, a careful study of hyperconjugative effectsdyp

SSCCs cannot neglect how intertwined are these interactions

with electrostatic effects.

In this paper an experimental and theoretical study is carried
out in order to obtain a better understanding of how delocal-
ization interactions affeédcy SSCCs. It is already well-known
that for aocy bonda to a z-electronic system, like those of
the methyl group in toluene, interactions of typg — 7* and
7 — o*cp yield a reduction in the correspondibdsy SSCC3.C
In Section 2, a qualitative theoretical analysis is applied to
'predict the influence of different hyperconjugative interactions
on1Jcy SSCCs. From such an approach a few simple rules are
established, although it is important to recall that they are
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obtained only on a qualitative base. In Section 3, experimental where Ujac(Upp) are the “perturbators” (i.e., the matrix
as well as computational details are provided. Since it is known elements of the FC operator between the occupigd and
that electrostatic effects may affect some hyperconjugative vacanta (b) LMOs evaluated at the C (H) site of the coupling
interactions as well as soméy SSCCs, in a subsequent section nuclei), and they give a measure of the strength of thea (j
they are studied resorting to three different model systems in — b) virtual excitation due to that operatow,j, are the
which very different hyperconjugative interactions take place. polarization propagator matrix elements, and they correspond
Looking for molecular systems where experimental evidence to the response of the electronic molecular system to the
supporting the simple rules obtained in Section 2, it was thought presence of the electremucleus FC interaction, connecting two
that compounds of these two series 1-X-bicyclo[1.1.1]pentane virtual excitationsi — a andj — b. These matrix elements
(la) and 1-X-3-methylbicyclo[1.1.1]pentandb could well be decrease when increasing #he, andej—, energy gaps between
adequate model systems. The main reasons to make this choicéhese occupied and vacant LMOs involved in each virtual
are as follows. In these strained cyclic compounds delocalization excitation.
interactions are notably enhanc&dsuch interactions should In the particular case of the FC term’dgy SSCCs, the sum
be notably affected by some substituents. The orientation of jn eq 2 is largely dominated by the following two types of terms:
theocn bond whoséJcy SSCC will be used as a probe to verify (1)i = j corresponds to the LMO localized on they bond
such rules is adequate to isolate at least some of the expecteghyolving the coupling nuclei, and = b corresponds to the
effects. In this way, 24 members of serlesand 16 members  yacant LMO localized at thatc bond. The corresponding term
of serieslb were chosen to perform the present study; in iy eq 2 is dubbed the “bond contribution?y.

compounéis of thela series very small®C,—SCS were (2) Eitheri or j corresponds to the LMO on th& bond
reportedt® and such a behavior was rationalized as originating containing the coupling nuclei, arjdor i corresponds to an

mainly in the very strongc,c, — 0%cyx, nyperconjugative occupied LMO on othewcx bond involving the C coupling
interactions (and their analogs.mvcilvmg the other two bridge nucleus: andh = b correspond to localized vacant MOs placed
carbon atoms). Inlb the similar *C,—SCS are slightly at thatocy bond containing the coupling nuclei. The corre-

irk:crgase&i? in comparilsonbw!th thosf(? di. Itis also known g0 4ing term in eq 2 is dubbed “other bond contributicli®)(
that in seriesa unusual substituent effects 8, SSCCswere i, vever. it should be stressed that this term involves also the

8 )
observed 'anoll thgy were corrglated with the strong qhanges ocn bond and antibond containing the coupling nuclei.
on delocalization interactions induced by an X substitd&nt. 1 b Lo o . b
) . . ; For1Jcy SSCCs, thdP contribution is positive while thé

These considerations suggest thag,y SSCCs in seriesa - . .

; one is negative, having the former a notable larger absolute value
should also depend rather strongly on the X substituent. The - o AR
N "1 h . than the latter. Since only a qualitative description is sought
lateral” 1Jc,n SSCCs in seriek andlb are expected to show . .

here, occupied and vacant LMOs in eq 2 can be taken

substituent effects that might be rationalized in terms of : . . :
. . S . approximately as bond and antibonding orbitals of the NBO
differences in electron delocalization interactions. Sty . - . S ! .
description. Using this choice, it will be easy to identify how

SSCCs were measured, and for a choice of substituents, the ; s . o o
) yperconjugative interactions affect tBeandJe? contributions.
were also calculated using the CP-DFT methodot®gs . g . . o .
. . . With this idea in mind, the polarization propagator matrix
implemented in the Gaussian 03 package of progrdms. X . . .
elements in eq 3 decrease whenever there is an interaction

Hyperconjugative interactions were evaluated using the NBO . . .
method as implementédin that suite of programs. Increasing the energy gap between ther | and thea or b
antibonding NBOs.

2. Theoretical Predictions about Hyperconjugative Effects Interactions that increase the relevant energy gags are
on ey SSCCs (1) hyperconjugative interactions into the antibonding orbital

) o ) (0*cH) where theocy bond contains the coupling nuclei; (2)
~ According to the nonrelativistic Ramsey's formulation, pyperconjugative interactions from they bond containing the
isotropic SSCCs are contributed by four terms, namely, Fermi coupling nuclei. Interactions that increase the relevant energy
contact (FC), spirrdipolar (SD), paramagnetic spiorbit gaps inJ® are (3) hyperconjugative interactions from the
(PSO), and diamagnetic spiiorbit (DSO) as shown in eq 1:  ponding orbital that correspond to “other bond” (i.e., bonds
N . . bSO . involving the C coupling nucleus, but otherwise they are other
Jon=" Jont 7 deu T T en T Jen (1) than that containing the coupling proton). (4) The same as those
quoted above for thd® contribution (i.e., 1 and 2). However,
Each of these terms can be decomposed into localized moleculasince the absolute values & are notable smaller than that of
orbital (LMO) contributions. Within the polarization propagator b, this effect, from a qualitative point of view, can be neglected.
approach? the three second-order terms can be expressed as Factors affecting the “perturbatorstlf, c andUj, c) are the
shown in eq 2: S % character of the LMO orbitalsj anda, b at the C atom,
for example, these contributions are larger when the s %
Uen = 26 1\]ia‘jb(CH) (2) character is larger (it is assumed that changes in the s %
iaj character at the H site are much less important than those at
the C atom).
The above considerations on the energy gap between an
occupied,, and a vacant, LMO can be interpreted resorting
to the simple PMO theory (Figure 1). In fact, this shows
schematically why a hyperconjugative interaction fromdbg
bond,och — 0*gp, Yields a decrease dP correspondindJcy
SSCC ¢*gp stands for any antibonding orbital belonging to
the compound under study). It should be noted that this effect
1-FC also appears id°® but, since the absolute value $fis notably
‘]ia,jb(CH) = Wia,jb[Uia,chb,H + Uia,HUjb,c] (3) larger than that od°b, in a qualitative analysis it can be expected

wherei andj are occupied LMOs, whil@ andb are vacant
LMOs. ForlJcy SSCCs, it is known that the FC term is by far
the most important one. Therefore, for this qualitative analysis
aimed at obtaining insight into how different hyperconjugative
interactions affectdcy SSCCs, it is enough to consider the FC
term. As shown previousl§2°-d the LMO contributions to the
FC term can be written as in eq 3:
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Figure 1. If the occupiedi orbital undergoes a hyperconjugative
interaction of type — BD*, then according to the simple PMO theory,
the energy gap between these two orbitals change &@m) to «(a,

i"). This change can affect significantly the energy gap for the virtual
transitioni — a. It is important to note that tha antibonding orbital

is not affected by thé — BD* hyperconjugative interaction.

that the main effect of that interaction causes a decrease in that
1Jcn SSCC. A similar scheme indicates that a hyperconjugative

interaction into ther* ¢y antibond (i.e.gsp — 0* cH) decreases

the J° contribution to the FC term, and to a lesser extent, to the

absolute value ofl°b. (ogp stands for any bond or lone-pair
belonging to the compound under study.) If the “other bond”

undergoes a hyperconjugative interaction, then a decrease i

the absolute value ai°P to the FC term oftJcy is expected,
therefore increasing the FC term of thizy SSCC.

The above qualitative considerations were useful when

looking for a set of model compounds where to study the
influence of hyperconjugative interactions &lgy SSCCs. On
these grounds the serisswas chosen since in a previous work

it was observed that in these strained compounds very strong

hyperconjugative interactions of type,c, — o*c,x take place
(where G stands for any of the three bridge carbon atoms). It
should be noted that the three,c,, oc,c,, andoc,c, bonding
orbitals participate in three differedt® contributions to!Jcu;

therefore, such hyperconjugative interactions should decreas
their absolute values. Consequently, according to the above

qualitative considerations, it is expected that thi#8eontribu-
tions to the FC term should yield an increaséJgu. Therefore,
a priori it can be expected that in serlaghe*Jc,4 SSCC should

show important substituent effects (i.e., positive values for
electronegative substituents and negative values for electropos
itive substituents). In fact, an electronegative substituent should
increase such hyperconjugative interactions widening the energ

gaps between thec,c,, oc,c, andoc,c, bonds and the* ¢

antibond orbital, yielding a decrease in the absolute value of

the J% contributions to the FC term of thlc,y SSCC. The

converse holds for an electropositive substituent. It is also

observed that interactions of type,c, — 0*c,x would also
affectJob contributions to"Jcy SSCCs corresponding to bridge
carbon atoms like, for instancéJc,n. For this reason, com-
pounds of seriesb are also included in this study since a
comparison of these “lateraldc,y SSCCs is expected to provide

further insight into factors affecting these one-bond couplings.
It should be stressed that different effects affecting a given SSCC

e
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were determined from proton-coupled spectra, measured at
100-500 Hz spectral width, with a digital resolution of ca. 0.1
Hz/point. Experimental couplings thus obtained are considered
to be accurate te- 0.1 Hz (Department of Chemistry, Faculty

of Science and Engineering, Flinders University of South
Australia).

B. Computational Details. The geometries for 1-X-bicyclo-
[1.1.1]pentanel&) and 1-X-3-methylbicyclo[1.1.1]pentanko)
derivatives were optimized using the hybrid B3LYP functional,
which corresponds to the Lee et al. correlated functiéhahd
the exchange part is treated according to the Becke’s three-
parameter approacf.For such optimizations the 6-311G(d,p)
basis set was chosen. The geometries for methdneatd
tetrahydropyranl{/ ) were calculated at the MP2/cc-pVTZ level.

Calculations of all four terms of SSCCs (i.e FC, SD, PSO,
and DSO) were carried out using the B3LYP functional, and
the EPR-IIl basis sétwas chosen, which is of a tripeguality
and includes diffuse and polarization functions. For compounds
containing either a Cl, Br, or | atom, two different basis sets
were employed, namely (i) EPR-III for all light atoms and all-
electron 6-311** for the halogen atom and (ii) the same for all
light atoms and the LANL2DZ ECP for the halogen atom. Since
results found with these two different basis sets are similar (see

rbelow), for Sn-containing compounds, the latter possibility was

chosen. The part of the EPR-III basis set is enhanced to better
reproduce the electronic density in the nuclear regions; this point
is particularly important when calculating the FC term. It is
important to stress that coupling constants calculated at the
B3LYP/EPR-IIl level are close to the basis set converged
values?® The CP-DF PO perturbative approach was used for
calculating all the three second-order terms of ssEpin
couplings (i.e., FC, SD, and PSO); the DSO term is treated as
a first-order quantity. All DFT calculations were carried out
with the Gaussian 03 package of prograthidyperconjugative
interactions were studied using the NBO appro#ch.

For studying electrostatic effects, the FC ternidafy SSCCs
were calculated for methand ), 1-X-bicyclo[1.1.1]pentanes

(X =H and F) (II'), and tetrahydropyranl\{) including a
chargeq facing aocy bond (C—H- - - -g); in all cases the H- - -

q distance was kept fixed at 2.5 A. The point chamevas
changed in the range0.5 au to+0.5 au in 0.1 au steps. These

model systems correspond to an inhomogeneous electric field
directed along the €H bond and pointing in the C~ H

ydirection. This electrostatic interaction mimics somehow the

main interaction that takes place in weak hydrogen bonds of
type C—H- - -X (electronegative atom) giving place to the so-
called “blue-shifting hydrogen bond$zd and yields a slight
shortening to the correspondingy bond. It is also known that
such an interaction can be detected experimentally, measuring
the correspondindgJcy SSCC, and it manifests itself as an
increase of a few Hz. It should be recalled that such an increase
in a XJcy coupling could be reproduced by theoretical calcula-
tions at the ab initio HF and post-HF levels as well as within
the DFT frameworied

are in general intertwined, and the inclusion in the present study 4. Results and Discussion

of this type of couplings could provide indirect evidence about
the correctness of conclusions presented in this work.

3. Experimental and Computational Details

A. Experimental Details. Syntheses of compounds of series
la andlb are described elsewhef&?* Samples were prepared
in CDClz (X = NH3Cl in D,O) at concentrations of ca. 0.6
mol/L. 13C NMR spectra were recorded on a Varian Gemini
300BB instrument, operating at 75.462 MHZc,y SSCCs

A. Wcy SSCCsin Series la and Ibin Table 1, experimental
e andNen (= Wep = Yen) SSCCs in 24 members of series
la (Scheme 1) are displayed. It is observed that the range of
values covered byJc,qn SSCCs goes from 156.3 to 181.2 Hz,
while XJc,y SSCCs cover a range from 143.4 to 151.6 Hz. In
Table 1 are shown also experimental valuedJgfy SSCCs in
16 members of serieth (Scheme 1); they cover a range
from143.2 Hz to 150.0 Hz. Substituent effect trend ¥é¢
SSCCs does not parallel exactly that!d¢,; SSCCs inla.
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TABLE 1: Experimental 3Jcy Couplings in
1-X-Bicyclo[1.1.1]pentanes, la, and in
1-X-3-Methylbicyclo[1.1.1]pentanes, Ib
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TABLE 2: Comparison between Calculated and
Experimental YJc,4 in la and ¢,y SSCCs for a Selected Set
of the Substituents Shown in Table 1

la Ib la la Ib
lJCgH 1JCZH lJCZH 1J03H l\]CZH 1JC2H

H 167.8 144.5 146.8 X exp calcd exp calcd exp calcd
ChHs 163.9 1a6.7 H 167.8 1685 1445 1485 1468 147.8
chaOH 1655 T 143.5 CHOH 1655 171.2 1442 1490 1435 1481
Ph 165. 4 144' 4 143.7 COCH; 167.0 172.6 nb 150.9 145.8 150.0
COCHs 167 O OI;I ’ CONH; 167.0 173.8 146.3 151.8 no 150.1
CONH, 167-0 146.3 COOH 168.3 173.8 147.5 151.8 146.6 151.0
COM 168.3 147'5 146.6 CN 170.6 175.0 149.1 153.2 148.2 152.2
CO,CH 168-0 147'5 146.3 NH, 169.6 175.2 144.4 148.4 143.2 147.6
CN 3 170.6 149'1 148.2 NO, 180.4 184.3 151.6 155.0 150.0 154.0
NH 169'6 144'4 143'2 F 181.2 186.2 148.6 151.7
NH2C| 178.1 148.6 147'4 Cle 177.0 182.9 149.2 153.5 147.9 152.5
N03 180'4 151.6 150'0 Brb 176.7 182.6 149.8 154.0 148.4 153.0
OC?-{;:, 174'2 145'4 ’ 10 174.1 180.5 149.7 154.3 148.5 153.2
OAC 176.4 147.6 146.8 Cle 177.0 183.5 149.2 153.4 147.9 152.4
F 181.2 148.6 ’ Bre 176.7 182.2 149.8 153.8 148.4 152.8

: ) ¢ 174.1 180.9 149.8 154.0 148.5 153.0
Cl 177.0 149.2 147.9 SnMe, d 163.2 e 148.3
Br 176.7 149.8 148.4 ' '
I 174.1 149.7 148.5 aNot observed® Calculations of SSCCs were performed using the
SPh 169.8 147.0 146.3 B3LYP/EPR-IIl basis set for all atoms except Cl, Br, and | where the
SQOPh 174.0 150.3 149.2 6-311G** basis set was employetiCalculations of SSCCs were
SePh 169.4 147.5 146.4 performed using the B3LYP/EPR-III basis set for all atoms except Cl,
SnBu 156.3 143.8 Br, I, and Sn where the LANL2DZ ECP was employ&dn X =
SnPh 159.9 144.9 SnBu, Ne = 156.3 Hz and in X= SnPh, ey = 159.9 Hz.2In X

aNot observed. = SnBuw, e,y = 143.8 Hz and in X= SnPh, YJcy = 144.9 Hz.

SCHEME 1: 1-X-Bicyclo[1.1.1]pentane (la) and 1-X-3-
methylbicyclo[1.1.1]pentane (Ib).

the zero-point vibrational correction (ZPV&)For Jc,q SSCCs
such an overvaluation is somewhat smaller than &y
SSCCs. However, calculated couplings follow nicely the
experimental trends, which are taken as an evidence that
interactions that define experimental trends are well accounted
for at the level of theory used in this work.

A-1. Ycq SSCCs in Series 1a.NBO calculations were
carried out for compounds displayed in Table 2, and relevant
NBO parameters are analyzed to verify how consistent are the
qualitative considerations made above with calculated FC
contributions in members of seriés. NBO occupancies are
considered to be significant parameters to estimate the impor-
tance of different hyperconjugative interactions involving either
Experimentally, for nonlinear substituents similar effective a bond or an antibond, which must affect, according to Section
symmetries were observed bothi@andIb, which is indicative 2, WJcn SSCCslt is to be noted that, for the problem under
that in all cases different rotamers are separated by a rather lowstudy, such occupancies are considered to be more significant
potential energy barrier. For a selected set of compoundsparameters than individual hyperconjugative interactions since
displayed in Table 1}Jcy SSCC and NBO calculations were  for instance, according to Section 2, all hyperconjugative
performed. CalculatedJcy SSCCs are compared with their  interactions from thec,c,, oc,c., andocgc, “other bonds” 6c.c,,
experimental values in Table 2, where all four isotropic terms when quoted together) irrespective of the acceptor antibonding
are included, although they are not explicitly shown. In all cases orbital. The same holds for other occupancies considered in this
noncontact terms are notably smaller than the FC term; they section. In Table 3, orbital occupancies relevant to study
cover the following ranges, SD (04 0.05) Hz; PSO from 0.4  qualitatively the behavior 0f® (oc,s bond and of thes* o
to 0.6 Hz; and DSO from 0.8 to 1.1 Hz. For compounds antibond) and® (Zoc,c, bond orbitals) contributions to the FC
involving ClI, Br, or |, two different types of SSCC calculations  term of*Jc,4 SSCCs are displayed. Bond occupancies are given
were carried out, namely, EPR-III for light atoms and for the as the difference between the actual calculated values and the
halogen atom these two different choices were made, all-electron“ideal” occupation of a bonding orbital (i.e., 2.000); for all
6-311G** basis set and the ECP LANL2DZ. As shown in Table occupancies only three decimal figures are kept and are given
2, there is no much difference between them, for this reason inin 1072 units. Within this approximation, for nonlinear substit-
tin-containing compounds only the second alternative was useduents, the occupancies of all thregc,, oc,c,, andoc.c, bonds
(i.e., LANL2DZ ECP for the heavy atom while the EPR-IIl are the same. Referring to the FC term!d,y SSCCs, the
basis set was used for light atoms). Experimental trends areformer two occupancies convey an idea of howdheontribu-
nicely reproduced, although calculated totd,; SSCCs are tion is affected by the X substituent. On the other hand, the
in general overvalued from about 5 to 7 Hz, a trend that is latter three occupanciesd,c,, oc,c, andoc.c,) convey an idea
similar to that observed in other calculatéity couplings3 of how the threeJ°P contributions are affected by the X
This overvaluation worsens when taking into account the effect substituent effect. In the same Table 3 are included the
of nuclear motions, which is now accepted to be dominated by experimentatJc,y SSCCs, (E), and the calculated FC contribu-

CHj;

4 4
Ia Ib

For “linear” X substituents the direction defined by both
bridgehead carbon atomslen corresponds to a 3-fold symmetry
axis; consequently, all six “lateral®Jcy SSCCs are equal.
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TABLE 3: Calculated FC Term of %Jc4 SSCCs, Occupancies of NBO Orbitals Relevant for Analyzing théJc4 SSCC Values,
the s % Character at the C Atom of the ¢4 Bond, and the NBO Atomic Charge at the G Atom (au)®

H SnMg CH; CHOH COCH CONH, COOH CN NH NO, F Cl Br I
OcaH —6 -7 —6 —6 —6 —6 —6 —6 -7 -10 -10 -15 -16 -—18
0% gt 39 45 39 39 39 38 37 35 36 36 35 38 40 42
Zoc,,e, —111  —117 —120 —-120 —120 —120 —-120 -123 -129 -150 -—-156 -—168 -—171 -—174
Yen(EP 167.8 159.9 1639 165.5 167.0 167.0 1.683 170.6 169.6 180.4 1812 1770 176.7 1741
Yeu (T 1675 161.7 169.0 169.7 171.1 172.2 172.2 1735 173.6 1828 184.6 181.3 181.0 179.0
s % 28.95 28.12 28.87 28.87 29.03 29.12 29.19 2948 29.09 29.37 29.48 28.63 28.24 27.90
Q:(10°% —173 -525 2 —25 —111 —129 132 —152 188 86 412 —-31 —-91  -—181

aBond occupancies are given as the difference between the actual calculated values and the “ideal” occupation, 2.000; for all occupancies only

three decimal figures are kept and are given in3lnits. ® Experimental values, taken from TablecMeasured for X= SnPh. ¢ Calculated

values for the FC contribution.

TABLE 4: Occupancies of One Antibonding and Four
Bonding Orbitals Defining the J° and J°P Contributions to
the FC Term of YJc,4 SSCCs in Six Members of Series la
Having the C;- -C; Direction as a 3-Fold Symmetry Axig

X=H CN F cl Br |
O -9 -9 -10 -10 -10 —10
o* e 19 18 18 18 18 18
oce, 37 —58 -36 —38 —-38  —37
Oce, 37 —41 52  -56 57 58
Uon(E) 1445 1491 1486 1492 1498 1497
Jos(T) 1485 1532 1517 1534 1528  154.0
s % 25.74 2600 2613 2586 2580 2575

aQOccupancies are given as in Table 3.

tion, (T), to thelJc, coupling; the NED s % character of the
ocsn bond at G and the natural atomic charg®) at the G
carbon atom. It should be recalled that $1% character affects
the “perturbator” at g while Q; conveys an idea of how
important an electrostatic substituent effect could be. It is
observed thaQ; and the s % character of tle,y bond at G

do not correlate with each other. Although it is expected that
hyperconjugative interactions should affect thes@b6 character,

an electric field along thec,4 bond could also affect it even if
hyperconjugative interactions are not much affeéfed.

Values displayed in Table 3 show that the occupancy of the
ocsn bond is not sensitive to substitution for X groups having
a carbon atom at the position. For those X substituents changes
in the occupancies oficc, bonds are compatible with the
decrease, in absolute value, of the thid® contributions,
yielding a slightly larger calculated FC term for thie,; SSCC
than for X= H. The negative substituent effect observed for X
= SnMe seems to originate mainly (see Section 2) in fhe
contribution owing to hyperconjugative interactions into the
0*c,n antibonding orbital. For X= CN and X = NH,, the

TABLE 5: Calculated FC Contributions to “Lateral” Jc,
SSCCs in Compounds | (X= NHy) and | (X = NO)?2
NHz NOZ

l‘]CzHg IJCAHIO 1‘]CAH11 1J02H9 l‘](34H10 lJC4H11
FC 146.2 145.3 148.1 153.1 151.8 155.0
acH; -9 —10 —10 —10 —10 —10
0% cihj 19 20 19 17 17 17
ocr(ob)  —9 -10 -10 -10 -10 -10
Oeyc -40 —46  —46  —40 54  -54
Ocac; —42 —41 —41 —50 —50 —50
s % 25.62 25.35 25.68 26.06 25.97 26.23

aQOccupancies of bonds and antibonds affecting thand J°° of
such SSCCs are also shown; they are given as in Table 3. The spatial
orientation of the 6 lateralcy bonds, and the X groups are displayed
in Figure 2.

six laterallJcy SSCCs are the same. In this Table 4 are also
included the experimentalc,; SSCCs, (E), and the calculated
FC contribution, (T), to the correspondifd:n coupling. The

s % characters at the,€arbon atom of thec, bonds are also
displayed. In these compounds there are three diffejéht
contributions to the FC term of tHdc,» SSCC namely those
corresponding to thec,y bond (i.e., to theoc,y bond not
containing the coupling proton), and those corresponding to the
oc,c, andac,c, bonds. The X= CN substituent effect oRlc,u

is compatible with smaller absolute values than for=-XH of

the J°P contributions corresponding to the,c, andoc,c, bonds
since their occupancies are smaller than forX. For X=F,

Cl, Br, and I, while the occupancies of the,c, bonds are
practically the same as that for=x H, those of therc,c, bonds

are notably smaller. This trend is compatible with a decrease
of the absolute value of th#" contribution, where ob= oc,c,

and originates in the increasing acceptor ability along the
antibond serie®*cr < 0*ca < 0*cpr < 0%¢y. It is noted

calculated FC terms are practically the same; it seems that thisthat, along the halogen series, whille,; decreasesJc,+ does

result is a consequence of different competitive effects, for
instance J’(X = CN) > Jo(X = NHy); |J°°(X = CN)| > |P(X
= NHy)| and the s % character ag Gf the oc,y bond is larger
for X = CN than for X = NH,. The ¢y trend along the
halogen atoms is also very interesting sincedhg occupancy
decreases while that of ¢4 increases, defining a decrease of
J° along the series. On the other hand, the:, occupancies
decrease yielding a decrease, in absolute valu@®jrand the
s % character at £decreases along this series.

A-2. “Lateral” Jcy SSCCs in Series la and Ibln Table
4, the occupancies of thec,y bonding and of theo*cn
antibonding orbitals as well as of thosead,c, andoc,c, bonds
are displayed for compounds with % H, CN, F, CI, Br, and
I. With the exception of X= NH, and X= NO, (see below),
for other compounds the differences in the latédgly SSCC
are small, and it is not worth commenting on them. Since
compounds shown in Table 4 have a 3-fold symmetry axis, all

not change much.

The calculated FC terms of “lateratJcy SSCCs in com-
poundsla (X = NHy) and Ib (X = NOy) are worthy of
considering in detail. Their values are displayed in Table 5,
where occupancies of bonds and antibonds relevant for the
qualitative analysis of theif® and J°° orbital contributions as
well as the s % character at the C atom of each bond are shown;
occupancies are expressed as in Table 3. The spatial orientation
of the 6 lateralocy bonds and the X groups are displayed in
Figure 2, where the axial view from X of both compounds are
shown. Forla (X = NHy) (Figure 2a), the N nonbonding
electron pair is in the symmetry plane, while for (X = NOy)
both G=N bonds are contained in that plane. In both compounds
the FC term oflJc,,, is larger than the FC term dflc,u,,
probably due to the proximity of Hto an electronegative atom,

N for NH,, and O for NQ.%¢ It is noted that occupancies of
relevant bonds and antibonds for=X NO, are the same for
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Figure 2. Axial view for (a)la (X = NH,) and (b)la (X = NOy). In both cases the calculated FC contribution for the lafdeal SSCCs is shown.

TABLE 6: FC Terms of SSCCs (in Hz) Calculated in the Model Systems lla and Ilb Wheng Changes from—0.5 to +0.5 al?

lla lb
q lJCHa 1JCH s % OCH, O*CHa 1JCHa l\]CH s % OCH, U*CHa
-0.5 137.0 123.0 2577  -15 0.6 192.2 108.9 3298 -12 0.5
0.0 126.7 126.7 25.00 -1.2 0.4 180.4 113.2 32.06 -1.0 0.5
0.5 115.6 131.0 24.21 -1.0 0.2 167.0 117.9 31.14 -0.9 0.4
a Occupancies oficy bond ando*cy antibond are given as in Table 3.
SCHEME 2: lla d = 2.5 A; g Was Changed from—0.5 linearly fromqg = +0.5 toq = —0.5 au, though the sensitivity
to +0.5 a? to a positive charge is slightly larger than for a negative charge.
0 The main results thus found are collected in Table 6, where
it is observed thatJcy, SSCC changes 21.4 Hz whgrethanges
H——‘_:jc—Ha<L> . from +0.5 au to—0.5 au, while for the remaining bondac
q changes in—8.0 Hz within the same range of values. It is
a important to stress that ifla only weak hyperconjugative
11 interactions take place, and for this reason, changes in occupan-

aThe structure of the CHmolecule was kept fixed at its optimized ~ cies are too small. To verify if the electrostatic effect observed
geometryllb the Same as ila, but the H-C—Ha angle was changed  in lla is sensitive to th s % character of thecy bond facing
from tetrahedral to 120 chargeq, the same calculations were repeatedifior(Scheme

1) (i.e., forlla changing the HC—H, angles from tetrahedral

OcHy @ndoc,n,, bonds; however, their respeatis % character  to 120° but keeping the €H, direction as a 3-fold symmetry
at Gy show significant differences, 25.97% and 26.23%, axes). In these conditioddc, changes 25.2 Hz whenchanges
respectively. Although the relevant energy gaps could also befrom +0.5 to —0.5 au (i.e., the sensitivity to electrostatic
affected by this electrostatic interaction, it seems that the larger interactions seems to increase somewhat when increasing the s
effect comes through the “perturbators”, due to changes in the % character at the C atom). Such a distortion in the; CH
s % character, rendering a larger FC contribution &, molecule changes the FC term ¥ty SSCC (forq = 0 au)
than for*Jcn,, The small difference in the occupancy of the  from 126.7 to 180.4 Hz, and ¢hs % character at the C atom
corresponding antibond for X NH> is too small to account  changes from 25.0% to 32.06%.
for the observed difference on the FC term. Therefore, differ-  To study how different is the influence of the same
ences intJe,q,, andJcu,, SSCCs are interesting examples of  electrostatic interaction, shown in the model systémwhen
couplings affected by electrostatic effects not affecting the applied to a system undergoing stromghyperconjugative
relevant hyperconjugative interactions. interactions, modeldla andlllb are chosen (Scheme 3). The

Differences in'Jc,y SSCCs for analogous compounds of SCHEME 3: d = 2.5 A: ¢ Was Changed from—0.5 to
seriesla andlb are commented in Section 4E, where they are 4 5 g2 '
rationalized in terms of differences in their respective geometries
as given by the bridgehead,-G -C; distance.

B. Electrostatic Effects onlJcy SSCCs Studied in Model
Systems. In the previous section, it was argued that the q
calculated differences for the FC contribution %&,,, and
cny, SSCCs in compounds (X = NHy) andla (X = NOy) 4
originate in an electrostatic effect due to the proximity of the 1
oc,H,, bond to an electronegative atom (N for=XNH,; O for X =H(lla), X =F(lb).
X = NO,). To deepen the understanding of such an effect, NBO distanced and charge) were fixed as in moddl (i.e., 2.5 A),
and FC SSCC calculations were carried out in the model systemand q was changed from-0.5 to —0.5 au. Results for these
lla (Scheme 2) (i.e., a CHnolecule with a point charge facing  two model systems are displayed in Table 7, where it is observed
one of itsocyy bonds). The K - -q distance was fixed at 2.5 A, that in Illa and lllb ey changes in 30.6 and 31.2 Hz,
with g covering a range from-0.5 au to+0.5 au in 0.1 au respectively, when changing frog= +0.5 toqg = —0.5. Those
steps, and the CHyeometry was fixed at its optimized structure ranges for'Jc,q SSCCs inllla andlllb should be compared
(g = 0 au). This system is chosen since in methane very small with those in methandja andllb, (i.e., 21.4 and 25.2 Hz,
hyperconjugative interactions take place; therefore, electrostaticrespectively, as shown in Table 6).
interactions on them should not be important. As expected, Inllla andlllb the behavior of the* ¢, antibonding orbital
occupancies of bothcy, ando* cn, orbitals changed less than  occupancy is consistent with an inhibition of hyperconjugative
0.001; on the other hand, the FC term‘ady, increases almost  interactions into this antibond wheq < 0, and with an
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TABLE 7: FC Terms of SSCCs (in Hz) Calculated in Model
Systems llla and IlIb for Different Point Charges Facing the
OCH Bond?

lla Ilb
g Wen S% ocH 0%cH Occ, NoH S% OcH O0fcH Occ,
—0.5 181.2 2991 -7 34 -39 197.6 30.12-14 31 -54
0.0 166.5 28.86 -6 39 —37 1829 29.31-12 35 -—52
0.5 150.6 2759 -5 47 -—-36 166.4 28.30—10 41 -50

aOccupancies ofic;s andoc,c, bonds and™* ¢, antibonds are given
as in Table 3. Th s % character of thec,y bond at the € carbon
atom is also shown.

SCHEME 4
Q
mrﬁeq
Hay 0
qe Hax
IVa IVb

enhancement of such interactions wherr 0. According to
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this originates in the strong hyperconjugative interactions that
take place in the bicyclo[1.1.1]pentane substrate, where both
J° andJeP contributions td-Jc,4 are strongly affected by charge
g. For this reason, it is considered interesting to test two other
systems|Va and Vb (Scheme 4), to study the electrostatic
effect ontJcy SSCCs in tetrahydropyran with a point charge
facing theoc,n,, bond, IVa, and with a point charge g facing
the OCyHeq bond,IVb. Both distancal and chargej were taken
as in model systemi$ andlll . In IV there is a strong negative
hyperconjugative interaction into the*cn, and the pyran
substrate is notably less strained than those of mdtealsand
lllb . Calculated FC terms dflc,, and*Jch,, SSCCs; the s %
character at the C atom of the respectiwg; bond, and the
occupancies of bonds and antibonds that affect the respective
J» and J°° contributions (forq = —0.5, 0.0, and+0.5 au) are
collected in Table 8.

It is observed that, when changiggrom +0.5 au to—0.5
au, the FC terms dflcn,, (IVa) andJch,, (IVb) SSCCs change
in 20.9 and 21.5 Hz, respectively. Comparing results displayed
in Tables 7 and 8 ,it is noteworthy that, while in systelhhs
andlllb the occupancies of bonds affecting thecontributions
are notably changed, itva andIVb they are not affected by
the presence of point chargg This result is somewhat

the qualitative description presented in Section 2, electrostatic unexpected since thec,n,, bond is playing the role of “other

induced changes in the*c,4 occupancy are compatible with
an increase in thé contribution to the FC term dflc,s when

bond” in IVb, and the electrostatic interaction affectiog,
does not change, within the approximation considered here, the

the oc,q bond faces a negative charge. The occupancy of the OciHa occupation. This different behavior and the large natural

o bond for different values off show that the proximity to

chargeQ; at the G atom, seem to be the main reasons why

a negative charge enhances hyperconjugative interactions fromJcs+ in llla and lllb is more sensitive to electrostatic

a ocy bond, counteracting in part the effect dh Changes in
the occupancies afc,c, bonds { = 2, 4, 5) are very important,
and they show that such a negative charge facinghebond
enhances hyperconjugative interactions of tgpe, — 0*cx.
These interactions, according to Section 2, yield algebraic
increases in th@® contributions to the FC term dflc,y SSCC.
The s % character atz:®f the oc,q bond is more sensitive to
electrostatic interactions follla than for Illb ; the former
changes 2.32% while the latter 1.82% when changjrigpm

interactions than botHJcy, and Jcy,, in IVa and IVb,
respectively. In Figure 3, the behaviors ¥k, and 1JCHeq
SSCCs with a point charge facing the respectivg bonds are
displayed. In Figure 3a, the second-order perturbation energy
corresponding to the n(G} o* c,1,, NE€gative hyperconjugative
interaction and the calculated FC termtaf,_, versus the point
chargeq are displayed, while in Figure 3b the second-order
perturbation energy corresponding to thgo — o* ¢y, hyper-
conjugative interaction and the calculated FC termtJafy,,

+0.5 to—0.5 au. These values should be compared with those versus the point charggare plotted. In both cases a negative

in methane, where s % character changes in 1.56% for the
same change im. Taking into account the NB@); values
(Table 3), it seems that the point chaiggends to compensate
the electrostatic effect @; on the FC term of théJc,y SSCC;

in fact, inlllb Q; changes from 0.412 au fgr= 0 to 0.406 au
for g = —0.5 au. One of the important questions that remain to
be answered is about the larger sensitivity todledectrostatic
effect of the FC term otJc,qy SSCC inllla andlllb than that

of Wcn in bothlla andllb . In the next subsection, an answer

point charge facing the correspondingy bond inhibits the
respective hyperconjugative interaction into thiey antibond;
however, it is important to note the different vertical scale used
in Figure 3a,b for the second-order perturbation energy. This
conspicuous difference between both hyperconjugative interac-
tions suggests that, changeslik,y,, are mainly due to the
inhibition of the n(O) — o*cn,, interaction when a negative
charge faces thec,n, bond. On the other hand, results displayed
in Figure 3 suggest that changes in tig., SSCC plotted in

to such a question is sought by studying this type of electrostatic Figure 3b originate mainly on changes in the electronic

interaction on ascy bond participating in a strong negative
hyperconjugative interaction.

C. Negative Hyperconjugative Interaction Effect ontJcn,,
and onJcy,, in Tetrahydropyran (IV). In Section 4B, it was
observed that itlla andlllb the sensitivity of'Jc,y SSCC to
chargeq is notably different to that observedlin. Apparently,

distribution along thesc,., bond produced by the electrostatic
interaction with the point chargg. This effect seems to be
similar to that described above fida, where hyperconjugative
interactions are very weak.

D. Oxygen Protonation Effect on'Jcn,, and 1JCHeq SSCCs
in Tetrahydropyran (IVc). In modellVc (Scheme 5) tetrahy-

TABLE 8: FC Term of cp, and YJch,, SSCCs in Model Systems IVa and IVb for Different Point Charges Facing therch,,

and ocy,, Bonds, Respectiveals*/

IVa Vb
q 1JCHax s% OCHyy O CHay OCHeq ac,0 0c,Ce 1\]CHeq s % OCHeq o* CHegq OCHyy 0c,0 0c,Ce
-0.5 146.7 2448 —14 26 —18 —-10 —-14 155.5 2455 —20 16 —-13 —-10 —-14
0.0 136.9 23.76 —13 32 —18 —-10 —-14 145.8 23.84 —18 18 —13 —-10 —-14
0.5 125.8 2293 -—12 41 —16 —-10 —-14 134.0 23.03 -—16 21 —-12 —-10 —-14

aQOccupancies are given as in Table 3.
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8.0 TABLE 10: Comparison of Experimental YJc,y Couplings
la) —v—"y,,,, versus charge facing C-H,,, L 125 (in Hz), B_ridger;ead Ci- -C3 Distances,dc,c, (in A), and
. —e— Energy versus charge facing C-H,_, A(dc,c,) (in 103 A), and the C, s % Character of the oc,
5 Bond
E L 130
S la b
= 7.0 T
g | 135 3 X A(cH)  docs doe:  Aldge)  A(s %)
% 654 5 H -2.3 1.8812 1.8891 -7.9 0.35
a° CH,OH 0.7 1.8821 1.8902 —-8.1 0.37
= - 140 COCH 1.8820 1.8902  -8.2 0.39
S 6.0- CONH; 1.8818 1.8904 —8.6 0.39
i | 145 COH 09 18771 1.8850 —7.9 0.39
CN 0.9 1.8815 1.8898 —8.3 0.37
5.5 NH, 1.2 1.8801 1.8881 —8.2 0.42
r . r . r . r . ; —L 150 NO; 1.6 1.8398 1.8489 -9.1 0.38
04 02 0.0 02 0.4 cl 0.7 1.8403 1.8499 —9.6 0.41
Charge g/ au Br 1.4 1.8386  1.8486 —10.0 0.42
| 1.2 1.8398 1.8507 —10.9 0.37
1.3 130
—v—1 harge facing C-H . .
b) ¥ Vo versus charge g Upon protonation, botlcy,, and ocn,, bond occupancies
- 124 —@— Energy versus charge facing C—Heq 135 . ax €d
5 3 decrease notably; the former due to the presence ofthg
5 . antibond (i.e., there is an importas,, — o* on interaction)
SR - 140w and the latter due to the increase in the acceptor ability of the
i I ~ 0*oc, antibond. On the other hand, the occupancies®@f,,
% 101 / | 145 = ando*c,, antibonds are notably reduced, although this effect,
% /o// as expected, is much stronger in the former than in the latter.
g 091 /./‘ S 0 5o To understand the behavior &icn,, and *Jcn,, SSCCs upon
- g / i protonation it is important to remember that thg,,, bond plays
081 v I the role of “other bond” fofJcy,, and so doesc,, for e,
v - 155 These results are compatible with the conclusion that the main
07— Ti 12 oo o oa factor defining the experimental difference betwéas,,, and
' ' Charg-eq /o ' ' Yeh., SSCCs is the negative hyperconjugative interacti@)
— 0% CHaye
Figure 3. Response of the FC term &fcy SSCCs inVa andIVb to CHax ) N ) )
a point charge facing the correspondingcy; bond. In both cases, the E. Geometric Ef_fect on*Jcn SSCCs Results _dlsplgye_d in
H- - -q distance was kept fixed at 2.5 A, and the tetrahydropyran Table 6 show that in methane, where hyperconjugative interac-
geometry was kept fixed at its optimized value. (a)\fa the second- tions are very small, howdc, SSCC is affected by a distortion
order perturbation energy corresponding tort®) — o*criaxnegative in the molecular geometry. That distortion was obtained

hyperconjugative interaction and the calculated FC terrilgfax vs
the point chargey. (b) In IVb the second-order perturbation energy
corresponding to thec,o — o* crax hyperconjugative interaction and

increasing the k-C—H bond angles from tetrahedral to 20
keeping the G&H, direction as a 3-fold symmetry axis. It is

the calculated FC term dficeq VS the point charge. also observed an important increase iae % character at the
C atom of thevcp, bond. This geometry effect ontdcy SSCC
SCHEME 5 is expected to be present when other effects are also operating,
Pll like, for instance, hyperconjugative and/or electrostatic interac-
Q+ tions. Of course, in actual compounds all these effects are
me“‘ strongly intertwined, and it might be impossible to obtain a neat
M separation between them. However, in some instances indirect
e "" evidence might be obtained on any of these effects; this seems
to be the case 0flc,4 in compounddb where such couplings
TABLE 9: Effects upon Protonation of One Oxygen were measured as part of this work (Table 1), and their total
Lone-Pair in Tetrahydropyran calculated values are shown in Table 2. In fact, it is observed
Jon S% o O*cn  Oco  Occ that, aIthough small, .there is a systematic diffe.ren.ce between
ax  neui 1369 2376 —13 32 10 —14 _such c_o_upllngs in serida andlb (Table _10), which is rather
prot. 1607 2508 —19 19 7 12 insensitive to the nature of the X substituent. In Table 10 are
eq neut. 1458 2384 -13 18 -10 -14 collected also the difference in the bridgehead-GCs distance,
prot. 1516 24.04 -18 14 -7 -12 A(dc,c,), obtained from their optimized geometries and between

aThe FC term of SSCCs are given in Hz % corresponds to the ~ the G s % characterA(s %), as given by the NBO method
character of the respective:y bond. Occupancies of NBO orbitals, between compounds of serida and Ib for the same X
given as in Table 3, relevant to analyze qualitatively the behavidt of  substituent. It is observed that the methyl group, séhegields
and J°° contributions to the respective FC terms are shown. an increase inlc,c, of about (8 to 10)x 1073 A, which also
dropyran is protonated with a proton in axial position, where decreases the G % character in ca. 0.4% for the,n bond.
the optimized geometry for neutral hydropyran was held fixed. On the other hand, a qualitative analysis of how hyperconju-
In Table 9, data corresponding to the FC contributiofJtg,,, gative interactions affect the respectidfeandJeP contributions
andJcn,, SSCCs, th s % character at the C atomafy,, and to the FC term of such couplings show that these effects tend
0che, bonds, and occupancies of orbitals relevant for analyzing to compensate among each other (Table 11). These observations
qualitatively the behavior of® and J°° contributions to such are compatible with ascribing to a geometric effect (i.e. a slight
SSCCs are collected. lengthening of the bridgehead-G -C; distance), the changes
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TABLE 11: Occupancies (given as in Table 3) of Bonds and
Antibonds Relevant for a Qualitative Analysis of J®> and JoP
to the FC Term of XJc,q SSCCs in la and Ib

OcoH 0% ot ocic, 0c,Cs

X la Ib la Ib la Ib la Ib
H -9 -10 19 19 -37 -—-40 -—-37 —46
CHOH -10 -10 18 19 —-48 -50 —-40 -50
COCH; -9 -10 19 19 -53 -57 -—-40 -50
CONH; -9 -10 19 19 -53 -56 -40 -50
COH -9 -10 18 18 —-52 -56 -—-40 -50
CN -9 -10 18 18 —-58 -61 -—-40 -50
NH_ —-10 —-11 19 20 —43 —48 —43 53
NO, -10 -11 17 17 —-49 -52 -50 -—59
Cl -10 —-11 18 18 —38 —41 —-56 —65
Br -10 -11 18 18 —-38 —41 57 —67
| -10 -—-11 18 18 —-37 —41 —-58 —68

observed itJc,y SSCCs when comparing analogous compounds

in serieslb andla.

5. Concluding Remarks

In the qualitative analysis of how hyperconjugative interac-
tions affect Ueppn SSCCs presented in Section 2, it is

concluded that (a) hyperconjugative interactions whether from

the ocy bond or to thes* cy antibond (both of them involving
the coupling nuclei) yield a reduction on tAécsppn SSCC;

(b) hyperconjugative interactions from any of the three “other
bonds” involving the coupling C nucleus yield an increase in
thatJc(sppn SSCC. Experimentdlc, couplings measured in
members of théa series support conclusion (b).

Effects of changes in the polarization along ths bond on
the correspondinglcsppn SSCC are studied resorting to model
systemd| andlll . Such results show that polarization of the
ocn bond by an electric field along that bond and pointing in
this way, C— H, yields an increase on the corresponding
eeppn SSCC. This result is compatible with experimental
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