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SPIN-SPIN COUPLING CONSTANTS AND HYPERCONJUGATIVE INTERACTIONS

Introduction

At present, the potential of spin-spin coupling
constants (SSCCs) for studying fine details of
electronic molecular structures is very well recog-
nized [1]. It is also accepted that the accurate cal-
culation of this type of parameters is a hard task for
Quantum Chemistry [2]. However, in several scien-
tific fields, an approach for the prediction of SSCC
trends along a series of compounds is more appre-
ciated than a method for calculating accurate val-
ues. In this work, such approach is discussed and
some results reported in recently published articles
are briefly reviewed to provide a few pictorial and
illustrative examples. The present study will be
restricted to the Fermi contact (FC) term (vide infra)
because many coupling trends in either organic or
biological compounds are known to be dominated
by this term. On the other hand, it is now well
known [3] that its transmission through the elec-
tronic molecular system is closely related to the
behavior of the “Fermi hole.” For this reason, two
clearly different cases should, in general, be consid-
ered, namely, short-range SSCCs, i.e., "[yy with n =
3 and long-range SSCCs with n > 3. It must be
emphasized that this partition is made because
molecules having a classical Lewis structure would
not show measurable long-range SSCCs (n > 3)
unless a through-space transmission is present [4],
where the overlap of the electronic clouds belong-
ing to two proximate moieties transmits the “Fermi
hole” by exchange interactions. Therefore, it is now
well recognized that departures of classical Lewis
structures play a key role in the transmission of the
FC term in long-range SSCCs [5].

For short-range SSCCs, the polarization propa-
gator (PP) approach, as described by Oddershede
[6a] and by Contreras and coworkers [6b—g], can be
used to get insight into the influence of hypercon-
jugative interactions on SSCCs. For longer range
SSCCs, the role played by charge transfer interac-
tions for transmitting the “Fermi-hole” was recently
discussed [5]. It is important to stress that currently
the most used approach to quantify charge transfer
interactions is the Natural Bond Orbitals (NBO)
approach of Weinhold and coworkers [7]. This ap-
proach was also extended by Wilkens et al. [8] to
decompose the FC term into localized natural mo-
lecular orbital contributions, dubbed the “Natural
J-coupling method” (NJC).

In this article, some trends already studied for
Yen and °Juy SSCCs are briefly discussed, the

former using a qualitative analysis of the expres-
sion of the FC contribution in terms of the polar-
ization propagator formalism and the latter em-
ploying the NJC method as implemented in the
NBO 5.0 program [9].

Theoretical Considerations

THE NJC METHOD

The natural J-coupling (NJC) method developed
by Wilkens et al. [8] allows the analysis of the scalar
FC contribution to Jyy on the basis of the NBO
method [7] and in the framework of finite pertur-
bation theory (FPT). Within this approach, the cal-
culated FC contribution J* can be partitioned into
three main parts:

B = Tk + Jiskee + ige! (1)
The Lewis part, /iy, includes the individual orbital
contributions from the natural Lewis structure of
the molecule. The delocalization part, Jia, involves
the terms or contributions from donor—acceptor in-

teractions, i.e., effects of conjugative or hyperconju-
gative type:

Lewis non-Lewis

G-3 3 @
P

where J7;% is the contribution to the FC SSCC from
the donor-acceptor interaction o; — o7. 0; is a Lewis
NBO and o7corresponds to an antibond or Rydberg
type orbital. The repolarization part, [, is a re-
sidual and generally small part corresponding to
correlation-like interactions. In this work, the repo-
larization part will be included together with the
Lewis part. See Ref. [8b] for a more detailed expla-
nation of these three parts.

As an example, the NJC method [8] is applied in
this article to a set of ethyl derivatives (see Fig. 1).
The vicinal SSCC, °J,y;, of three of these molecules,
i.e., thiopropanal (X = S), propanal (X = O), and
1-butene (X = CH,) have been studied recently [5d].
The variation of the difference f;;;;(180°) 3J;;1:(0°) vs.
the 6 angle is qualitatively significant and was ini-
tially attributed to two main hyperconjugative in-
teractions 757" and IS 9T when they
take place simultaneously. This rationalization was
based on previous experience [5d] and, more qual-
itatively, on the analysis of the energetic impor-
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FIGURE 1. Structures of ethyl derivatives.

tance of donor—acceptor interactions which were
estimated by using the NBO program (version 3.1)
[7] through second-order perturbation theory:

< oj|Flo?>
AE® = —p =il (3)

gi—a] —
i j 807* 80.1

where < o|F|of > is the off-diagonal matrix ele-
ment of the Fock or Kohn—-Sham operator evaluated

for o; (donor) and o7 (acceptor) NBOs and &,, and &o*

are their respective energies. As the 5.0 version of
the NBO program [8] allows to perform an NJC
deconvolution of the FC term of SSCCs this pro-
gram is now employed to verify whether the pre-
vious rationalization is supported by the NJC
method. To this end, the FC SSCC contributions
originating in each donor-acceptor interaction, Eq.
(2) are studied.

Additionally, the dependence of *Jyu(¢, 0), see
Figure 1, can be analyzed by a double Fourier series
[10] on ¢ and 6 which can be written as the sum of
two parts,

Tin(d, 0) = Tu(d) + T, 0) (4)

CS, + D(CS cos ne + SS, sinnd)  (5)

n=1

3] I({’IH(d)) =

Thi(d, 0)
oL » COS pf + cs , Sin p) cos né
=2 2[ + (S cos pb + S , sin p0) sin n¢ ()

n=0p=1

In these equations, the maximum value for m
and m’ depends on the number of calculated cou-

plings. In this work, we got SSCCs for 12 values of
¢ and for 12 values of 6 (0, 30, 60, ..., 330°) and,
therefore, the maximum value of m or m’ is five.
However, the coefficients K}, with values of n and p
larger than three are small or negligible. For the set
of couplings calculated in this work, each term
in these equations is the product of a coefficient
K}, by cos n¢(K = C) or sin n¢p(K = S) and by
cospO(L = C) or sinpf(L = S). Equation (5)
corresponds to an extended Karplus equation,
which is the main contribution to *Jyy, and inde-
pendent on 0. Equation (6) represents the confor-
mational substituent effect on *Jy, which de-
pends on both ¢ and 6.

QUALITATIVE APPROACH BASED ON THE
PP FORMALISM

The isotropic part of the SSCC tensor between
nuclei N and M, also usually called the “scalar
coupling,” is made up from four different contribu-
tions [11],

1
Jam = 3 Tr(Jam) = 1{1?/1 M T ]IS\IM + ]PSO + ]1]31?\/10 (7)

i.e., Fermi contact (FC), spin dipolar (SD), paramag-
netic spin-orbit (PSO), and diamagnetic spin-orbit
(DSO) terms, respectively.

Although a similar analysis to that shown below
can be carried out for the three second-order terms
of Eq. (7), the present study is restricted to the FC
term. It should be noted that the deconvolution of
the DSO term into orbital contributions is straight-
forward because this can be considered as a “first
order quantity.” The following two points should
be stressed: (i) the FC term is scalar, i.e., it is a
zero-rank tensor; (ii) many couplings reported in
the literature are dominated by the FC term. The
first point makes the present analysis to be more
easily understood and, therefore, a clearer descrip-
tion of this analysis can be achieved.

Within the polarization propagator (PP) ap-
proach and using the random phase approximation
(RPA) the FC term of Eq. (7) can be expressed as,

IEICM = ‘Q’FC Eum N(3A 3B)za jb ECM = 2]111 ]b(N/ M)

ia, jb ia, jb

(8)

where Q'€ contains, besides universal constants, the
coupling nuclei magnetogyric ratios yy and vy, i
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and j are occupied, whereas a and b are vacant
molecular orbitals, MOs. As Eq. (8) is invariant
under unitary transformations, MOs can be assumed
to be Localized MOs (LMOs), where the localization
procedure is carried out separately for occupied and
vacant LMOs. PA — °B),,; are the triplet PP matrix
elements and, consequently, CA — °B),% = W, are

0
the inverse triplet PP matrix, W; elements U}, and

UJI};SM are the “perturbators,” i.e., the elements of the
FC operator evaluated at the site of each coupling
nucleus, e.g., ULS, = (|G — Ry)la), that is, among
other factors, they are sensitive to the s % character of
the occupied i and the vacant 2 MOs [12] at the site of
nucleus N.

In turn, the triplet matrices are given by

3Aia,jb = (g, — 81’)8:11781'] - (aj|bi) )
and
SBiu,jb = (ab|ji> (10)

where (gjlib) = [ &@rdra*(1)j*(2) 1/, i(1)b(2) are
bielectronic molecular integrals.

It is emphasized that this analysis is only quali-
tative or at most semiquantitative, and it is sought
to be adequate to predict trends of couplings along
a series of compounds. However, in no case the
RPA approximation is employed to obtain actual
calculations of FC terms. It is known that the “di-
agonal” elements, i.e., i = jand a = b, are the largest
elements of the triplet PP matrix. According to Eq.
(9) “energy gaps” between a vacant and an occu-
pied LMO are only present in diagonal matrix ele-
ments. The next terms in importance are the
“quasi” diagonal matrix elements, e.g., i #j buta =
b, and so on. It is observed that changes in each
term of J§, along a series of compounds can origi-
nate in either the PP term or in the “perturbators”
that can be sensitive to different types of intramo-
lecular interactions.

Important qualitative insight into intramolecular
interactions affecting the FC term of SSCCs, either
through the PP or the “perturbator” terms can be
obtained introducing the following approximations
into Eq. (8): (i) it is assumed that LMOs in Eq. (8)
show a behavior similar to NBO approach [7]; (ii)
the orbital energy differences in the diagonal terms
of the W matrix are notably larger than the corre-
sponding bielectronic integrals. Bearing this in
mind, it is clear that hyperconjugative interactions

2

(2)

FIGURE 2. Structures of 1-X-bicyclo[1.1.1]pentane (1)
and 1-X-cyclopropane (2) derivatives.

involving either the i or the a orbitals should affect
the corresponding term in Eq. (8). It is recalled that,
according to the perturbed molecular orbital (PMO)
theory [13], if an occupied MO is involved in a
hyperconjugative interaction its energy is “pushed
down.” On the other hand, if a vacant MO is in-
volved in a hyperconjugative interaction its energy
is “pushed up.” Therefore, any of these two types of
interactions would widen the A,; = (¢, — &) en-
ergy gap. Obviously, this effect should only influ-
ence the “diagonal” elements of ]fa%,, terms, i.e.,
those withi = j;a = b. When studying '/ SSCCs
for 1-X-bicyclo[1.1.1]pentane and 1-X-cyclopropane
derivatives (see Fig. 2), such term was dubbed the
“bond contribution,” J’, and it was found to be
positive for usual couplings of that type. Obviously,
for such couplings other diagonal elements become
irrelevant for this qualitative analysis since their
respective perturbators render them too small.

VOL. 110, NO. 3 DOI 10.1002/qua

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 535



CONTRERAS ET AL.

Results and Discussion

HYPERCONJUGATIVE EFFECTS ON °Jyy IN
ETHYL DERIVATIVES

A group of ethyl derivatives has been used as
model to study the effect on the vicinal SSCCs *Jyy
of hyperconjugative or delocalization interactions.
Standard geometries [14] were used. The geome-
tries have been generated driving the dihedral an-
gle 0 (see Fig. 1) on 30° steps from 0° to 330° for the
staggered (¢ = 180°) and for the eclipsed (¢ = 0°)
conformations of the ethyl moiety (24 geometries
for each molecule). Additionally, for propanal the
angle ¢ was also driven in 30° steps from 0° to 330°
to obtain the complete conformational analysis.
Both SSCCs and hyperconjugative interactions have
been calculated at the BSLYP/TZVP level using the
Gaussian 03 [15] and the NBO [8] programs. The
combination of B3LYP functional [16] and TZVP
basis set [17] has proved to give similar results [5d]
to those of the SOPPA and CCSD(SOPPA) methods
with larger basis sets for this type of molecules.

Total (TO) vicinal “J{f; SSCCs in propanal (see
Fig. 1) have recently been studied [5d]. The varia-
tion of the 3J[(¢ = 180°) — %I = 0°) differ-
ence, closely related with the C; Karplus or Fourier
coefficient, was analyzed as a function of the 6
angle (O-C-C,-Cp), see Figure 1. That difference,
which changes importantly with 6 and gets nega-
tive values for some 6 angles, was interpreted on
the basis of hyperconjugative interactions. It
should be noted that the sum of noncontact (NC)
contributions (SD, PSO, and DSO) for the differ-
ence ’JiH(¢ = 180°) — (¢ = 0°) is negative
and, partially, the responsible of the negative value
for the total difference *[[(¢ = 180°) — 3[iu(e

= 0°). However, the NC difference is constant with
the variation of the 6 angle and the change of the
difference for total couplings with 6 only depends
on the FC contribution. Now, we evaluate the effect
of hyperconjugative interactions on the difference
(e = 180°) — *[in(¢ = 0°) using the NBO 5.0
program [8]. In Figure 3a, the FC contributions to
SEC(p = 0°) and Y5 (¢ = 180°), as well as their
difference [Fig. 3(b)], are plotted vs. the 6 angle
A variation larger than 2 Hz is obtained for *Ji5(¢
= 180°) — “Jiu(¢ = 0°) as 6 changes. To analyze
this variation, the sum of the effects of the hyper-
conjugative interaction, *iif(¢ = 180°) — [
(¢ = 0°), are plotted in Figure 3(b), showing
that, partially, the trend of the total FC contribu-
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FIGURE 3. Plots for propanal (@) °F; (0) (O) and 5
(180) (@) (first row), (b) *[{;(180) — ] 11(0) (%), *Jse(180)
_ 3]deloc(0) (.) and 3] ew15+repol(180) _ ]ew15+repul(0)( )
and( )3]m: H."T:O(]-80) 3]& H.‘>TC=CI(0) (V) 3 C,ﬁH.‘)TL';:O(lSO)
i T0) (1), and STT180) — i (0)

(#). [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

tion is correctly represented by those interac-
tions. It should be noted that the sum of Lewis and
repolarization contributions, Ji{{* (¢ = 180°)
— Yewis(p = 0°), also follows the same trend.
Moreover, contributions from hyperconjugative
interactions *J7i 7 (180°) — i 7H“ﬁ”azo(0°),
3]0@7;1 ﬁﬂtcfo(180 ) _ 3]0'C57H ﬁﬂtfo(oo), and

SI[UT™==0(180°) — )T ™0(0°) are also plot-
ted in Figure 3(c). Although the effect of the
hyperconjugative interaction oy, — 7c—o was
suggested previously [5d], the effect of the inter-
action oc,  — mc—o, that is energetically [Eq.
(3)] negligible, seems to be important for the vici-
nal [y whereas the effect of the hyperconjuga-
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FIGURE 4. Plots of the difference *i;(¢ = 180°)

— E(d = 0°) (), NBO delocalization difference con-
tribution (M) and NBO Lewis difference contribution ()
for labeled molecules. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

tion oc ¢, — e —, is negligible. It is important
to highlight that these terms define a new cou-
pling pathway In Figure 4, calculated °Ji(¢
= 180°) — (¢ = 0°), Jr(d = 180°)
- i = 0°, and JFr(¢ = 180°)
— JTHY"(¢ = 0°) contributions are plotted vs. 6
for thiopropanal, 1-butene, propanamide, and
2-butanone. In these four compounds, the delo-
calization contribution follows the FC trend. In
compounds with different X substituents (see Fig.
1), the *Jifu(¢ = 180°) — “Jiu(¢ = 0°) and
Sjdeloc(y = 180°) — 3Jdeloc(¢p = 0°) differences
decrease from thiopropanal (X = S) to propanal
(X = O) and to 1-butene (X = CH,). This decrease
was interpretated [5d] to be related with the elec-
tron acceptor behavior of the m{_yx antibonding
orbital which follows the order: mi_s > mi_o
> m¢—cp,. For the propanamide (X = Oand Y =
NH,), the behavior is similar to that of propanal
(X = O and Y = H) whereas for the 2-butanone
(X = O and Y = CH,) the variation of the differ-
ences are slightly smaller than for propanal.

The decomposition of JES into delocalizated
SJisee and Lewis Y™ contributions (that of repo-
larization is negligible for propanal) has been stud-
ied by a double Fourier series, Eq. (4). Each of these
three contributions (contr = FC, delocalized, and

Lewis) can be split into two components: one that
only depends on ¢, ’J{;™ and another that depends
onboth ¢ and 6, ’J{x otz [see Egs. (5) and (6)]. Values
calculated at the B3LYP/ TZVP level for propanal
are represented in Figure 5. In the left column of
Figure 5, the three components (FC, deloc., and
Lewis) independent on 6, *J{;i"", are plotted [Fig.
5(a—c)]. All of them follow the same typical Karplus
shape with two maxima in 0° and 180° and two
minima, one between 90° and 120° and, the other,
symmetrically, between —90° and —120°. The delo-

calized part, °J{¥', is approximately 20% of the

total FC contribution, 1", whereas the Lewis part
is the remaining 80%. In the right column of Figure
5, the JC contribution and its two components
(deloc. and Lewis) are also plotted; although their
dependence on ¢ and 0 are rather complicated, all

three plots follow similar trends. The delocalization

component, *J{*, is relatively more significant
14 T T L T T
13 | \
izp o (a)
11 [
1w
a -

g

=L T

—

i

B
T
&
5
4
3
2
1
o
g0
T2 (b} / 1
a1 I i
— , A
e S e I T s 1]
n T T
10 [ | b
sk (@ .-'-
B[ |
= TF 1
i_sf -
-
g 5 -
e
Lait] 4 -
3| -
s =
1k v E
v
o 1 1
[ 120 240 360

FIGURE 5. Contributions (in Hz) calculated at the
B3LYP/TZVP level for propanal: (a) *J&C, (b) *J¢dee, and
(©) Jiii“* vs. ¢ angle, and (d) JH™, () i X 3,
and (f) 3Jgievs X 3/2 vs. ¢ and 6 angles. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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being close to (1/3) [ whereas the Lewis con-
tribution J{{{*"" is the remaining part, ie., (2/3)
THFC. To obtain similar plots, in Figure 5 the
ST contribution is multiplied by 3 and that of
3]I<131,I%Lewis by 2/3

J¢, J°*, AND J°®* CONTRIBUTIONS TO ¢y
SSCCS

A series of very interesting /¢,y SSCCs was re-
ported in 1-X-bicylo[1.1.1]pentanes, (see 1 in Fig. 2).
In fact, experimental values ranging from 'Jo,; =
156.3 Hz for X = SnBu, to 'Jo.,q = 181.2 Hz for X =
F were reported [18] and such changes could not be
described as originating exclusively in the J’ part of
the FC term. Therefore, the second most important
term (actually there are three of them) in Eq. (8) was
considered. This is the so called “other-bond con-
tribution,” J°°, as dubbed previously, and is nega-
tive [6f]. From equations given earlier, such term
can be written as

]Ob = Wll*,21*[u11*,cu21*,H + ull*,HUZP‘,C] (11)

where 1 and 1* stand for the oc, ; bond and anti-
bonding orbital, respectively, and 2 stands for the
0c,—c, bonding orbital. The first term within the
square brackets in Eq. (11) is notably smaller than
the second one and, therefore, in a qualitative anal-
ysis it can be neglected. On the other hand, the W
term in Eq. (11) does not contain any energy gap in
its denominator. Therefore, we should have a close
look at the Uy yUy«c term in Eq. (11). It is observed
that the largest experimental 'J;; SSCC corresponds
to X = F and strong hyperconjugative interactions
of o¢, ¢, = o5 type are expected. These interac-
tions should decrease the C; s % character of the
Oc,—c, orbital, decreasing the absolute value of the
J°* contribution to 'J¢,;; SSCCs, therefore, increasing
its value as experimentally observed.

The analogous to Eq. (11) but for the “other
antibond term,” [, is:

J o = Wn*,lz*[un*,cuu*,H + u11*,HulZ‘“,C] (12)

This corresponds to a positive contribution [6e]
and when comparing both terms inside the square
brackets it is observed that, again, the first term is
much smaller than the second one. Therefore, to
have a significant contribution for this term, strong
hyperconjugative interactions into the 2* antibond-
ing orbital should take place. Very recently, using
this type of rationalization, it was concluded that in

1-X-cyclopropanes, (see 2 in Fig. 2), and because
o¢,_x is a very good electron acceptor, 'Jc,;; SSCCs
should have an important [** contribution. In fact,
for cyclopropane the experimental value is Jcy =
162.0 Hz, whereas 'Jc;; = 192.7 Hz for 1-F-cyclopro-
pane [19].

Conclusions

SSCCs are now recognized as excellent molecu-
lar probes to study conjugative and hyperconjuga-
tive interactions and in this work two different
approaches are described, which are supported
with adequate either experimental or theoretical
data. On the one hand, the NJC method of Wein-
hold et al., as implemented into the NBO 5.0 pro-
gram, is used successfully to study in detail the
electronic origin of the “inversion” of the Karplus
relationship observed in some aminoacids, instead
of the “normal” relationship, i.e., >Juu(180°)
> 3Juu(0°), the observed relationship indicates that
in some cases *J;;1;(180°) > 3[;111(0°) can hold [20]. In
a previous article, it was inferred from propanal
taken as a model compound, Figure 1, (X = O), that
the carbonyl group close to the ethyl moiety defines
a new coupling pathway for the FC term of such
SSCCs through the simultaneous hyperconjuga-
tive interactions of types oc, c,— o by
o, — Te—o. Actually, this “activated” coupling
pathway was not very surprising because it resem-
bles that of homoallylic SSCCs, being the main dis-
crepancy between the two, the different symmetry
of the “intermediate” antibonding orbital. Present
results indicate that a new hyperconjugative inter-
action of type o,y — m—o is important for this
coupling constant.

The conformational analysis of the *J;(¢,0) cou-
plings in propanal molecule shows that the sub-
stituent delocalization contribution *J&%4($,0) is
important and represents 1/3 of the total FC con-
tribution, corresponding the remaining to the Lewis
part. In the pure torsional dependence, the delocal-
ization part *J{*(¢) is smaller, amounting 1/5 of
total FC contribution.

In the second example, although discussions are
based on 'y SSCCs, it can be appreciated that
similar analyses are expected to hold for other types
of one-bond SSCCs. Besides, this type of analysis
can easily be extended to both two- and three-bond
SSCCs.
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