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Stereoelectronic Contributions to Long-RangetH—!H Coupling Constants

1. Introduction

Very early in the history of NMR spectroscopy interproton
couplings were recognized as powerful tools for elucidating
molecular structuré Since the pioneering work of Ramsgit,
has been considered that these couplings are dominated by th
Fermi contact term. Thus, couplings through a saturated pathway,
are characterized by a high stereospecificity, and for certain
configurations of thes-type pathway connecting the coupled
nuclei, they attenuate rapidly with the number of bohdsr
couplings between nuclei connected by an unsaturated pathway
the spin polarization of ther electronic system by a—mx
exchange mechanism was recognized, since the Fermi contact
interaction cannot initiate in a-type orbital®> One of the main
features of then-transmitted component is its sign, which
alternates with the number of bonds separating the couple
protong (n): Sg{"J} = (—1)""L In benzylic couplings,
Hoffmarf identified hyperconjugative interactions as the mech-
anism that originates the spin polarization of the aromatic
system. Early reviews describing these features of long-range
interproton couplings have been publisHetf. The spin polar-
ization of r electrons in a planar system was related to that :
produced by a hyperconjugative interaction, through the so-
called “methyl group replacement rule” wheéx¥ in the former
is approximately equal te""*1J7 in the corresponding benzylic
coupling obtained replacing one of the coupled protons by a (NBO)
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The contribution of stereoelectronic interactions to NMR coupling constaniand“Jqy has been examined

using ab initio calculations and natural bond orbital (NBO) analysis on four model compounds: ethane,
propane, propene, and methylcyclopropane. The main stereoelectronic contributions to the couplings originate
in three-bond (vicinal) interactions and in through-space interactions. In ethane, besides the main contribution
of theo(C—H) — ¢*(C—H) interaction, other interactions present in the molecule make a decisive contribution

to the angular dependence®df In the H—C—C—C—Hgy; moiety of propane’Jqy has important contributions

from vicinal interactions that include the anti proton while in the€—C—C—Hgauche moiety the main
contributions are vicinal interactions that include. th alkene fragments, vicinal interactions that involve

the orbitals are the most important contributions to the couplings. Sigma vicinal interactions, which include
orbitals corresponding to €H bonds that involve either of the coupled protons, are crucial to elucidate
differences between cisoid and transoid coupling constants. In the case of methylcyclopropane, the most
important contributions to the coupling of the syn cyclopropyl H come frono{l@e-H) — 0*(Cyciopropane
Ceyclopropang and o(Ceyciopropana~ Ceyclopropang — 0*(C—H) vicinal interactions (where the H corresponds to the
non-cyclopropyl hydrogen). The concerted effect of several interactions that contribute toward a trend similar
to that shown by allytvinyl proton couplings is in accordance with a significantcontribution of the
Ceyclopropana~ Ceyclopropanedond. For the anti cyclopropyl proton, vicinal interactions of the far@—Hany) —
0*(Ceyciopropana=C) anda(Ceyciopropane=C) — 0*(C—Hani) are the main contributors to the angular variation of

the couplings, similar to what happens to the anti proton in propane. As a whole, the overall behavior of
these couplings resembles that of the equivalent proton in propane. In addition, in this case there is not a
unique set of interactions which accounts for the overall angular variatiéa of

CHs group®1°1t is noteworthy that theoretical approaches that
allow the decomposition of calculated coupling constants into
o- ands-transmitted components, such as the PRMO (partially
restricted molecular orbitals)and IPPP (inner projections of
éhe polarization propagatd? approaches, reproduce quite
Closely thea + b x sirn? 6 dependence of the component of
benzylic couplings? where the signs of parameteasand b
satisfy the alternating sign ruleand 6 is the dihedral angle
defined by the side chain,&H bond and the aromatic ring
plane. A similar trend has been found in calculated allylic
touplings!4
The stereospecificity of the-transmitted component and the
angular dependence of the component originated in—a =z
hyperconjugative interactiérf indicate that electron delocal-
dizations are fundamental for transmitting the spin information
associated to the Fermi contact interactiorhese delocaliza-
tions are the base of Schaefer&rhethod” to determine side-
chain conformations when long-randgy couplings are accu-
rately measure#f Electron delocalizations are known to be
stereospecific interactions, and Dewar and Dougherty have
stressed their importance dntype orbitalst® being of particular
importance for vicinab-bonds in a trans arrangemént.

Among the current approaches to study electron delocaliza-
tions and stereoelectronic interactions, the natural bond orbital
method is one of the most appealitigUsing this
approach, Weinhold et &:2°showed the importance of certain

* To whom correspondence should be addressed. Fax: 54-11-4576-3385 €lectron delocalizations as to their contribution to several-spin
E-mail: burton@dqo.fcen.uba.ar. spin coupling constants. Recently, several NBO-based meth-
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odologies have been used for dissecting Fermi contact contri-
butions to scalar couplings. In one case, the contributions of
different interactions to three-boriti—H coupling constants
were analyzed using a NBO-derived deletion methiodn the
other hand, the naturdtcoupling (NJC) method decomposes
the scalar coupling by describing the Fermi contact term using
localized orbitals (NBOs)¥? as a Lewis type (localized) con-
tribution JU and two nonlocalized contribution¥?'o®) and
Jtrepol) the latter two arising from electron density transfer
between donor and acceptor orbitals in different parts of the
molecule and within a bond region, respectively. Another related
method using NLMOs decomposes the Fermi contact term in
orbital contributiong2 Natural bond orbital parameters such as
deletion and perturbative energies, orbital occupation numbers,

and orbital energies have been used to analyze delocalization

effects or hyperconjugative interactions in several c&Séghen
two nuclei experiment a non-null indirect coupling, several spin-
polarization mechanisis26 can be envisioned based on ste-
reoelectronic interactions.

In this work a new methodology for evaluating the contribu-
tion of the hyperconjugative interactions to three- and four-
bond H-H coupling constants is presented. From a physical
point of view, this allows the evaluation of the effect of
nonlocalized contributions (similar t@9e'o®) and Jero) of the
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SCHEME 1
NBO localization

v

Deletion of Fock matrix elements belonging
to interactions between localized orbitals
(Bonding/Non Bonding — Antibonding)

v

Density matrix calculation in the
AO basis after deletions

v

Calculation of molecular properties (J)
with the modified density matrix

To evaluate the effects of stereoelectronic interactions over
coupling constants, a methodology derived from the NBO
deletion procedure was used (Scheme 1). Briefly, a natural bond
order (NBO) localization was performed, followed by the
deletion of selected off-diagonal Fock matrix elements written
in the NBO basis[dm|F|o,* Oand [dn* |F|lomCrepresentative of
delocalization interactions between selected orbitalandoy*,

NJC method), although it is not restricted to the Fermi contact \yhere ¢ and o* are used in a generic sense to refer to filled

term, as other coupling terms as well as other properties may

and unfilled orbitals of the formal Lewis structure, dndtands

be obtained using the same formalism. An approach to the for the Fock operator. The density matrix was then recalculated

elucidation of some coupling mechanisms is made.

2. Methods and Details of the Calculations

Geometry optimizations and NBO analysis were carried out
with the Gaussian 98 package of prografhsnd magnetic
properties were calculated with the program SY SRA@pti-
mized geometries were computed at the MP2/6-31G** |level of
theory. Single point calculations, including NBO analysis, were
done at the RHF/6-31G** level of theory, except in the case of
propene where the RHF/6-311G** basis set was used.

The dependence of couplings on angles is accepted to b
dominated by the Fermi contact (FC) contribution, and it has
been shown that trends can be reproduced using modest basi
sets?® In our work, FC results obtained with the basis sets stated
above reproduce satisfactorily experimental trends in all model
compounds analyzed. Furthermore, as relative intensities of

€.

in the atomic orbital basis using the modified Fock matrix as

though the interaction was absent. With this modified density

matrix the electronic polarization propag&fowas calculated,

with which in turn it is possible to obtain first and higher order

properties, such as the magnetic couplings of interest in this

work.

The Computational Procedure.In practice, the procedure

to evaluate stereoelectronic contributions to molecular properties
was implemented by means of a combination of several modules

of the programs Gaussian 98 and SYSMO. To be able to

implement the procedure of deletion of Fock matrix elements,
single point calculation was made, followed by a standard
BO localization procedure and the deletion of selected Fock

matrix elements, using the Gaussian electronic structure package.

This procedure was recorded in a binary scratch file that

NBO deletion energies are not too sensitive to improvements included the density matrix modified by deletions. This file was

in the basis set, the same basis was chosen for the prese
analysis.

In the model compounds used, a range of conformations were
considered by varying dihedral angl@$n 30° or ca. 60 steps
S0 as to have at least seven points in the entire interval, i.e.,
0°—18C° or —180°—+180C depending on the symmetry. When
treating structures out of the equilibrium geometry, the dihedral
angled was taken fixed and the other degrees of freedom were
allowed to relax. Full optimizations were performed using

rihen transformed into ASCII format and used as an input to
S

YSMO by means of an appropriate modification of its module
400.

To implement the procedure of deletions through the different
modules of Gaussian 98, a nonstandard route was used. After
definition of a usual route including basis set information,
symmetry of the wave function and a SCF calculation, a NBO
localization was made followed by a standard deletion proce-
dure. Then, one step of a SCF optimization was carried out

redundant internal coordinates, while restricted ones were donewith the purpose of relaxing the wave function resulting from

using Z-matrix coordinates.

direct deletion and thus avoiding the molecular system being

Natural bond orbital (NBO) analysis were used to evaluate too far from a variational minimum. The complete procedure

delocalization effects, and the calculations were performed usingWwas recorded in a Gaussian scratch file, so the molecular orbital
module 3.%° of the Gaussian 98 suite of programs. With the coefficients belonged to the modified wave function. Afterward,
NBO deletion procedure, the energy of the orbital interaction @ series of modules of the SYSMO or Gaussian packages were
of interest was evaluated by zeroing the corresponding off- used to calculate selected response properties, following the
diagonal Fock matrix elements and recalculating the molecular conventional procedure of each package.

orbitals (and density matrix) as though the interaction was The magnitudes calculated with the method described above
absent. With this modified density matrix the program evaluates were compared with the magnitudes obtained without deletions,
a modified energyE’; the difference between the total SCF thus allowing evaluation of the relative contributions of the
energy E) andE' gives the delocalization energy. interactions involved. Withl being the value of the magnetic
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coupling obtained with the complete Fock matrix adicdhe Hy
calculated value with the deletions, in the ideal case the angular
dependence of' should disappear if the interactions deleted
were those responsible for the angular variatiod,ahat is,J

= C, whereC is a constant representing a residual value that
does not vary with the dihedral angleln the real case, a more
complex relationship arises, which in a first-order approximation
could be represented @ = oJ + C. A nonzero value ofx
results because the deletion procedure does not cancel com-
pletely the interactions; thus a linear relationship betwadn (a)
andJ should be maintained but the slope{1a) will not be

equal to 1. This linear relationship is indicative that the group

of deleted interactions are sufficient to account for the angular H, H " H
dependence of spin density transfer. In this respedtvalues \ \ &F !
for the deletion of individual interactions or selected combina- H3'""""')C
tions may be considered as being proportional to the contribution H? 6 ¥1’———H
of those interactions to the coupling constant (see below). H1/ "'=-H Hy H,

The AJ values for the individual interactions were calculated
in the angle range under study, and different combinations were
tested (additively) searching for the minimal set of interactions
that would show a good correlation coefficient for the linear
relationship betweer\J and J. The AJ calculation was then
repeated with the simultaneous deletion of the selected interac-
tions and the correlation coefficient was recalculated. In a strict
sense, all interactions may contribute to a certain extent to the
variation of J; this methodology allows the identification of
significant and negligible contributors.

\m Q’(
Q) =
w

3. Results and Discussion

The NBO-based method was applied to three different types
of pathways connecting the coupled nuclei: saturated com-
pounds, where the couplings are transmitted thromdponds, (c)
using ethane and propane as model compounds (Figure 1a,b);
unsaturated compounds, where couplings can be transmitted G4
through thes and electronic systems, with propene (Figure Ha: Hs é
1c) as a model compound; cyclopropane derivatives where one ‘c’ H f-
of the C-C bonds of the cyclopropane moiety belongs to the Hon, / ik
coupling pathway. The high p character of the latter bonds is 204 Cz H
well-knowng? therefore, this coupling pathway may be con- H l gy
sidered of an intermediate character between the previous two. Hy
Methylcyclopropane (Figure 1d) was chosen as a model
compound in this case. (d)

The contribution of the different doneacceptor delocaliza-
tion interactions to the angle dependence of scalar couplings is
related to the transfer of spin density from bonding to anti-
bonding orbitals. However, the effect produced by delocaliza-
tions on energy-related properties differs from that produced are relevant when they are part of the shortest geometrical path
on other properties such as the coupling constants analyzed irbetween them and involve a significative associated stabilization
this work. The magnitude of the change in the coupling constantsenergy.
due to the deletion of delocalization interactions is proportional  In this work, geminal interactions of the foro(C—C;) —
to the contribution of those interactions to the transfer of spin ¢*(C;—H;) between a bonding €C; sigma orbital and an
density between the coupled nuclei. This could be related by antibonding G-H; orbital (where H is one of the coupled
the overlap of the orbitals involved.For direct interactions  hydrogens under consideration) are denoted by;Gatmen both
between orbitals involving the coupled nuclei, interpretation is bonds include carbon atoms, i.e(C;—C,) — ¢*(C,—Cs), the
straightforward; however, for interactions not involving both notation Gerg will be used. Notation Viowill be used to denote
coupled nuclei, it may be assumed that spin density is transferredvicinal interactions of the forns(C—C;) — 0*(Ci—H;) for the
by way of a network that includes all delocalization interactions case of four-bond couplings, where carbon atonbéonging
in the molecule. As will be shown below, only pathways to the C-C bond is bonded to one of the coupled hydrogens
including localized orbitals with high s character &nd o* under consideration (Hand H is the other coupled hydrogen.
orbitals) involving one of the coupled nuclei are important to In the case of ethane, the only possible vicinal interactions are
explain angular dependence of the FC term of the coupling of the form o(C;—H;) — 0*(Ci—H;), where H represents one
constants, because they have the greatest amplitude at thef the coupled protons under consideration, and notation Vic
coupled nuclei. Interactions not involving the coupled nuclei will be used also in this case for the sake of simplicity. When

H, Csy

I

Figure 1. Atom numbering and dihedral angle definitions for the model
compounds (a) ethane, (b) propane, (c) propene, and (d) methylcyclo-
propane
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TABLE 1: Notation Used for Specific Interactions of 5.0 : . . , .
Methylcyclopropane?
notation interaction
Gem; U(CZ_C3) - O’*(Cl—Cg)
Gem;R O'(Cl—Cz) nd 0*(C2—C3)
ViCz U(Cg—Hg) e (7*(C2_H2)
ViCzR O'(Cz—Hz e *(C3—H3)
Vicz 0(Cs—Hgz) — 0*(C2—Hy)
ViCz'R O'(Cz_Hz) nd 0*(C3—H3')
Vicy 0(Co—Hyz) — 0*(C1—Hy)
ViC4R U(Cl_Hl) e U*(Cz—Hz)
ViC5 U(Cz*C;;) I 0*(C3*H3)
ViCsR G(Cg_ H3) e ()’*(CZ—C4)
Vicsy 0(Co—C4) — 0*(C3—Hs)
ViCs'R U(Cg— H3') i (7*(C2_C4)
ViCe O'(Cz—C4) i (7*(C1—H1) y g . ! !
ViR o(Ca—Hhr) — 5*(Co—Ch) 0 30 60 90 120 150 180
. . . 0 (Degree)
a Interactions not listed follow the same notation rules used for
propane. (a)

the reverse interactions are considerg( ;—H;) — 0*(C;—C) T T T . -
or o(Ci—H;) — G*(CJ—HJ')/U(Ci—Hi) - O*(C—Cj), an “R” is
added as a superscript (GErand VigR, respectively). When a

pi orbital needs to be considered, it is indicated explicitly, adding
au subscript (Gem or Vic). Direct, through-space interactions
between bonds that include the coupled hydrogens are dubbed
TS and TS8. Additional notation is used for the case of
methylcyclopropane as needed (Table 1). It should be noted
that the same notation may indicate different interactions when
different pairs of coupled hydrogens are considered, even within
the same compound.

Three-Bond Coupling Constants. Ethane.The ethane
molecule was used as a model compound for studying contribu-
tions toH—1!H three-bond coupling constants as a function of 0 30 60 90 120 150 120
the dihedral anglé (see Figure la for atom numbering and
angle definition). Although related studies have been published
recently for ethané!??2 a more detailed analysis centered on (b)
the effect of delocalization interactions and their contribution
to the angular dependence &f is presented here. Figure 2

I
5

)

N
z
=
<

0 (Degree)

Figure 2. Differences in coupling constarde’J(H1,H,) resulting from
deletion of relevant interactions for ethane as a function of the H

shows the effect on the Fermi contact term betweeatd H Ci—C,—H, dihedral angle: (a) through-space interaction (TS) and
upon deletion of individual interactions and of selected com- combination of several interactions taken togetherGem + GemR
binations. The through-space interaction T&CGi—Hi) — + Gem + Gem® + TS + TSR + Vicz + VicaR + Vicy + ViczR +

0*(C2—Hy)) involving the bonding and antibonding orbitals of ~ Vicx + VicyR + Vicy + VicyR) with a 0.994 correlation coefficient

the coupled hydrogens under consideration makes the overaIIWith calculated FC term; (b) other relevant interactions, including single

major individual contribution, as shown previou$i:22How- delocalizations and relevant combinations from symmetry consider-
. . A Ve p 7 ations. As a consequence of the symmetry of the molecule, the curves
ever, this contribution is negligible when the dihedral angle that correspond to interactions denoted with subscript 1 are the same

between the coupled hydrogens is close to@@d is consider-  as those with subscript 2. In addition, those interactions denoted with
ably more important for angles in the range 1208, being a double prime are the same as those denoted with a single prime, but

practically the sole contributor at 18(Figure 2a). Near the°’0  shifted by 120.
dihedral, vicinal interactions between orbitals localized over the ¢orrelations were also obtained betweghfor the TS+ TSR

C—H bond involving the coupled hydrogens(HH.) with the interaction and the second-order energy lowei#® (which
bonding and antibonding orbitals involving the other hydrogens measures the energy associated with delocalizations) for the
(Hr, Hr, Hz, Hz), and the geminal interactions with the-C orbitals involved, in the ranges°0< 6 < 80° (correlation

bond orbitals contribute in more or less equal proportions to coefficient= 0.999) and 90 < 6 < 18C° (correlation coefficient
the Fermi contact term (Figure 2b). Among these, it is = 1.000). These results suggest that our estimate of the
noteworthy that the interactions that involve bonding orbitals contribution of delocalization effects to the Fermi contact term
of the coupled hydrogen under consideration are less importantshould be numerically equivalent to that resulting from the NJC
than those involving antibonding orbitals (compare Mwith method, considering the differences in methodologies and basis
Vic1F). This is probably due to the fact thais a second order  set used for calculation of the coupling constant.
response property, its value being strongly dependent on the The search for the best combination of interactions that
properties of the vacant orbitals through the occupieatant  |inearly correlates\J andJ gives complementary information
interactions in the polarization propagator. for the analysis of individual interactions. Several interactions
It is interesting to compare the above results with those may affect the couplings within an arbitrary dihedral interval,
obtained with the NJC methddThus, the ternd,;c(@€°) which with different signs and intensities. The net effect of the
in our case corresponds to the sum of TS ant, hids numerical combination of individual interactions determines the behavior
values very similar to those shown in Figure 2a. Good of the coupling as a function of the dihedral angle.
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Figure 3. Differences in coupling constand&J(Hy,H,) resulting from
deletion of relevant interactions for ethane as a functiofd@,Hy):
(a) through-space interaction (FSTSR) in the ranges 0< 0 < 90°
(x) and 90 < 6 < 180 (O); (b) combination A in Figure 2a in the
range 0 < # < 180 (correlation coefficient= 0.994, slope= 0.227
+ 0.011).

The main interaction, namely TS, does not give a good
correlation over the whole interval’©18(C, although good
correlations are evident in the smaller range$-9IBC° and
0°—90° (Figure 3a). As a consequence of this behavior, it is
evident that other interactions that contribute to more positive
couplings in the range®6-90° than in the range 96-180° need
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0.15 T T T T T
0.10 7=
0.05
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0.02 ™
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(b)

Figure 4. Differences in coupling constants resulting from deletion
of relevant interactions for propane as a function of the- &,—C,—
Csdihedral angl®: (a) A%J(Hi1,Hs), curve labeled A shows the behavior
of the shown individual interactions taken togetherATS + TSR +

Vicy + VicR + Vics + Vics®) with a 0.977 correlation coefficient
with the calculated FC term (slope 0.0954 0.009); (b)A%J(H1,Hz3),
curve labeled B shows the behavior of the shown individual interactions
taken together (B= Gem:R + Gemy + GemyR + Vic; + TSR) with

a 0.968 correlation coefficient with the calculated FC term (slepe
0.204+ 0.023).

Ll
-180 -120 180

contributions to'H—'H four-bond coupling constants through
o bonds, as a function of dihedral angles (see Figure 1b for

to be considered. Moreover, these interactions should be moreatom numbering and angle definitions). Figure 4 shows the

intense neaf = 0° than® = 90°. A good correlation for the
complete range®-18C may be obtained when several interac-
tions are taken jointly; thus the combined deletions (indicated
as “A” in Figure 2a) follow very well the angular dependence
of 3J with an excellent linear relationship betweaAd and J
(Figure 3b, correlation coefficient 0.994).

relevant interactions that contribute*t{H;,Hs), corresponding
to the anti arrangement of the;€C, and G—Hz bonds
(C1—C,—C3—Hj3 angle= 18C), and*J(H1,Hz), which corre-
sponds to the gauche relationship between the @ and
Cs—Hz bonds (G—C,—Cs—Hsz angle ca.—60° (—59.7)).
Geminal interactions (Gem) involve orbitals of both-C/C—H

Deletion energies were also calculated corresponding to theand C-C/C—C bond pairs (only the first are significant), and

combination of interactions that best fit the relati6dJqy vs
3Juh, i.€., combination A, as a function of the dihedral angle

vicinal interactions (Vic) correspond to€C/C—H pairs; in this
case only G-H bonds involving the coupled H's make

The correlation of these values with the corresponding FC term significant contributions. For &l which lies in the plane defined

is poor (correlation coefficiert 0.653), suggesting that deletion

by C,—C,—C;3, the differences observed in the Fermi contact

energies corresponding to combination of deletions do not term upon deletion of significant interactions and of selected

properly reproduce the effect of a combination of interactions
over the couplings.
Four-Bond Coupling Constants. Propane. The propane

combinations are shown in Figure 4a. Due to molecular
symmetry the curve is symmetrical with respectéto= 0°;
hence, the following analysis will refer only to the positive

molecule was used as the model compound for studying values of#. The direct interactions involving bonding and
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antibonding orbitals of the coupled H's (TS and®) Sontribute T T T T T
to a positive coupling constant mainly at angteslose to 0 VicR Vic,
and 180 and are negligible near 90As a consequence of 0 -pe " ! x
dihedral rotation around the;€C, bond, G—H; geometrically ;
differs from G—Hjs;, and due to this reason thgC;—H;) —
0*(C3s—Hpy) interaction (TS) has comparable effectgliranges
above and below 9Q while the reverse(Cs—H3z) — o*(C1—
H;) (TSR) is more important only in the 126-180° range. The
vicinal interactionsy(C,;—C,) — 0*(C3—Hs) ando(Cz—Hs) —
0*(C1—C,) (Vicz and VigR) are the major contributors to the
negative values dfJ, and Vig is the main individual contribu- Vie,
tion to the asymmetry observed between the two maxim4 at 0 129 A 1
and 180. It should be noted that V4B is practically insensitive

to the change iM. Other major contributors at the 18angle, 0 3 s s 1o 1w 180

A*(H,H) (Hz)

which corresponds to the “W” arrangement and the largest D

positive value of*J, are the vicinal interactions(C—C) — 6 (Degree)

0*(C—H), i.e., Vic; and Vig. Geminal interactions(C—C) — Figure 5. Differences in coupling constant&*J(Hi,Hs) (cisoid),
o*(C—H) (not shown in the figure) diminish the value F. resulting from deletion of relevant interactions for propene as a function

: ; P ; of the H—C;—C,—C; dihedral angled. Curve labeled A shows the
For the 0 angle relationship a negligible coupling results due behavior of several interactions taken together£Avic, + Vic{R +

to the opposed effects of several interactions which compen-yjc_ . + Vic.1R) with correlation coefficient with the calculated FC
sate. term of 0.996 (slope= 0.218-+ 0.011).

To account for the overall angular variation 4 the best
combination of interactions indicated as “A” involves both direct
interactions (TS and T9 and vicinal interactions Vig ViciR,

Vics, and VigR (correlation coefficient= 0.977). This indicates
that spin density transfer takes place by way of the most intense

interactions involving orbitals of Hand H;, through the shortest (see Figure 1c for angle definition and atom numbering) zthe

geom etrical path between bgth _hydrogens. . system introduces a clear difference from the previous case.
Figure 4b shows the contributions to the four-bond coupling |stapilities of the wave function were avoided using an
constant for a €-C,—Cs—H dihedral angle, ca-60°, which improved basis set (RHF/6-311G**) in the calculations. How-
corresponds tdJ(Hs,Hs). In this case, the vicinal interaction  gyer 4 small positive eigenvalue of the polarization propagator
Vicy, 0(C2=Cs) — 0*(C1—Hy), appears as the most important  ogjjteqd, causing an overestimation of theontribution. Despite
interaction contributing to negative couplings, specially in the e ahove, experimental tendencies are qualitatively satisfied

range 120 < 6 < 240" and aroundy = 0°. For the othe® 45 shown for the case of the coupling constants corresponding
yalues, its co_ntnbutlon is almost negligible. Compa_rlson of this {5 the cisoid proton b, which closely follows curve A in Figure
interaction with the tendency shown by the coupling constant 34

(which closely follows curve B, Figure 4b), shows that the o allylic couplings, a clear distinction appeared between
relative cc_)n_tnbutlon of \_/|@to the minimum at 18‘O\N|th respect o- andz-transmitted componentSy = “Juu(0) + ().
to the minimum at 0 is greater than necessary in order 10 The former follows a trend similar to that of the four-bond
interpret the variation of the couplings upon dihedral angle couplings transmitted through a saturated coupling pathway
variation. Importar_n contri_butors to more negative couplings at 5nq is affected by the same type of interactions as those found
0° are the direct interaction TSand, to a lesser extent, the  apove for propane. Considering that the most pronounced
geminal interaction Gegft. These contributions tend to equalize  teatures of allylic couplings may be rationalized in terms of a
the minima at 180and O with respect to the contribution of - ajectron mechanisi# the x contribution t0%Jy 1 couplings
interaction Vig considered alone. On the other hand, interactions ;, propene fragments was analyzed, although conclusions should
Gemy and Gerg® contribute to more positive couplings, pe treated with care especially when considering the relative
especially at values near 180 TS? is also an important  contribution of thes path. In propane, in the case o Eanti),
contributor to more positive couplings near 180he net effect  he role of several vicinal interactions is crucial for interpreting
of these interactions taken together is enough to account forphe angular dependence of the coupling, and many of them are
the overall angular variation 68(Hi,Hs), as shownincurve B more intense than those relevant for the case @f Fhus it
of Figure 4b (correlation coefficient 0.968). may be inferred that the relative contributions of these

It is noteworthy that TSand Vic, are important contributors  interactions to the coupling constant of the transoid proton in
to both4J(H1,Hs) and 4J(Hy,Hz) as the part of the molecule  propene (H, geometrically equivalent to the propanic anti H)
involved is geometrically equivalent in both cases. However, are more important than for the case of the cisoid protog) (H
interaction Vig, which in the case of klcorresponds to a  In view of the above, only the cisoid proton will be considered
geometry in which the interacting orbitals are in an anti in detail within the analysis aAJ, where ther contribution to
orientation and is thus important, is replaced in the casesof H the coupling is significantly more important than #heontribu-
by a combination of geminal interactions involving Hn the tion.
coupling pathway between the corresponding hydrogens &em For the*J coupling between IHand the cisoid Hl, one of
+ Gemy + GenyR). Although the relative geometry of atom  the major contributions to the negative value in thé-3050°
pairs involved in some of the interactions discussed remains range of6 comes from the vicinaly(C,—Cs) — ¢*(C1—Hy)
unchanged upon rotation of the dihedfatheir contribution is interaction and in a somewhat lesser extent from the reverse
still significant. This sensitivity to angle variation is probably o(C;—H;) — 7*(C,—C3) (Vic,1 and VicsR, Figure 5). These
due to the interaction of mobile orbitals belonging to the-C interactions do not contribute significantly at @nd 180.

H; bond that interact with other orbitals. These may be distorted
in such a way that their interactions with other orbitals are also
affected.

Propene.In the case of the allylic coupling, as in propene
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Additional contributions for the complete range @fvalues to visualize as path that is common to both compounds. When

originate in the vicinal interactions Vig ViciR, and Vig. the G—C,—Cs—H moiety is near the anti and syn conforma-
Important contributions from interactions involving€C, o tions, vicinal interactions Vicand VigR are of minor impor-
bonds and antibonds, namely Yiand VigR, compensate with tance and are either positive or oscillate around zero, while for
other interactions (not shown). other G—C,—C3—H angles their contributions are toward

Excellent correlations for the angular dependence*bf  negative couplings. On the other hand, ¥ivicy, and their
corresponding to transoid and cisoid H's result from interaction 'everses always contribute toward negative couplings except
71(C;—Cs) — 0*(C1—Hy) (correlation coefficient= 0.994 inboth ~ for Vics in the case of the “W” arrangement.
cases). Interactions that combimandzz contributions between ~ MethylcyclopropaneAs mentioned above, the cyclopropane
C,=C; and G—H; bonds, indicated as “A” in Figure 5, show ring with its partial 7 character may be considered as an
a slight improvement in the correlation coefficient, namely 0.994 intermediate case between propane and propene. However, the
for the transoid and 0.996 for the cisoid. The addition of vicinal analysis is more complex due to the larger number of bonding
interactions Vig and ViR, which will be named combination ~ and antibonding orbitals that contribute significantly to tie
B, improves again slightly the correlation in the transoid case couplings between Hand the anti and syn cyclopropyl protons,
(0.995), while the addition of Vigand VieR (combination C) ~ Hs and H, respectively (see Figure 1d for numbering and angle
deteriorates slightly the correlation in the cisoid case (0.995). definitions). As in the previous cases, the calculated Fermi
These schemes are similar to scheme A in propane, as theycontact terms reproduce the experimental tendencies of the

include vicinal interactions that involve the coupled protons Mentioned coupling constarits. _
under consideration. Due to the large number of interactions that need to be

considered, a special notation is required in the case of
methylcyclopropane. The nomenclature used for interactions that
do not follow the general rules stated above is summarized in
Table 1.

As discussed previously, one of the most important features
of the formalism of deletions is to explain the tendency followed
by coupling constants upon variation of dihedral angles. For

this purpose, correlations between calculated couplidigand . . . .

their variations produced by deletiondJ) were calculated. At variance W.'th all the cases prew_ously analy_zed, in the
However, in the case of propene several combinations of case Of. the anti cyclopropyl H there is not a unigue s.et.of
interactions give rise to very good correlation coefficients. To |ntaract|qns that.can account for th'e ovgrall angular variation
determine the combination of interactions that better explains of J Itis p035|k_)le, however, to find different sets for the

tendencies of experimental and calculated coupling constants,'oart'aIIIy overlapping ranges180° < 6 < 50" and—70" < 8

differences between cisoid and transoid couplings were analyzed< 1.803’ suggesting that small contributions from a large ngmper
in more detail. of interactions add up to shape the overall angular variation.

binati B and C for th id and cisoid For the first range, the major contributors are the vicinal
Combinations B and C for the transoid and cisoid cases, jiaractions of the bonding and antibonding-Els orbitals with
respectively (see above), include interactions that involve orbital

> ; the G—C; orbitals (Vig and VigR) and the interactiow(Co—
adjacent to both coupled protons, as is the case for the besh4)_>g*(C3—H3) (Vics); their combination is indicated as “A”

combinations in propane (curves A and B, Figure 4) and in i, "rigre 6a, with a correlation coefficient of 0.990. The
ethane (curve A, Figure 2). However, the differendégoward individual interactions have opposite effects on the couplings;
negative coupling constants due to these deletion schemes ar,o tormer decrease the coupling constant while the latter
larger for the transoid than for the cisoid proton, contrary to increases it. It should be noted that, in the negative range of
the trend shown by calculated and experimental valuéd.f the pair Vig + VicsR prevails, while Vi is more important in
This may be due to the fact that in the transoid case combination,, positive range, resulting in a positive coupling for angles
B includes interactions Vigand VigR, while in the cisoid case greater than aproximately 4CFor the range-70° < 6 < 18C°,

combination C includes Vicand Vig®. As the G—Hs bond combination B (Figure 6b), which includes the vicinal interaction

is anti to G—-Cz while the G—Hz bond is syn, the magnitude ¢ he honding and antibondings€Hs (anti) orbitals with G—
of the stereoelectronic interaction is greater in the former, giving C1 (Vics, VicR) and the direct interaction of orbitalss€Hs

rise to a greater diﬁerenge i,QJ toward negative gouplings. _with Ci—H; (TS, TS), gives a good correlation coefficient
On the other hand, combination A gives larger differences in ¢ ggg). Although Vi has a significant contribution in this
AJ in the cisoid than in the transoid case, making cisoid 5nqe it is not included in combination B, suggesting that its
couplings more negative than transoid ones, m_accordance Witheffect in the angular variation of the coupling constant is
the trend showed by the calculated and experimental véfues. compensated by other interactions. From a geometric point of
To further clarify the role of the-path contributions to long-  view, for angles in the range 20< 6 < 130, Cs—Hjs (anti)
range couplings in propane and propene, a comparative analysisnd G—H, acquire an orientation that resembles the “W”
follows. In the conformations analyzed in both compounds, arrangement. In this range, interaction yéontributes to more
interactions Vig and Vig and the corresponding reverse positive couplings, and the combined effect of this interaction
interactions contribute significantly to negative values of the and TS+ TSR gives rise to positive values of the couplings.
coupling constants (Figures 4 and 5, not shown in the gaucheThe relevance of the direet((C—H) — ¢*(C—H) interaction
case in propane) except in the case of thertpropane, where  and the positive value of the Fermi contact term are propane-
Vics contributes to positive couplings for dihedral angles over |ike characteristics.
150, near the “W” arrangement (Figure 4a). The other important  For the syn cyclopropyl H (Figure 7), the major contributions
vicinal interactions, Vig+ Vici?, are either positive or oscillate  come from the vicinal interactions involving bond and antibond
around zero for conformations where the-@,—Cs—H angles  orbitals of G—H; and G—Hz (syn) bonds and from the geminal
are 0 and 180, i.e., in the case of the cisoidsHFigure 5) interactions involved in the shortest bond path connecting both
and the transoid kiproton in propene (not shown) and the anti  hydrogens. The main interactions are Vand VigR (o(Co—
Hs proton in propane (Figure 4a). In the case afiH propane Cs) — 0*(C1—Hj) ando(C1—H;) — 0*(C,—Cx)), with a greater
(C1—C>—Cs—Hgz angle ca—60°), these interactions contribute  strength in the range°0< 6 < 180°, which includes those
toward negative coupling constants. In summary, it is possible conformations in which Hdoes not eclipse the cyclopropane
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Figure 6. Differences in coupling constants'J(H,Hs) (anti) resulting
from deletion of relevant interactions for methylcyclopropane as a
function of the H—C,—C,—C; dihedral angléd: (a) dihedral interval
—180¢° < 6 < 50°, curve labeled A shows the behavior of several
interactions taken together, & Vics + VicaR + Vics + VicsR, with
correlation coefficient with the calculated FC term of 0.990 (slepe
0.287+ 0.024); (b) dihedral intervat70° < 6 < 18C, curve labeled

B shows the behavior of several interactions taken together,\Bcs

+ VicgR + TS+ TSR, with correlation coefficient with the calculated
FC term of 0.986 (slope= 0.188+ 0.018).

ring, i.e., according to the angle definition, angles lying outside
the range—70° < 6 < 0° (Figure 7a). As a consequence of the
influence of Vig and its reverse interaction, the minimum

around & = 70° is deeper than the one corresponding to
approximatelyd = —100°.

The direct interaction between both-€l bonds is a small
but significant contribution specially in the range°66 6 <
12 (Figure 7b). Vicinal interactions that involve thg-€Hz
bond orbitals are minor contributors, the contribution of Vic
+ VicoR to more negative coupling constants being more
important in the angle intervals70° < 6 < 0° and 120 < 6
< 180 (Figure 7b), while Vig + VicsR contribute to more
positive coupling constants in the negative intervab @nd to
more negative ones in the positive interval (Figure 7c).zVic
and VigR are slightly more important in the 156< 6 < 210°

J. Phys. Chem. A, Vol. 106, No. 34, 2002841

orbitals with other vicinal bonds £-C, (Vics and VigR) and
C,—H, (Vic4 and VigR), interaction Vig prevails in the range
—70° < 0 < 0°, while VicsR, Vice, and VigR are smaller (Figure
7c). Geminal interactions involved in the shortest bond path
connecting both hydrogens have similar qualitative behavior,
being more intense in the angle intervaP 906 < 27¢° (Figure
7d).

The comparison of the coupling constants corresponding to
anti and syn cyclopropyl protons shows that the former has
common features with the propanics,Hvhile the latter has
similarities with the propanic gauche and the propenic cisoid
H couplings. In both anti cases (Figures 4a and 6) the main
contributors to the absolute maxima of the coupling constants
observed in propane and methylcyclopropane are the interactions
TS, TS, and Vig. In addition, in both model compounds a
change of sign in the coupling constant takes place. With respect
to the role of Vig and VigR interactions, VigR has a fairly
uniform contribution in both cases, while the added effects of
Vicz and VigR are more important than Vict VicR.

On the other hand, in the gauche (propane) and syn (meth-
ylcyclopropane) cases, the interactions Mand VigR are the
most significant (Figures 4b and 7). In these cases, the positions
of the minima of the curvéJ(H,H) vs 6, which follows closely
curve B, Figure 4b and curve A, Figure 7a, respectively, come
predominately from the effect of these interactions. Feri
propane they are & = 0° and 180, while in methylcyclo-
propane, the geometrically equivalent angle is the one defined
by the H—C;—C,—C3 dihedral, giving equivalent values of the
6 angle that are approximately-a70° and 110. An equivalent
behavior is observed in the case of the maximaJ@f,H).

With respect to the intensities of these extremes, the effect
of Vic; and VigR interactions on the coupling constant*gy 1)
of the syn H of methylcyclopropane and gauche H of propane
is of similar magnitude for the two maxima but of different
magnitude for the two minima. Consistently, curves B in Figure
4 and A in Figure 7a show maxima with similar intensities for
both model compounds originating mainly in the mentioned Vic
and VigR interactions and minima with different intensities in
the case of the gauche proton of propane (curve B, Figure 4b).
However, a different behavior is observed in the case of the
syn proton of methylcyclopropane, where the minima are of
similar magnitude. This special behavior appears to originate
in the concerted action of several small interactions. Minima
of similar magnitude are also observed for the cisoid proton of
propene, in this case due to the effect of vicinal interactions
that involves orbitals.

Some similarities between the cyclopropyd kbyn) and the
cisoid proton in propene could be based on the fact that the
C,—C3 cyclopropane bond behaves in some situations like a
double bond? As discussed above, the most significant
contribution to*Jyy in propene corresponds to vicinal interac-
tions that involve the double bond. In a similar way, for the
cyclopropyl Hy (syn) the vicinal interactions that involve the
cyclopropyl G—Cs bond, Vig and VigR, are the most important
contributions to the variation of the coupling upon rotation of
the dihedral angl®. Moreover, a combination of interactions
including vicinal interactions that involve the mobile (in the
sense off angle rotation) methyl &-H; orbitals (curve A,
Figure 7a), gives a good correlation (0.984) as in the case of
cisoid couplings. The addition of vicinal interactions including
C—Hz (syn) orbitals (A+ Vicy + VicaR + Vics + VicaR +

angle interval and are approximately constant throughout the Vics + VicsR) deteriorates the correlation (correlation coef-

other values of (Figure 7b). With respect to interactions other
than Vig and VigR that involve bond and antibond;EH;

ficient = 0.970), in a way similar to combination C for the cisoid
H of propene. Combination A includes all geminal interactions
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Figure 7. Differences in coupling constants’J(H;, Hz) (syn) resulting from deletion of relevant interactions for methylcyclopropane as a function
of the H—C;—C,—C; dihedral angleé9: (a) vicinal interactions Vigand VigR and the behavior of several interactions taken together @em

+ GemR + Gem: + Gem:R + Gemy + GemyR + TS + TSR + Vic; + ViciR + Vic, + ViesR + Vice + VicgR) with correlation coefficient with

the calculated FC term of 0.984 (slope0.1864 0.015); (b) through-space interactions and vicinal interactions,Wic2R, Vicz, and VigR; (c)

the remaining vicinal interactions; (d) geminal interactions.

that connect the coupled nuclei as well as the direct interaction of the relative contributions of stereoelectronic interactions to
and vicinal interactions mentioned above; as in propane, vicinal the molecular property, despite the fact that the NBO deletion
interactions are important only for certain relative orientations procedure does not completely cancel the interactions. The
of the orbitals, for other geometries the transfer of spin density additivity property is particularly useful as interactions may be
is mediated by a combination of geminal interactions. analyzed on an individual basis, thus simplifying the overall
Other similarities between anti protons arise from the procedure and allowing the straightforward prediction of
asymmetry of the curves of the coupling constants vs dihedral combinations of interactions involved in the process under study.
angle: in the anti case the asymmetry between two consecutiveThe method works well with systems containing botand
maxima (curves A gnd B, Figure 6) is greater than for the syn bonds, and even in systems with partial character as
case (curve A, Figure 7a). The same is observed whenycionropane rings. In the case of ethane, the through-space
comparing thg curve corresponding t@.'H propane (curve A, interaction between orbitals that involve the coupled protons is
E:gld;: j’gg \;V:g :r:lgsc:?sg]; dtg-?ingg?gg;?(sl;?\?:le I(:Clg[xz g) the most important contribution; however, the consideration of
' " the other interactions is crucial in order to interpret the overall
. behavior of thé’Juy coupling constant upon dihedral rotation.
4. Summary and Conclusions In the case of'Jyy couplings, the comparison of the results

In this work we presented a methodology for studying the shows that propane and propene have only a few interactions
variation of magnetic couplings between protons, upon deletion that contribute significantly to the couplings between protons.
of selected stereoelectronic interactions. The method is rigorousSpecifically, the roles of vicinal and through-space interactions
from a formal point of view and gives a quantitative measure that include orbitals involving the coupled protons are very
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important in the case of propane. In the case of propene, vicinal

interactions that involve the orbitals are, by far, the most
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