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The multipath spin—spin coupling mechanism in cyclic compounds leads to NMR spin—spin coupling constants
(SSCCs) strongly deviating from normal SSCCs. This is shown for "J(CC), "J(CH), and "J(HH) coupling
constants of cyclic and bicyclic compounds using the recently developed decomposition of of J into orbital
contributions using orbital currents and partial spin polarization (J-OC-PSP). A typical multipath SSCC
depends on a through-space part, two or more through-bond parts, and the path-path interaction part where
the latter results from steric exchange repulsion between the bond paths. The sign and magnitude of the
through-space contribution as well as the through-bond contributions can be predicted by analysis of the Fermi
contact spin density distribution calculated from the localized molecular orbitals involved in the coupling
mechanism. In this way, unusual SSCCs of cyclopropane and bicyclo[1.1.1]pentane are explained for the first
time. Also, measured and calculated 2J(CC) coupling constants of cyclopentane and tetrahydrofuran are shown
to be averages over the pseudorotational motion of these ring molecules where each individual SSCC of

a conformation passed in the pseudorotation is the sum of different path contributions. The three-bond path
contributions dominate the 2/(CC) coupling constants of the pseudorotating molecules and introduce its

dependence on the pseudorotational phase angle.

I. Introduction

NMR spin-spin coupling constants (SSCCs) provide impor-
tant information about the electronic structure, the geometry,
and the conformation of a molecule.'™ Many models and con-
cepts have been developed to unravel the relationship between
SSCCs and structural or electronic properties. One of these is
the concept of multipath coupling, which explains the existence
of unexpectedly large SSCCs found in ring compounds as a
result of the existence of several paths, either through-bond
(THB) or through-space (THS), by which spin polarization
can be transmitted between two coupling nuclei.*> A number
of experimental and theoretical investigations has lent support
to the concept of multipath coupling in cyclic and multicyclic
compounds and, as such, it has gained general acceptance.*”"”
The question of the additivity of the individual components
of the multipath mechanism, in order to obtain the total
SSCC, is not a trivial one. Whereas early work assumed
additivity to be fulfilled in most cases,” "> latter work
showed that cases of both additivity and non-additivity
can be found.'® The multipath coupling mechanism includes
a through-space component, which is difficult to predict
on the basis of empirical estimates and therefore requires reli-
able quantum chemical calculations. The cases of nonaddi-
tivity are caused by exchange interactions between the
various paths and again these interactions will be difficult
to estimate if not quantum chemical methods are used that
reliably reproduce the various path contributions.

The concept of multipath coupling heavily depends on the
use of an accurate theory to calculate SSCCs. A second pre-
requisite is the existence of a method that decomposes the
calculated SSCCs into path contributions. For a long time
the first requirement was not fulfilled as semiempirical or
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non-empirical Hartree-Fock (HF) based methods used to
calculate the SSCCs did not include a sufficient amount of
electron correlation to obtain reliable SSCC values.'®!'? Multi-
configurational SCF (MCSCF) and coupled cluster (CC)
methods for the calculation of SSCCs**2! are largely reliable,
although they are too expensive to be routinely applied to lar-
ger rings systems with interesting multipath coupling. A solu-
tion to this methodological problem is offered by the coupled
perturbed density functional theory (CP-DFT) approach,”
which provides all terms of the indirect scalar SSCC according
to the Ramsey theory? with sufficient accuracy when carried
out with the hybrid functional B3LYP.>* As the exchange
functional used in B3LYP includes also nondynamic electron
correlation,” CP-DFT performs almost as good as MCSCF
or CCSD while having at the same time the advantage of being
an economic method. As such, CP-DFT as developed by
Cremer and co-workers® is the tool of choice for investigating
multipath coupling in relatively large molecules.

The most advanced work on multipath coupling was per-
formed by Contreras and co-workers,>> ¢ who used the inner
projections of the polarization propagator (IPPP)'® approach
for the analysis of transmission mechanisms. This was done
initially in connection with the semiempirical intermediate
neglect of differential overlap (INDO) approximation'®'?
and later IPPP was extended to an HF ground state wavefunc-
tion.'® Despite the fact that none of the underlying methods
could fulfill the requirements for calculating reliable SSCCs,
the IPPP approach of Contreras and co-workers'® provided
for the first time reasonable explanations for multipath
coupling, additivity and non-additivity, and the through-space
component of multipath coupling.'* ¢

In this work, we investigate multipath coupling for the
first time using CP-DFT to the extent that all Ramsey
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contributions to the indirect isotropic SSCC (Fermi contact
(FC), diamagnetic spin—orbit (DSO), paramagnetic spin—orbit
(PSO), and spin—dipole (SD) terms??) are calculated,?? which
has not been done in previous work. As such, reliable total
SSCCs and reliable path contributions can be expected for
all the molecules considered in this work. Furthermore, we
apply the recently developed decomposition of of J into orbital
contributions using orbital currents and partial spin polariza-
tion (J-OC-OC-PSP = J-OC-PSP)* to analyze the multipath
SSCCs. The basic idea of J-OC-PSP is to calculate the SSCC
by imposing restrictions on the spin polarization within a set
of localized molecular orbitals (LMOs), which correspond to
a given molecular fragment. In this way, all other contribu-
tions to the SSCC in question are discarded and only those
contributions to the SSCC associated with the molecular frag-
ment of interest are considered. Each LMO contribution to the
SSCC (or to FC, PSO, DSO, and SD term) represents either
repolarization or delocalization of the spin density transmit-
ting the coupling mechanism. Steric exchange interactions
between the LMOs lead to further contributions to the SSCC.
Each of these LMO contributions and the corresponding
spin polarization can be related to typical features of the
electronic structure as we have demonstrated in two recent
publications.?**’

We will show that J-OC-PSP in connection with CP-DFT
provides a clear picture of multipath coupling and answers
the additivity /non-additivity question in an unique way. Sign
and magnitude of the multipath SSCCs can be rationalized
using the spin density distribution calculated with the asso-
ciated LMOs. Consequently, the importance of through-space
paths and path interactions can be described in detail. We
make an additional step by demonstrating the role of multi-
path coupling for conformationally highly flexible molecules
such as pseudorotating five-membered rings. In such cases
one can obtain experimentally only one SSCC value, which
is the weighted average over all individual SSCCs J associated
with a given conformation of the ring populated during ring
pseudorotation. Each of the individual J values contributing
to the measured average value (J) comprises the sum of var-
ious path contributions, so that the rationalization of sign
and magnitude of the measured SSCC becomes extremely
difficult. We will show in this work that theory provides the
tools to unravel the various relationships.

II. Theory of the J-OC-PSP method

According to the theory of magnetic indirect spin—spin cou-
pling as formulated by Ramsey,” the coupling interaction
can be expressed in terms of Hamiltonian (1):

H=H, + Hy, + H + H (1)

where H,, and H,, describe the DSO and PSO interactions, H,
the SD and H; the FC interactions between the coupling
nuclei. Applying the Hamiltonian in eqn. (1) and utilizing
Kohn-Sham DFT.,?® the four contributions to the indirect
scalar SSCC can be given by eqns. (2a)—(2d):>

KR = 3Z<¢,& e |)) (2a)

KX%O _ 7;‘_ oce <¢k thO‘¢]£B),PSO> (Zb)
k

KES = 255 (0 e (20
ko
occ

KR = 3Z<% B\ (2d)
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where d);(B) X and 1//,(:?‘)( correspond to the first order space and
spin orbitals, respectively. In the following derivation we con-
sider just the spin orbitals needed for the FC and SD terms.
Similar formulas apply to the PSO term expressed in space
orbitals. Discussion of the DSO term (also expressed in space
orbitals) is not necessary because its decomposition into orbi-
tal contributions is stralghtforward as reflected by eqn. (2a).
The first-order spin orbitals Wka)i are given by

v FX v ) .

(B).X virt < P
‘W"”’ >:; & — &g
The symbol X stands for PSO, FC or SD, indices k£ and a
denote occupied and virtual orbitals, respectively while ¢ and
¢’ are spin varlables Operator FX depends on the first-order
spin orbital zﬁk B).x (first order space orbitals qbi )X ) in a similar
way as the KS operator F depends on the KS orbitals.

F;f =k + Fx (4a)
OCC 0ocC _
/ d’r B .p,m =Y ¥ (4b)
ko k

For the PSO, FC, and SD terms, eqns. (2a)—(2d) can be rewrit-
ten according to eqn. (5):

0|3 0

|FX )

X S iy <l//‘(’“'
Kig = CZZ@’AJ N >W (5)

where the pre-factor C is —4/3 for the PSO, 2/3 for the FC
and SD terms; ¢, and ¢, are the orbital energies of occupied
and virtual orbitals, respectively. For the analysis of K in terms
of orbital contributions, it is useful to use localized molecular
orbitals (LMOs) #; (although this analysis can be carried out
with any type of orbital). Canonical orbitals and LMOs are
connected by an unitary transformation according to eqn. (6).

oce

lpma = Z Cfninio' (6)

By substituting eqn. (6) into eqn. (5) one obtains eqn. (7).

occ virt

AB - CZZ< Nig hX aa>zz(’kz(’k1
“ < Ipazr’ Fl;(‘nja > (7)
Eq — &k

In eqn. (7) it is considered that the use of localized orbitals
in the virtual space is unnecessary because the sum over all
virtual orbitals rather than any individual virtual orbital
is required. The first order LMO r/f ) is given by eqn. (8):

LR
— &k

In eqn. (4b) it is indicated that the first order perturbation
operator can be decomposed into orbital contributions, which
does not change when LMOs are used:

virt occ occ

nlo’ Z Z Z Ckzckj

ac'  jo ko

~ occC .

FY =) B ©)

Accordingly, the PSO, FC, and SD terms KX; can be split up
into one- and two orbital terms.>*>’
1, 7 1

K% = (niliX|ni" (F2)) (10a)

77, X
K5y = Gy bIn (F) (10b)

Eqn. (10a) describes the relaxation of an orbital under
the impact of a magnetic perturbation at nucleus B. This
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relaxation can be connected with a repolarization of charge in
orbital n,(excitation n;—n; where #; is the to ; associated
antibonding LMO) or delocalization of charge into another
orbital described by the excitation n,ﬂn;' Eqn. (10b) corre-
sponds to a steric exchange mteractlon between occupied
LMOs 5; and ;1]( ). The notations nf (F;) and ;1]( (F;) indicate
that the spin—spin transmission mechanism is initialized by
polarizing (perturbed) LMO #5; alone (the polarization of
all other orbitals is set to zero). In this way, the different
effects of the LMOs on the spin—spin coupling mechanism
are separated.

By using LMOs, the set of orbitals can be partitioned into
subspaces containing all bond (bd) LMOs, which directly con-
nect the coupling nuclei, all lone pair (Ip) LMOs associated
with the coupling nuclei, and all core (¢) LMOs of the coupling
nuclei. Bond orbitals not included in the direct bond path
between the coupling nuclei (e.g. C-H bond orbitals for a
CC coupling path) are collected in the set of other bond (ob)
LMOs. In this way, different transmission mechanisms asso-
ciated with different coupling paths each given by a specific
set of LMOs can be identified. In this work, we will apply the
J-OC-PSP approach for the analysis of multipath spin—spin
coupling mechanisms.

III. Computational methods

In this work, the molecules shown in Scheme 1 were investi-
gated. Their geometries were optimized with DFT/ B3LYP?*
using Pople’s 6-31G(d,p) basis set® and, in the case of cyclo-
pentane and tetrahydrofuran (THF), in addition with second-
order many-body perturbation theory (MBPT2) using the
Moller—Plesset (MP) perturbation operator®® and Dunning’s
cc-pVTZ basis set.’! The conformational energy surfaces
(CES) of cyclopentane and THF were calculated by using the
puckering coordinates developed by Cremer and Pople.** 34
The SSCCs were determined using CP-DFT as recently
described by Cremer and co-workers.> It has been shown that
reliable SSCC values are obtained with the B3LYP
functional.>*3>3¢ In this work, the B3LYP functional was
employed in connection with the (9s,5p,1d/5s,1p)[6s,4p,1d/
3s,1p] basis set designed for the calculation of magnetic
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~ / Hig
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Scheme 1
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properties.>” All SSCC calculations were carried out with the
ab initio program package COLOGNE 2003* while the
geometry optimizations were done with Gaussian 98.%.

The multipath contributions were calculated within the
J-OC-PSP approach?® also programmed for COLOGNE
2003. For the cyclic compounds, different coupling paths are
defined as illustrated in Fig. 1:

(a) Through-bond paths (THB paths): They are formed by
the ring bonds and other bonds along the corresponding path.
For the geminal SSCC 2J(C1C3) in cyclopentane, there is a
two-bond path (clockwise around the ring perimeter, Fig. 1a)
and a three-bond path (counterclockwise around the ring peri-
meter, Fig. 1b). They are described by the corresponding CC
bond LMOs. However, for the spin—spin coupling mechanism,
one has to consider beside the corresponding o(CC) LMOs
also the o(CH) LMOs in each path because spin polarization
can be transferred not only via the ¢(C1C2) - a(C2C3) two-
bond path but also via the o(C1H6) - o(C1C2), o(C1H6) -
a(C2C3) subpaths and all possible similar subpaths. Inclusion
of the o(CH) LMOs (or Ip(O) LMOs in the case of THF) leads
also to through-space contributions, which have to be calcu-
lated separately (see b) and deducted from the calculated
THB contributions to obtain the THS-free path contributions.

b) Through-space paths (THS paths): This path includes all
through-space subpaths between the LMOs of the coupling
nuclei (e.g. C1 and C3 in Fig. 1c) with the exception of the ring
bond LMOs, but including the core orbitals of the coupling
nuclei. For example, one important contribution to the THS
path results from the steric exchange interaction of the CH
LMOs (or a Ip(O) LMO and a CH bond LMO in the case
of THF).

¢) Path interactions (PI): Steric exchange interactions
between the ring bond LMOs are not covered in b), but they
can lead to substantial contributions to the coupling mecha-
nism thus destroying the additivity of path increments. There-
fore they are summarized in the PI contribution, which is
obtained as a difference between the total SSCC and the sum
of THS + THB contributions.

All SSCCs investigated in this work for the molecules shown
in Scheme 1 were partitioned according to a), b), and c) and
will be discussed in the next chapter.

IV. The mechanism of spin—spin multipath coupling

In Table 1, some typical multipath SSCCs are listed for bicyclic
compounds such as bicyclo[1.1.1]pentane, norbornane or nor-
bornene. Calculated SSCCs agree with the few experimental
data available (given in Table 1 in parentheses), which are
due to substituted systems. The SSCC J(C2C3) of norbornane
with CO,H at the bridgeatom was measured to be 7.38 Hz* in
good agreement with the value obtained in this work (7.60 Hz,
Table 1). In norbornane itself, J(C2H11) was found to be 8.7
Hz*' in perfect agreement with the calculated value (8.68 Hz,
Table 1). Similarly, the measured SSCC J(C4C5) of bicy-
clo[1.1.1]pentane (+25.16 Hz*) is close to the calculated value
of —26.11 Hz (Table 1). For cyclopropane, the J(CC) value of
12.4 HZ* is well reproduced by theory (12.9 Hz, Table 1). We
note that different SSCC values will be obtained if one of the
coupling paths carries additional substituents because these
bonds participate in the coupling mechanism and, accordingly,
change multipath spin—spin coupling. Examples can be found
in the compilations of Marshall,*> Marchand,*® and Krivdin
and Della.*

Apart for the 'J(CC) constant in bicyclo[1.1.1]pentane and
in cyclopropane (case B in Table 1), which was included for
reasons discussed later, all multipath SSCCs investigated fulfil
the additivity rule within +0.5 Hz. There are some PI contribu-
tions for the SSCCs J(CC) (0.55 Hz) and J(CH) (—0.36 Hz,
Table 1) of norbornene, however these contributions are still

Phys. Chem. Chem. Phys., 2003, 5, 4541-4550 4543


https://doi.org/10.1039/b304891h

® ®©

Hg |

View Article Online

H

1) Hg—Hro HA( o 10
RN Grogie
Y Hig~Cymt=Cy M1 i heN

Hy " 1 N—Hi toooe2 Ha

Two-bond path (THB2)

O )
\
Cs—H
H /
\
c4-cs  H 0
two-bond /01\0
paths H ,5\ __H
Ho 02
|
H

Three-bond path (THB3)

Through-space path (THS)

THS path 2

He H;

THS path 1

Fig. 1 Explanation of different path contributions in cyclopentane and bicyclo [1.1.1]pentane. (a) Two-bond path, (b) three-bond path, and (c)
through-space path for J(C1C3) in cyclopentane. The thick solid lines indicate the CC THB-paths. Arrows indicate that contributions from the CH
bonds have to be considered. (d) The three two-bond paths for J(C4C5) in bicyclo [1.1.1]pentane. (d) The through-space (THS) interaction between
C4 and CS5 in bicyclo [1.1.1]pentane splits up into THS path 1 and THS path 2 (compare with Fig. 2a).

small compared to the other contributions so that it is justi-
fied to speak of path additivity. This result is in line with
semiempirical and HF work carried out by Contreras
and co-workers."*1¢

Results for the bicyclic compounds show that it should be
possible to define increments for the various path contribu-
tions only if the molecules under consideration possess closely
related structures so that the THS contributions do not change
significantly (compare norbornane and norbornene in Table
1). If this is not the case, the strong variation in the THS con-
tributions makes it difficult, if not impossible, to cover THS
effects by defining suitable increments on the basis of empirical
rules and measured SSCCs. Theory shows that the THS

increments can have both negative and positive sign and that
their magnitude may be as large as 11 Hz (bicyclo[1.1.1]pen-
tane, Table 1). J-OC-PSP makes it possible to analyze the
trends in THB and THS contributions, which are dominated
by the FC term of the SSCC. Fig. 2a shows a contour line plot
of the zeroth order LMOs o(C4H6)+ o(C5HT) of bicy-
clo[1.1.1]pentane and Fig. 2b the corresponding Fermi contact
spin density distribution,”® which results from the combination
of the products of the zeroth order LMOs and the correspond-
ing first order orbitals with a perturbation at H6 (Fig. 2b:
lower H nucleus). Solid contour lines are in regions of a dom-
inance of o-spin density, dashed contour lines in a region of a
dominance of B-spin density.
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Table 1 Decomposition of NMR spin-spin coupling constants "J(CC) and "J(HH) resulting from a multipath mechanism into different path
contributions”

Molecule Type J(THS) "J(Path 1) "J(Path 2) "J(Path 3) > PI Total
Class A
Bicyclo[1.1.1]pentane THS 37 37 37
C4H7 —3.06 5.59 5.59 5.59 13.71 —0.18 13.53
THS 4 4 4
H6H7 10.71 1.15 1.15 1.15 14.15 0.04 14.19
Norbornane THS 2J 37 37
C2C3 —4.94 —2.46 7.52 7.52 7.64 —0.04 7.60 (7.387)
THS 3y 4 4
C2H11 1.50 5.91 0.84 0.84 9.08 —0.40 8.68 (8.7%)
THS 4 7 7
HI0H11 0.20 0.03 —0.08 —0.08 0.08 0.06 0.14
Norbornene THS 2J 3 3
C2C3 —4.88 —3.04 7.62 6.94 6.65 0.55 7.20
THS 3y 4 e
C2H11 1.29 6.23 0.98 0.52 9.02 —0.36 8.66
THS 4 3P e
HI10HI11 0.55 0.10 —0.11 —0.11 0.43 0.06 0.49
Class B
Bicyclo[1,1,1]pentane THS 2y 2y 2y
C4Cs —2.58 —4.44 —4.44 —4.44 —15.90 —10.21 —26.11 (£25.167)
Cyclopropane THS 1 2y
ClC2 —27.08 54.39 10.08 37.39 —24.48 12.91 (12.4%)

“ All values in Hz. For a numbering of atoms, compare with Scheme 1. THS gives the through-space contribution, path n the through-bond con-
tribution n while 3 stands for the sum of THS and THB contributions. PI gives the contribution resulting from the interactions between different
paths. ® The 3J path via the CC single bond. ¢ The *J path via the CC double bond. ¢ Experimental values from ref. 4(norbornane, bicyclo[1.1.1]-
pentane), 40 (cyclopropane), 41 (norbornane).
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(a)

(b)

Fig. 2 (a) Contour line diagram of the zeroth order LMOs
0(C4H6) + o(C5HT) (CAHG is the lower, C5SH7 is the upper bond,
bridge atom C3 is at the left; compare with Fig. le). (b) Contour line
diagram of the Fermi contact spin density distribution resulting from
the zeroth- and first-order ¢(CH) bond orbitals involving C4H6 and
C5H7. The perturbation is at the lower H atom, which corresponds
to H6.

The back lobes of the o(CH) bond orbitals lead to a direct
interaction through-space (indicated in Fig. le as THS path
1) and an indirect interaction in the region of the bridge C
atom (indicated in Fig. le as THS path 2). The sign of the
FC term as transmitted by the THS spin-polarization is deter-
mined by the sign of the FC spin density distribution at the
coupling nuclei.”® If the proton H6 (lower proton in Fig. 2)
adopts a-spin, then the spin density is negative at this proton,
positive at the bonded bridgehead C, positive at the bridge
carbon, negative at the other bridgehead C, and positive on
proton H7 (upper proton in Fig. 2). Due to Fermi coupling
between nuclear spin and electron spin, this leads to a negative
sign for 2J(THS,C4H7) = 2J(THS,C5H6)(—3.1 Hz) and a
positive sign for *J(THS,H6H7)(10.7 Hz) whereas the
through-space interaction can be formally counted as a one-

View Article Online

bond interaction because of the relative large density between
the bridgehead C atoms in bicyclo[1.1.1]pentane.

In a similar way one can show that the spin-density leads to
a negative 'J(THS,C4C5) value for bicyclo[1.1.1]pentane (—2.6
Hz, Table 1) when one of the bridgehead nuclei is perturbed.
There seems to be a positive and a negative contribution to
the THS part involving the bridgehead C atoms, namely the
direct interaction between the back lobes of the ¢(CH) bond-
ing LMOs yielding a positive contribution (Fig. le, THS path
1; also Fig. 2a) and a second interaction including also the
back lobes of the CH bond orbitals in the bridge, which leads
to a negative contribution (Fig. le, right side, THS path 2; also
Fig. 2a). The two contributions cancel each other partially so
that a smaller negative value (—2.6 Hz) than in he cases of nor-
bornane (—4.9 Hz) or norbornene (—4.9 Hz, Table 1) results
for which the negative contribution should clearly dominate
(because of the large bridgehead distance C---C decreasing
the positive contribution from THS path 1).

The signs of the FC spin density distribution at the coupling
nuclei can be predicted by inspection of the nodal behavior of
zeroth and first order orbital, which determines the the relative
signs of these orbitals at the nuclei (for a detailed discussion
see refs. 26 and 27). Although the form of the first order orbi-
tals depends on the nucleus perturbed, the product of the FC
spin densities at the nuclei will have the same sign. The two-
bond and three-bond path contributions have signs as one
should expect for normal SSCCs. The three-bond path nor-
mally leads to the largest contribution since the topology of
the bicyclic molecule forces the corresponding bonds into a
cis-arrangement. Sizable contributions result also from the
two-bond paths but these are, as normal geminal SSCCs
2J(CC), all negative.*® Contributions from the four- and five-
bond paths are rather small (exception: bicyclo[1.1.1]pentane)
and can have both signs (Table 1). In view of these partially
opposing trends, it will be difficult to define suitable increments
without appropriate calculations. Hence, the analysis of mea-
sured multipath SSCCs requires the application of theoretical
methods such as the one used in this work.

Nonadditivity is found for the 'J(CC) of bicyclo[1.1.1]pen-
tane, which has a PI part of —10.2 Hz. This is a result of the
structure of the molecule leading to a relatively strong inter-
action between the three bridges (Fig.1d). Obviously, the ana-
lysis of the multipath SSCC can reveal these interactions and
therefore can be considered as a valuable tool for through-
space and through-bond interactions.

Cyclopropane, although not a bicyclic molecule, is the sim-
plest organic compound with a dual-pathway for '*C,'*C cou-
pling. Stocker'” suggested to take the 'J(CC) value of ethane
(34.6 Hz*) and to add an assumed 2J(CC) value of —20 Hz
so that a value close to the experimental cyclopropane SSCC
1J(CC) of 12.4 Hz'” is found. This approach however has to
be criticized because it does not consider the difference in CC
bonding between ethane and cyclopropane,** it does not
include a THS contribution, which certainly exists (see Scheme
2), and it ignores the strong PI between the one-bond and the
two-bond path.

The J-OC-PSP calculations reveal that the one-bond path
contributes 54.4 Hz (Table 1), which is between 'J(CC) of
ethane (34.6 Hz) and 'J(CC) of ethene (67.6 Hz*) in line with
the known m-bond character of the CC bonds in cyclopropane.
The two-bond path adds another 10.1 Hz (Table 1) typical of a
geminal CC coupling in strained rings,*** but with opposite
sign. Actually, the two-bond path has to be seen together with
the THS part of the SSCC (see Scheme 2), which is —27.1 Hz
(Table 1) indicating that the interactions between the back-
lobes of the CH hybrid orbitals through-space play an impor-
tant role. The sum of these contributions (10.1 —27.1 = —17
Hz) leads to a strongly negative contribution as one should
expect for a ring with high strain. Finally, the interaction
between one-bond and two-bond path adds another —24.5
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one-bond  Cl1-y--—---- g c3
path .
1 CC bond + 2 C(core) +
4 CH bonds considered
two-bond

——C3
path Clmm— /

2 CCbonds + 3 C(core)
+ 6 CH bonds considered

through-space
path C1-------§------::C3

-[ 2 C(core) +
4 CH bonds ]

Total: 3 CC + 6 CH bonds

Scheme 2

Hz (Table 1) thus reducing the large one-bond path contribu-
tion to the relatively small total SSCC of 12.9 Hz (measured
12.4 Hz*’). We conclude that electronic features of CC bond-
ing in cyclopropane can only be assessed from the measured
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1J(CC) value if it is decomposed in a multipath analysis. The
approach by Stocker!'” was in this respect highly misleading.
An alternative decomposition of 'J(CC) with the help of the
canonical orbitals of cyclopropane is also interesting in this
connection. The canonical orbitals exclude a multipath analy-
sis because each orbital includes THB and THS parts. How-
ever, one can single out from the nine occupied valence
orbitals just two orbitals (2a’; and one of the 2¢’) because for
the other orbitals the C atoms are positioned in nodal planes
and therefore a contribution to the FC term is not possible.
The 2a’ orbital is a CCC bonding orbital and it leads to a large
positive contribution of 77.2 Hz to LJ(CC). The 2¢’ orbital con-
tributes —66.0 Hz thus reducing the contribution to 11.2 Hz
already close to the actual value of 12.9 Hz (resulting from
additional core contributions). By localization of the orbitals
these two large contributions are split up into smaller contribu-
tions, which can be associated with certain coupling paths.

V. Multipath coupling in pseudorotating molecules

Puckered five-membered rings can undergo pseudorotation,
which is best described using the Cremer—Pople puckering
coordinates.**>* For a five-membered ring, these comprise
the pseudorotational phase angle ¢ describing the mode of
ring puckering and the puckering amplitude ¢ describing the
degree of ring puckering. An infinite number of ring conforma-
tions is located along the pseudorotational path, of which in
the case of cyclopentane or THF a subset of 20 forms is easy
to recognize because it comprises the ten envelope (E) forms
(¢ = (04360k)/10 for k =0,1,2,....9) and the ten twist
(T) forms (¢ = (18 +360k)/10 for k = 0,1,2,...,9) of a five-
membered ring (see Fig. 3). The CES must comply with the

C
S R'C‘\XC'/C

Fig. 3 Pseudorotation itinerary (¢ = 0 — 360°) of cyclopentane (X = CH,) and tetrahydrofuran (THF: X = O) as indicated by the 10 envelope
(E) and ten twist (T) forms at ¢ = (0+360k)/10 and ¢ = (18 +360k)/10 (k = 0,1,2,...,9). At the center (¢ = 0), the planar ring is located. To
distinguish different positions in the ring, symbols R, S are used for substituents.
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contributions 2J(C1C2C3), 3J(C1C5C4C3) and the THS contribution

symmetry of the planar cyclopentane (Ds,) and planar THF
(C5y), which means that puckered cyclopentane forms with
¢ =0+AY and ¢ = 90 + Ay are identical for unsubstituted
cyclopentane and puckered THF forms with ¢ = 0+ Ay and
¢ = 180+ Ay identical for unsubstituted THF (see Fig. 3).
For the calculation of the SSCCs there are just three unique
E (¢ = 0,36,72°), three unique T forms (¢ = 18,54,90°), and
the planar form (¢ = 0, ¢ not specified), which have to be con-
sidered. Of course, this minimum set of conformations can be
augmented, if necessary, by setting the phase angle to other
values than those of the T and E forms.

Cyclopentane and THF (see Scheme 1) possess pseudo
rotational barriers equal or close to zero and therefore all
measured SSCCs are averages over the pseudorotational
mode. 2% The calculated average value of (*J(C2C5)) is
2.33 Hz for cyclopentane, which agrees well with
<2J(C,C)) =2.8 Hz measured for methylcyclopentane.’>*°
The corresponding values for methylcyclobutane (—8.1 Hz)
and methylcyclohexane (—1.6 Hz) are both negative®® suggest-
ing that geminal coupling in the five-membered ring must
follow a different coupling mechanism. For the purpose
of unraveling this mechanism, the geminal SSCC 2J(C2C5)
was calculated for a number of conformations along the pseudo-
rotation path (for details of these calculations, see ref. 35)
and plotted as a function of the pseudorotational angle ¢
(see Fig. 4 and Table 2).

Table 2 Different path contributions to the geminal NMR spin—spin
coupling constants 2J(CC) of cyclopentane”

Through-space Two-bond Three-bond

¢ path path path > PI  Total
0 —1.95 —1.81 5.94 2.18 1.37 3.55
18 —2.01 -1.82 5.64 1.81 1.40 3.21
36 —2.16 —1.83 4.98 1.00 1.41 2.51
54 -2.26 -1.78 4.31 0.27 1.61 1.88
72 =233 —-1.72 391 —0.14 1.69 1.55
90 —2.34 —1.68 3.76 -0.27 171 144

“ The pseudorotational path angle ¢ gives the type of ring puckering.
Compare with Fig. 3. Due to the Ds,-symmetry of planar cyclopen-
tane, only 0<¢ <90° has to be considered. The through-space and
the through-bond paths are shown in Fig. 1.} stands for the sum of
THS and THB contributions. PI gives the contribution resulting from
the interactions between different paths. All SSCCs in Hz.

J(THS) are also shown. All calculations at MBPT2/cc-pVTZ geometries.

All geminal SSCCs 2J(C2C5) are positive varying between
1.4 and 3.5 Hz. Each 2J(C2C5) value was decomposed into
THS, two-bond path, three-bond path, and PI contribution
(Table 2, Fig. 4). The THS and the two-bond path contribu-
tion are both negative (as they should be, see discussion above)
and are fairly constant during pseudorotation varying only by
0.4 and 0.15 Hz, respectively as is shown in Fig. 4. The PI con-
tribution is 1.45 Hz 4 0.2 Hz for all conformations considered,
which means that sign and magnitude of 2J(C2C5) are deter-
mined by the positive three-bond path contribution, which var-
ies between 3.9 and 5.9 Hz. Hence, the geminal CCC coupling
in cyclopentane contains actually more vicinal CCCC cou-
pling, which depends on the associated dihedral angle
7(C2C3C4CS5). The latter adopts a zero value for ¢p = 0, 180°
and accordingly leads to a relatively large cis SSCC of 5.9
Hz while for ¢ = 90°, t becomes large (ca. 42°) and the
three-bond path contribution is reduced to 3.8 Hz.

In cyclohexane and cyclobutane, both the three-bond path
contribution does not exist. For cyclobutane, the two equiva-
lent two-bond path contributions lead to a strong negative
value of the geminal SSCC 2|J|(CC)(—8.1 Hz*’) whereas for
cyclohexane a small four-bond path contribution is dominated
by the negative two-bond path contribution thus leading to a
negative geminal CC SSCC (—1.6 Hz"").

In THF, the calculated geminal SSCCs (*J(C2C5)) and
(J(C2C4)) are 0.93 and 0.29 Hz.*® Calculation of the actual
values along the pseudorotation path reveals (see Fig. 5a) that
2J(C2C4) contrary to the corresponding SSCC of cyclopentane
can be both negative and positive. This is surprising because
one would expect that 2J(C2C4) (apart from the inductive
effect of the O atom) resembles the corresponding cyclopen-
tane SSCC most closely. Analysis of the path contributions
(Fig. 5a and Table 3) reveals that this cannot be the case.

Again the THS, two-bond path, and the PI contribution are
fairly constant although the effect of the O atom is reflected by
the magnitude of these contributions. It is the three-bond path
contribution (Fig. 5a, Table 3) that is responsible for the posi-
tive and negative values of 2J(C2C4) and its small average
value. The three-bond path contribution is dominated by a
steric exchange contribution between the C201 and the
C5C4 bond, which changes with the dihedral angle
7(C201C5C4) between them (small ©(C201C5C4) values
imply a large 3J(C201C5C4) value and vice versa, Fig. 5c).

For 2J(C2C5) the THS and the two-bond path contributions
become more negative, which is due to a negative lone pair

Phys. Chem. Chem. Phys., 2003, 5, 4541-4550 4547


https://doi.org/10.1039/b304891h

Published on 12 September 2003. Downloaded by Fail Open on 5/7/2025 8:29:03 AM.

View Article Online

5 I T T T T T T 1 1\QrH6 /HB
(@ e, A T Totho
A A A Hm\Qs—"CK Hs
4 N S H H7
K ‘\ L . H Hiq
/A A /A A 3
3. s . Syceotcscey
A \A\ A A
o8 A 'y ‘A

/
'
D>
\
/
/
.
>
\
T

2J(c2ca)

2J(C2C4) of tetrahydrofurane [Hz] ]
!

2J(c2csc4)

_o--0T
27 PGl : ;
o © N o] <
s ~ e b

aL 3J(C2C3C4CE) p-T AL A

5 R S IRE-RE -

2J(CZCS) of tetrahydrofuran [Hz] ]

2 J(THS) 5
-B—WW-
4 2y(c201C
S ewo\_O__G___@,_.Q—-o»o---z
-5+ T T T T T T T T T 1
o © N o« < o © o oo} = o
E ~ e & e S & g & 8
Pseudorotational phase angle ¢ [Degree]
65 L 1 1 1 1 1 50
(©
6,00-
L (C2C3C4C5) ﬁ'
N 7(C2C3C4C5
5,54 B, A Fl40

o
[=}
I

=
&)l
|

4,04

3,54

3,0

Three-bond path contributions [Hz)

3J(C201C5C4)

36+

724

T
o
[te]

T

30

20

Deviation of dihedral angle from 0 [Degree]

v

T ¥

< (=} < (=l
@ o ©

3 — @ @

Pseudorotational phase angle ¢ [Degree]

108
216
288

N

Fig. 5 (a) Calculated geminal SSCCs 2J(C2C4) of tetrahydrofuran as a function of the pseudorotational phase angle ¢. The two THB path con-
tributions J(C2C3C4), J(C201C5C4) and the THS contribution J(THS) are also shown. gb) Calculated geminal SSCCs 2J(C2C5) of tetrahydro-
furan as a function of the pseudorotational phase angle ¢. The two THB path contributions >J(C201C5), *J(C2C3C4C5) and the THS contribution
J(THS) are also shown. (c) Three-bond contributions to the geminal SSCCs of tetrahydrofuran, 2J(C2C5) and 2J(C2C4) as a function of the
pseudorotational phase angle ¢. Also shown are the dihedral angles 1(C2C3C4C5) and t(C201C5C4) as functions of ¢.
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Table 3 Different path contributions to the geminal NMR spin—spin
coupling constants 2J(CC) of tetrahydrofuran?

Through-  Two-bond Three-bond

¢ space path  path path > PI Total
2J(C2C4)

0 —1.82 —1.55 2.19 —-1.19 0.57 —-0.62
18 —-1.79 —1.75 2.78 -0.77 0.55 -0.22
36 —1.76 —1.91 3.59 —0.07  0.49 0.41
54 —1.72 —1.96 4.32 0.64 045 1.09
72 -1.71 —1.91 4.59 097 045 1.42
90 —1.75 —1.82 4.28 0.71 0.49 1.20

108 —1.79 —1.69 3.55 0.06 0.54 0.60
126 —1.80 —1.56 2.71 -0.65 0.58 —0.07
144 —1.81 —1.44 2.11 —-1.14  0.59 —-0.55
162 —1.82 —1.44 1.93 —-1.33 048 -0.75
180 —1.82 —1.55 2.19 -1.19 057 -0.62
2J(C2C5)

0 =273 —4.08 6.00 —0.81 246 1.65
18 —2.80 —4.05 5.83 —-1.01 249 1.48
36 297 —4.02 5.42 —1.57 2.63 1.06
54 -3.14 —4.11 5.08 -2.17 2.87 0.70
72 =3.26 —4.27 4.87 -2.65 3.13 0.48
90  —3.29 —4.33 4.79 -2.82 323 0.41

“ The pseudorotational path angle ¢ gives the type of ring puckering.
Compare with Fig. 3. Due to the C,,-symmetry of planar THF, only
0 < ¢ <180° has to be considered. As for the numbering of atoms com-
pare with Scheme 1. > stands for the sum of THS and THB contribu-
tions. PI gives the contribution resulting from the interactions between
different paths. All SSCCs in Hz.

contribution according to the J-OC-PSP analysis. As in cyclo-
pentane, they are always negative with small but non-negligible
variation in dependence of ¢ (see Fig. 5b). The difference
between  two-bond  components,  2J(C2C3C4)  and
2J(C201C5) (2.0-2.9 Hz, Table 3) is comparable to the differ-
ence of 1.6 Hz found for 2J(CC) of propane (—0.68 Hz) and
2J(CC) for ether (—2.35 Hz).*® The PI varies between 2.5
and 3.2 Hz and is more than 2 Hz larger than in the case of
the SSCC 2J(C2C4), which again reflects the strong influence
of the electron lone pair at O on the *J(C2C3C4C5) SSCC
by steric exchange repulsion with bonds C3H and C4H.

In the same manner as for 2J(C2C4), the variations of
2J(C2C5) are dominated by the three-bond contributions (see
Fig. 5b), which correlate with the dihedral angle, 1(CXCC)
of the corresponding fragments (Fig. 5c). The more the
dihedral angle deviates from 0°, the smaller are the three-bond
contributions. Therefore, J(C2C5) adopts large values for
¢ =0, 180°, while J(C2C4) adopts large values for ¢ = 72,
252° (Fig. 5).

V. Conclusions

The analysis of measured multipath SSCCs requires the appli-
cation of theoretical methods such as the one used in this
work. The J-OC-PSP analysis of calculated multipath SSCCs
reveals that the coupling mechanism includes through-space
and two or more through-bond contributions. Additivity of
suitable increments will only be given if the path interaction
terms are small. Path interactions increase in magnitude when
there are strong steric exchange interactions between the var-
ious paths. The sign of the THS contributions can be predicted
with the help of the Fermi contact spin density distribution
calculated from the localized molecular orbitals involved in
the coupling mechanism. In this way, the unusual SSCC
J(C4CS5) = —26.1 Hz of bicyclo[l.1.1]pentane is explained as
a result of a through-space interaction (—2.6 Hz) between
the two bridgehead atoms, which itself is the sum of two
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opposing through-space contributions (THS paths 1 and 2 in
Fig. le), three equivalent two-bond interactions (—4.4 Hz,
Fig. 1d), and a large path interaction term of —10.2 Hz result-
ing from steric exchange repulsion between three bridging CH,
groups.

For cyclopropane, the one-bond contribution 'J(CC) is 54.4
Hz as it should be for a CC bond with substantial © character.
Through-space (—27.1 Hz) and two-bond contribution (10.1
Hz) lead in sum to a typical geminal SSCC of a strongly
strained carbon ring (—17.1 Hz). The path interaction term
is —24.5 Hz reflecting the strong interaction between the CC
bond orbitals in the three-membered ring. The total SSCC is
reduced by the two-bond and the PI contribution to 12.9 Hz,
which is in good agreement with the experimental value of
12.4 Hz.*

Measured and calculated 2J(CC) coupling constants of
cyclopentane and tetrahydrofuran are shown to be averages
over the pseudorotational motion of these ring molecules
where each individual SSCC of a conformation passed in the
pseudorotation is the sum of a THS, a two-bond path, a
three-bond path, and a PI contribution. THS, two-bond path
and PI contribution vary only slightly during pseudorotation.
The Karplus relationship for 2J(CC) = f(¢) of cyclopentane
and THF discussed in the literature®>® is a result of the
dependence of the three-bond contribution on the associated
dihedral angle t(CCCC), which in turn depends on the
pseudorotational phase angle ¢. The clarification of these
relationships helps the conformational analysis of pseudorota-
ting ring molecules along the lines of the recently developed
DORCOR (determination of ring conformations) method.*
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