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Trends for geminal (2JHH) and vicinal (3JHH) nuclear magnetic resonance indirect spin-spin coupling constants,
SSCCs, for 2-methylthiirane (5) and 2-methyloxirane (6) are studied both from experimental and theoretical
points of view to determine the influence of hyperconjugative interactions on these couplings. These two
analogous compounds were chosen because it was expected that they exhibit quite different anomeric effects.
Hyperconjugative interactions are investigated using the “natural bond orbital” method. Coupling constants
are calculated within the density functional theory including all four scalar contributions, that is, the Fermi
contact, the spin-dipolar, and the paramagnetic and diamagnetic spin-orbital contributions. Solvent dielectric
effects are taken into account using Tomasi’s polarizable continuum model. Results for geminal couplings
are consistent with linear correlations connecting2JHH with the coupling pathway occupation numbers taken
from the literature. The present analysis suggests that both2JHH and 3JHH coupling constants are sensitive
probes to gauge the anomeric effect, as well as other hyperconjugative interactions.

Introduction

The importance of a lone-pair (LP) orientation in the
conformational stability for several types of compounds, such
as acetals, sugars, and nucleotides, is very well known.1-5 For
many years, the interaction that defines such lone-pair orienta-
tion was called the anomeric effect; now, it is also known,
following Schleyer et al.,6 as “negative hyperconjugative
interaction”. One rationalization of the nature of the anomeric
effect is to consider it also to be a two-electron stabilizing shift
from a lone pair of electrons on one oxygen atom to an
antibondingσ* orbital, adjacent to the C-O bond, one in the
case of sugars and acetals. A similar effect is known for other
types of lone-pair-bearing atoms (X); in this case, theσ*
antibonding orbital corresponds to a bond adjacent to the C-X
bond, where X is an electronegative lone-pair bearing atom such
as nitrogen. Although this interaction is strongest for an
antiperiplanar arrangement between the LP and theσ* anti-
bonding orbital, it has also been observed for other conforma-
tions.7 The anomeric effect is a fundamental stereoelectronic
interaction and presents a profound influence on the molecular
electronic structure, not limited to either acetals or ring
systems.1-3 At present, the natural bond orbital (NBO) approach
of Weinhold et al.8 has been frequently used to quantify the
anomeric effect, as well as other hyperconjugative interactions.9

1JCH couplings are known to be sensitive to the anomeric
effect, and many authors10 studied them from both experimental
and theoretical approaches. Such studies show that, at least in
many cases,1JCH couplings are an adequate probe to gauge this
interaction. Very early in the history of NMR spectroscopy,
interproton couplings were recognized as powerful tools for

elucidating molecular structures.11 Since the pioneering work
of Ramsey,12 it has been considered that couplings involving
not only protons but also other light atoms are dominated by
the Fermi contact term. Now, high-level ab initio calculations
tend to confirm such a trend, although in some instances
noncontact contributions can have a non-negligible influence,
even in interproton couplings. Several cases were reported
where, individually, noncontact contributions are more important
than the FC term, but they almost cancel each other.13

The influence of the anomeric effect on2JHH coupling
constants was, by far, less studied than the influence of such
interactions on1JCH couplings.14 It is known that experimental
2JHH couplings cover a very wide range of values from about
-24 to +43 Hz,15 and it is accepted that they depend on a
variety of factors.16,17Recently,18 for a CH2 moiety placedR to
an sp2 carbon atom, for example, a carbonyl moiety such as
acetaldehyde (1) or a CdC double bond such as that in propene
(2) (Scheme 1), eq 1 was written for different values ofæ, the
rotation angle around the C(sp2)-C(sp3) bond, to account for
the DFT-calculated FC contribution to the2JHH coupling
constant
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whereΣ∆occ is the sum of the differences between the NBO
occupancies of theσCR-H2,3 bonding orbitals containing both
coupled protons for an angleæ and those corresponding toæ
) 0° (and the analogous quantity for the respective (σ*CR-H2,3)
antibonding orbitals). For1, we obtainedJ0 ) -19.38,A )
324, andB ) 1249, whereas for2, the following eq 1 parameters
were reported:J0 ) -18.30,A ) 616, andB ) 720. These
parameters for eq 1 indicate that for compounds1 and 2
hyperconjugative interactions from the coupling pathway yield
negative increases in the2JHH coupling, whereas hyperconju-
gative interactions into the coupling pathway yield positive
increases in the2JHH coupling. As examples of how the anomeric
effect affects2JHH couplings, methylamine (3) and methanol
(4) were taken as model compounds,18 and the FC term of2JH2,H3

was calculated for different rotation angles,æ, around the C-N
and C-O bonds, respectively. It should be recalled that the
inductive effect is not expected to depend onæ; therefore, the
plots shown in Figure 27 of ref 18 mainly reflect the influence
of the anomeric effect (negative hyperconjugative interactions)
on 2JH2,H3. A plot of these couplings versus the sum of the NBO
occupancies of the (σ*CR-H2,3) antibonding orbitals shows that
for both compounds2JH2,H3 increases monotonically when that
sum was increased.18 This indicates that negative hyperconju-
gative interactions, as well as other hyperconjugative interac-
tions, qualitatively affect2JHH couplings in the same way.
However, the influence of the former is notably more important
than that of the latter.

Vicinal proton-proton coupling constants,3JHH, in H-C-
C-H fragments are a powerful tool for structural elucidation
and conformational analysis of molecules in solution19 because
of their Karplus-type dependence20 on the corresponding
dihedral angle. During the last two decades, several factors that
affect the standard Karplus curve, such as bond angles, bond
lengths, substituent electronegativity, and orientation, were
studied.15,21 It is already known that hyperconjugative interac-
tions involving either bonding or antibonding orbitals belonging
to the coupling pathway could have a significant influence on
the respective FC term of such vicinal couplings,18 although it
seems that the relationship between hyperconjugative interac-
tions and vicinal couplings is more complicated than the effect
of such interactions on geminal couplings. Apparently, the FC
term of other types of couplings involving13C and15N nuclei
are similarly influenced by hyperconjugative interactions.13

To gain further insight into the effect of hyperconjugative
interactions on2JHH and3JHH coupling constants, we report the
study of 2-methylthiirane (5) and 2-methyloxirane (6) (Scheme
1), which were chosen as model compounds. This choice was
based on the following considerations. (1) The antibonding
orbitals corresponding to the C-H bonds, bound to these small,
strained, cyclic heteroatom compounds, are expected to be very
good electron acceptors for hyperconjugative interactions. There
are two reasons for expecting such behaviors, and both of them
are based on Bent’s rule,22 namely, (i) an electronegative atom
is boundR to the CH2 moiety; and (ii) the strained ring C-C
bond presents low s % character. Therefore, the ring C-H bonds
in 5 and6 should show high s % character at the C atom (vide
infra), and their antibonding orbitals are good electron acceptors.
(2) Both heteroatoms belong to group VI of the periodic table,
but they are expected to show notably different anomeric effects
because they belong to different rows of the periodic table. Such
a difference in the anomeric effect for O and for S atoms is

observed when comparing the relation between the axial-1JC2H2

and equatorial-1JC2H2 couplings, which is reversed when going
from cis-4,6-dimethyl-1,3-dioxane to the 1,3-dithiane analogue.10d

Therefore, compounds5 and6 can be considered to be test cases,
and the trends observed in this study could be expected to hold
for the FC term of other geminal and vicinal couplings involving
either13C or 15N isotopes. The proton spectra of5 and6 were
taken at 500 MHz, and the corresponding experimental2,3JHH

couplings were determined. The coupling constants were
calculated within the DFT framework, and the hyperconjugative
interactions were studied with the NBO method.8

Experimental Details

NMR Measurements.Compounds5 and6 are commercially
available (Acros) and were used without further purification
because they did not show any impurity in the proton NMR
spectra. The1H NMR spectra were obtained on a Varian
INOVA spectrometer operating at 499.88 MHz for solutions
of ca. 20 mg in 0.8 mL of CDCl3, with a probe temperature of
ca. 25°C. 1H spectra were referenced to internal TMS, and
typical conditions for taking the spectra were 48 transients, and
spectral width of 4000 Hz, with 32k data points and zero filled
to 128k to give a digital resolution of 0.06 Hz. Under such con-
ditions, the spectra of both compounds are first order; therefore,
the chemical shifts and the absolute values of the coupling
constants were taken directly from the spectra (Table 1).

Computational Approach. All DFT calculations were car-
ried out with the Gaussian 98 package of programs23 using the
B3LYP functional.24,25 The aug-cc-pVTZ basis set was em-
ployed for geometry optimizations, and occupancy numbers and
energies of hyperconjugative interactions were calculated with
the NBO program.26 All four isotropic contributions to SSCCs,
that is, Fermi contact,JFC, spin-dipolar,JSD, diamagnetic spin-
orbit, JDSO, and paramagnetic spin-orbit, JPSO, were calculated
within the DFT framework. Their calculation was implemented
within the Gaussian 98 program, where all three second-order
terms were evaluated either within the FPT single-perturbation27

approach (JFC andJSD) or within the coupled perturbed Kohn-
Sham approach,28 CP-KS (JFC and JPSO). Both types of
approaches correspond to the same approximation, and for the
implementation used in this work, it was verified thatJFC

numerical values for FPT and CP-KS approaches are equal
within 0.01 Hz. A detailed description of the corresponding
implementation is presented in Peralta et al.’s paper.29 TheJDSO

term was obtained as the mean value of the DSO operator in
the unperturbed reference state. The one-electron integrals for

2JH2,H3
(Hz) ) J0 + AΣ∆occ(σCR-H2,3

) + BΣ∆occ(σ*CR-H2,3
)

(1)

TABLE 1: Proton Chemical Shifts (ppm) and Coupling
Constants (Hz) for 2-Methylthiirane (5) and 2-Methyloxirane
(6) in CDCl3a,b

compounds

H1 2.12 2.43
H2 2.51 2.75
H3 2.92 3.00
H4 1.51 1.32
2JH1H2 1.07 (-1.37)c 5.11 (5.66)d
3JH1H3 5.72 (5.54)c 2.71 (2.52)d
3JH2H3 6.34 (6.60)c 4.27 (4.06)d
3JH3H4 5.72 5.23

a Only absolute values of SSCCs were measured in this work.
b Manatt et al.37 reported for styrenimine:2JH1H2 ) 0.87 Hz,3JH1H3 )
3.29 Hz, and3JH2H3 ) 6.12 Hz.c Measured by Manatt et al.37 in styrene
sulfide. d Measured by Manatt et al.36 in styrene oxide.
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the PSO and DSO operators were computed with the Dalton
1.1 program.30

To calculate SSCC contributions, we used two different types
of basis sets. TheJPSO andJDSO contributions were calculated
by employing the correlation-consistent triple-ú basis sets
(cc-pVTZ). TheJFC and JSD terms were calculated using the
aug-cc-pVTZ-J31 basis set, which is essentially the aug-cc-
pVTZ32 basis set, but it was optimized for calculating SSCC
by augmenting it with four tight s functions with very large
exponents, which are crucial for a correct description of the
JFC term.33 The aug-cc-pVTZ-J basis set performance within
the DFT framework was recently studied, and its potential to
calculate SSCCs was determined.34 The dielectric medium effect

is included in the FPT calculation of the FC term using the
polarizable continuum model, PCM, of Tomasi et al.35

Results and Discussion

Under the conditions described above, the1H NMR spectra
for compounds5 and 6, Figure 1, show, as expected, four
different signals, one for each ring hydrogen and one for the
three methyl protons, although they present different coupling
patterns. The corresponding chemical shifts and coupling
constants are displayed in Table 1. These coupling constants
are compared, respectively, with those reported for styrene
sulfide36 and styrene oxide,37 which are compounds that are
analogous to5 and6, where the methyl group is replaced by a

Figure 1. 1H NMR spectrum in CDCl3 at 500 MHz for (a) 2-methylthiirane (5), and (b) 2-methyloxirane (6).
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phenyl group. It is observed that the three-bond ringJHH SSCCs
are similar for analogous compounds. As expected from the
different patterns of their1H NMR spectra, two- and three-bond
JHH SSCCs are notably different for compounds5 and 6,
although the bond angles and dihedral angles are similar. In
fact, optimized H1-C-C-H3 and H2-C-C-H3 dihedral
angles are 149.6 and 154.7° and 2.8 and 1.1° for 5 and 6,
respectively.

The calculatedJFC, JSD, JPSO, and JDSO contributions to
isotropic JHH SSCCs in5, 6, and methylcyclopropane (7),
considering an isolated molecule are shown in Table 2, being
that the following features of such data deserve comment. Both
geminal and vicinal coupling constants are dominated by the
FC term, although for the geminal coupling in5, the absolute
values of theJPSOandJDSO terms are larger than that of theJFC

term; however, they are of opposite sign and almost cancel each
other. In 6, the JPSO and JDSO terms of 2JHH are similar in
magnitude to those in5, but the algebraic value of the
correspondingJFC term is notably larger. TheJDSO term follows
a well-known trend; that is, if the space spanned by the electrons
of a given molecule is partitioned into two regions considering
a sphere whose diameter is determined by the distance separating
both coupled protons, then electrons inside such a sphere yield
a negative contribution, whereas those outside the sphere yield
a positive contribution.38 In concordance with such a trend, the
JDSO term of the2JHH SSCC in6 is more negative than that in
5 because the C-O bond is shorter than the C-S bond. The
marked difference between theJDSO contribution to3JH1H3 and
3JH2H3, in each compound, can also be rationalized on the same
grounds, remembering the difference in the respective H-C-
C-H dihedral angles. AJDSO term, similar to that calculated
for 3JH1H3 SSCCs was reported by Sauer et al.39 for 3JHH in ethane
in the 180° dihedral angle conformation (-3.13 Hz).

The very large difference between theJFC term of 2JHH

couplings in5 (-1.37 Hz),6 (+5.46 Hz), and7 (-5.52 Hz)
suggests that besides an electronegativity effect such differences
are influenced by the stronger negative hyperconjugative
interactions into the (σ*C4-H1,2) antibonding orbitals in6 than
in 5, which are absent in7. The difference in these interactions
can be quantified by comparing the energies of the interactions
LP2(O) f (σ*C4-H1,2,3) and LP2(S) f (σ*C4-H1,2,3) (LP2 corre-
sponds to the lone pair NBO orbital with higher energy), which
are presented in Table 3. Energies of (σO-C6) f (σ*C4-H1,2) and
(σS-C6) f (σ*C4-H1,2) hyperconjugative interactions are also
displayed, which are notably smaller than the negative hyper-
conjugative interactions. Moreover, the occupancies of the NBO
LP2 and (σ*C4-H1,2,3) orbitals also convey an idea about the
importance of such interactions, which are compared for5, 6,
and7 (Table 4). In the same Table, the s % character at the C
atom of the (σC-H1,2,3) bond orbitals is also shown. The high s
% character indicates that the respective antibonding orbitals
are very good electron acceptors. The negative hyperconjugative
interactions are notably more important in6 than in5, and this
fact is also appreciated by comparing the respective occupancies

TABLE 2: Comparison between Calculateda and Experimental (CDCl3) nJHH Couplings (Hz) in 5, 6, and 7

a The FC and SD terms were calculated at the FPT-B3LYP/aug-cc-pVTZ-J level for H and C atoms and FPT-B3LYP/aug-cc-pVTZ for O and
S atoms.b Predicted by Manatt et al.36

TABLE 3: Comparison of Significant NBO Interactions (in
kcal mol-1) for 2-Methylthiirane (5) and 2-Methyloxirane (6)

energy

orbital interactions 5 6

LP2(X) f s*C6-H3 2.70 5.62
LP2(X) f s*C4-H1 2.92 5.24
LP2(X) f s*C4-H2 2.90 5.42
LP2(X) f s*C6-C7 2.74 4.78
aσX5-C6 f s*C4-H1 1.62 1.40
aσX5-C6 f s*C4-H2 1.86 1.40

a X ) S for compound5 and X ) O for compound6.
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of the (σ*C4-H1,2,3) antibonding orbitals. This observation is
compatible with the more positive2JHH SSCC in6 than those
in 5 and7.18 It should be noted that although2JFC in 7 is notably
more negative than2JFC in 5 and 2JFC in 6 it is notably more
positive than in unstrained saturated hydrocarbons, where it is
known that2JHH is ca. -12 Hz.13 It should be recalled that
methylcyclopropane is a strained compound where (σC-C) f
(σ*C-H) ) 2.40 kcal mol-1 hyperconjugative interactions take
place.

It is known that for a given compound the negative hyper-
conjugative interactions are slightly inhibited by the solvent
dielectric effect.40 NBO analysis of such interactions taking into
account solvent effects yields the following results. The energies
of the LP2 f (σ*C4-H1,2) interactions are 2.90 kcal mol-1 in
compound 5 for ε ) 1, whereas forε corresponding to
chloroform, the energy for the same interaction is 2.84 kcal
mol-1 and forε corresponding to acetone, is 2.80 kcal mol-1.
Similar differences were also observed for compound6. The
JFC term of theJHH couplings, in5 and6, was also calculated
including the solvent dielectric effect, which was taken into
account using the PCM model.31 Solvent effects on the
remaining three terms of SSCCs were not taken into account.
Results for5 and 6 considering solvent dielectric constants
corresponding to chloroform and acetone are compared in Table
5, where the FC term (including the solvent dielectric effect)
plus all other three contributions calculated in an isolated
molecule (ε ) 1), are compared with experimental SSCCs. The
following features of data shown in Table 5 are noted.

Geminal Couplings. This type of SSCC becomes more
negative, both for5 and6, when increasing the solvent dielectric
constant, that is, when inhibiting slightly the negative hyper-
conjugative interactions. This result is then compatible with
assuming that the anomeric effect causes an algebraic increase
in the 2JHH SSCC. This is further supported when noting that
the solvent dielectric effect on2JHH in 6 is larger than that in5.
It is also noted that the total2JHH SSCCs are in better agreement
with experimental values when taking into account the solvent
dielectric effect on theJFC term. It is noteworthy that theJFC

term of 2JHH in 5 and 6 shows a solvent influence similar to
that reported by Webb et al.41 for the 2JCH coupling across the
carbonyl group in acetaldehyde and on the absolute value of
2JNH coupling in formamide.42 Recently,43 it was shown that in
acetaldehyde this trend originates in theJFC term of this2JCH

coupling, which, like other geminal SSCCs through a carbonyl
group,44 is unusually large and positive, provided the magne-
togyric ratios of both coupled nuclei are of the same sign. This
feature of geminal SSCCs through a carbonyl carbon atom is
originates in part from the strong hyperconjugative interactions
involving the p-type carbonyl oxygen lone pair and the
antibonding orbitals belonging to the coupling pathway.13,16

Vicinal Couplings. The calculated solvent dielectric effects
for 5 and 6 on theJFC term for both3JH1H3 and 3JH2H3 are of
opposite sign to those for the geminal couplings, and their
absolute values are smaller. Moreover, for compound5, the
calculated solvent effect on3JH1H3 (dihedral H-C-C-H is about

150°) is slightly more important than that on3JH2H3 (dihedral
H-C-C-H about 0°), but this trend is reversed for compound
6. Such a trend suggests that the influence of negative
hyperconjugative interactions on3JHH SSCCs is more important
for a 0° conformation than for a 150° conformation. The
influence of hyperconjugative interactions on3JHH couplings
are known to be more complicated than that on the2JHH

couplings.15 The first distinction to be made is between
hyperconjugative interactions (a) within the coupling pathway
and (b) involving nearby bonds or antibonding orbitals. Those
of type a seem to enhance3JHH couplings,15b as well as theJFC

term of 3JCH couplings.45 Those of type b in an H-C-C-H
fragment and corresponding to either hyperconjugative interac-
tions into the (σ*C-H) antibonding orbitals or hyperconjugative
interactions from the C-H bond orbitals cause a decrease in
the 3JHH coupling.13 Hyperconjugative interactions into the
(σ*C-C) antibonding orbital also cause a decrease in3JHH

coupling, as is well known.46,13 These considerations can shed
some light on the trends observed for the values reported in
Table 2, both for the3JFC and experimental3JHH SSCCs. It is
noted that there is a remarkable difference in3JH2,H3 couplings
along the series7 > 5 > 6, which parallels the increase in the
negative hyperconjugative interactions involving the (σ*C-H2,3)
antibonding orbitals. Moreover,3JH1H3 is notably smaller in6
than in5, which is slightly larger than in7. This suggests that
the Karplus-like relationship must be markedly affected when
the corresponding (σ*C-H) antibonding orbitals are involved in
strong negative hyperconjugative interactions with nearby
nonbonding electron pairs;3JHH SSCCs for an almost cis
configuration seem to be more affected than for a 150°

TABLE 4: NBO Carbo n s % Character of the C-H Bonds
and Occupancy of theσ*C-H Antibonding Orbitals and the
LP2(X) (10-4), Calculated at the B3LYP/aug-cc-pVTZ Level
for Compounds 5 (X ) S), 6 (X ) O), and 7

carbons % character occupancy

C4-H1 C4-H2 C6-H3 σ*C4-H1 σ*C4-H2 σ*C6-H3 LP2(X)

5 28.75 28.80 26.59 190 184 262 19 460
6 29.70 29.64 27.22 216 212 292 19 285
7 27.84 27.78 25.44 122 114 204

TABLE 5: Comparison between Experimental (CDCl3) and
Calculated nJHH

a Couplings (Hz) Including Solvent Effect
(PCM)

a The FC term was calculated at the FPT-B3LYP/aug-cc-pVTZ-J
level for H and C atoms and at the FPT-B3LYP/aug-cc-pVTZ level
for O and S atoms.b Samples prepared in CDCl3. Only the absolute
values of couplings were determined.c Average value of coupling with
the three methyl protons.

Jav )
H3H8 + H3H9 + H3H10

3
) 3.38+ 13.50+ 2.63

3
) 6.50 Hz
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configuration. Furthermore,3JH3HMe in 6 is only slightly smaller
than3JH3HMe in 5. A different sensitivity between cis and trans
3JHH SSCCs through the H-C-N-H pathway was reported in
formamide where Vaara et al.46c measured 2.25 and 13.90 Hz
for cis and trans3JHH SSCCs, respectively. The last coupling
was also measured recently by Farrar et al.47 in a dilute solution
of CCl4, trans3JH,H ) +13.7 Hz was obtained. If these two
couplings are calculated using the Karplus-like relationship
obtained by Hu and Bax48 for vicinal couplings through an
H-C-N-H fragment, then the values of 7.22 and 10.06 Hz
were obtained for cis and trans3JHH SSCCs, respectively; that
is, the strong hyperconjugative interactions that take place in
formamide, LP(Op) f (σ*Cc-N) and LP(Op) f (σ*Cc-H), seem
to cause a notable decrease in the former but an increase in the
latter.

Conclusions

Very important differences both for2JHH and3JHH couplings
and for negative hyperconjugative interactions, LP2(S)f σ*C-H

and LP2(O) f σ*C-H in compounds5 and 6, are observed.
These observed trends indicate that both types of SSCCs are
very sensitive to hyperconjugative interactions, being, as a
consequence, interesting probes to gauge hyperconjugative
interactions in general and, in particular, those corresponding
to the anomeric effect. Results presented in this work are
compatible with the influence of hyperconjugative interactions
on 2JHH discussed in the literature;18 that is, hyperconjugative
interactions into antibonding orbitals belonging to the coupling
pathway cause a significant algebraic increase in the2JHH

coupling, and hyperconjugative interactions from the bond
orbitals belonging to the coupling pathway cause an algebraic
decrease in the corresponding2JHH coupling.

The influence of hyperconjugative interactions on3JHH

couplings seem to be more complicated than the trends for2JHH

couplings. However, some simple cases can be quoted. Results
discussed in this work suggest that hyperconjugative interactions
into the (σ*C-H) antibonds for an H-C-X-H (X ) C, N)
fragment, coupling pathways that cause important reductions
in vicinal 3JHH couplings, seem to be more important for a cis
than for a trans configuration. However, hyperconjugative effects
into the (σ*C-C) antibond seem to affect, notably, the Karplus
dependence on the dihedral angle.

Results presented in this work are consistent with a slight
inhibition of the anomeric effect due to the solvent dielectric
effect. For this reason,2,3JHH couplings whose coupling path-
ways are involved in very strong negative hyperconjugative
interactions are expected to be solvent-dependent.

Trends discussed in this work were found to originate in the
FCJHH contribution to2,3JHH SSCCs. This suggests that theFCJ
contribution to other types of SSCCs such asJCC SSCCs should
be similarly affected when bonding and antibonding orbitals,
belonging to the coupling pathway, are involved in negative
hyperconjugative interactions.
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