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A correlated ab initio study of Karplus relations for
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The equation-of-motion coupled cluster (EOM-CCSD) method was employed to study the variation of
proton—proton NMR spin-spin coupling constants with the dihedral angle for coupled protons while
all other bond lengths and angles were allowed to relax. N-Methylacetamide was chosen as a frequently
studied prototype of substantial experimental interest. The constants (A, B and C) governing the behavior
of the coupling constants with the dihedral angle were determined in a fully ab initio, correlated manner
and were compared with others in the literature. Copyright © 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

In this issue on NMR pertaining to hydrogen bonds, which
have an essential role in the orientation of peptide groups
in proteins, we believe that it is useful to demonstrate the
role of ab initio correlated methods in determining NMR
coupling that shed light on the orientation of peptide links,
along with our application to the two-bond couplings! 3
across H-bonds, discussed here and elsewhere. These
are complementary applications and illustrative of how
predictive quantum chemical methods can be employed to
provide information that is difficult to obtain experimentally.

The variation of vicinal NMR spin—spin coupling con-
stants with the dihedral angle between coupled nuclei is a
well-known phenomenon*?® (see Fig. 1 for an illustration of
the dihedral angles of interest). Such variations are assumed
to be described by model mathematical relations between
the spin—spin coupling constants and the dihedral angle ¢
of the coupled nuclei. Often these relations have the form

3T =Acos’¢ +Bcos¢ + C 1)

commonly known as ‘Karplus relations.*®~® The basic
assumption given in Eqn (1) is that the coupling constants
are predominantly dependent on the dihedral angle between
the coupled nuclei. X-ray crystallographic studies, coupled
with high-resolution NMR measurements, have been used
to determine such relations’ ! typically by studying a
series of compounds in similar environments. However,
since it is difficult to arrange experimentally a given system
in the various conformations that are required for a fully
experimental determination, theory has a powerful potential
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role in obtaining reliable coupling constant surfaces if it can
be ‘predictive.’

At present, the most powerful means for studying the
structures of polypeptides in solution is NMR spectroscopy,
which, in static conformational analysis, does not lag far
behind x-ray crystallographic methods. An outstanding
merit of the NMR method is its ability to provide insight
into dynamical aspects of the three-dimensional molecular
structure and intra- and intermolecular interactions in
solution. The application of Karplus relations coupled
with high-resolution multi-dimensional NMR spectroscopic
measurements is beginning to complement other types of
investigations of polypeptides in solution. Furthermore,
with the new observations now possible for NMR coupling
constants across H-bonds,!=31? the potential role for NMR
is even greater; and now a complementary predictive
theoretical approach is available, offering its additional
insight.

Coupling constants are intricate functions of the geo-
metric (bond lengths, angles) and electronic parameters of
the molecule under consideration. As shown in several pre-
vious theoretical studies,®~17 at the ab initio Hartree—Fock
level of theory, there are large error bars in the calculated
NMR spin-spin coupling constants, so relations [similar to
Eqn (1)] that are derived from the results of these qualitative
theoretical calculations must be used with caution, as well
as those obtained from using semiempirical methods.'8-20
Until recently there have been no quantitatively accurate,
correlated theoretical methods for the reliable calculation
of the variation of the coupling constants as a function
of molecular parameters in the context of conformational
analysis.?! Others have considered vibrational and thermal
corrections.”>% In this paper, we present such a study of
N-methylacetamide (NMA),*-2¢ by employing the recently
developed equation-of-motion coupled cluster (EOM-CC)
approach,1415.7:28
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Figure 1. Spatial arrangement of a polypeptide chain. The
angles ¢1 and vq are the dihedral angles of interest.

To obtain A, B and C in Eqn (1), the most rigorous
treatment requires optimization of all the degrees of freedom
of the molecule for a given value of the dihedral angle. This
feature is very different than conventional estimates made
with all bond distances and angles fixed at their equilibrium
values. This is conveniently accomplished in the EOM-CCSD
method as geometries are optimized at the correlated level
for a given value of the dihedral angle. Because of the
large amount of experimental and theoretical data available
in the literature for comparison, in this initial study we
apply the EOM-CCSD*!®* method to study the variation of
the vicinal 3J(*H, 'H) with the dihedral angle in NMA. The
conditions for the determination of the angle ¢, (see Fig. 1) by
measuring coupling constants are favorable because there is
a pair of vicinal protons between which the coupling is large
and strongly dependent on ¢;. However, the experimental
condition for the NMR determination of the angle v is
less favorable because there is no vicinal proton-proton
coupling that can be used for this purpose. Here, our focus
is mainly on the variation of the angle ¢, for a fixed value
of ;. We take advantage of Edison et al’s findings® that
the vicinal ®J('H, 'H) coupling constant has only a slight
dependence on the angle ;. In addition to NMR spin-spin
coupling constants, we consider geometries, energetics and
vibrational frequencies of the cis and trans forms of NMA. We
also consider the NMR spin-spin coupling of formamide,
which is experimentally known and provides us with useful
calibrating information.

COMPUTATIONAL DETAILS

The geometry of formamide, N-methylformamide and N-
methylacetamide is determined at the CCSD level using a
DZP basis set that consists of the (9s,5p,1d)/[4s,2p,1d] con-
traction for C and O, and the (4s,1p)/[2s,1p] contraction
forH. The sp set was taken from Dunning.?’ Polariza-
tion exponents were optimized at the correlated level.*
Both cis and trans configurations of NMA were consid-
ered. We employed the same DZP basis set for the MBPT(2)
vibrational frequencies, CCSD single-point energy and EOM-
CCSD NMR spin-spin coupling constant calculations at
the CCSD/DZP optimized geometries. Spherical harmonic
Gaussian basis functions were used in geometry optimiza-
tion, vibrational frequency calculations and single-point
energy calculations. The NMR spin-spin coupling constants
were obtained with DZP, DZ (Dunning contraction of sp
exponents)” and Ahlrichs (qzp, qz2p)* basis sets (see also
footnotes of Tables 1-4). All the calculations were carried
out using the ACES II*? Program System.

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 2. The cis and trans arrangements of a peptide bond.

RESULTS AND DISCUSSION

Amides provide the simplest models for the structure and
conformational characteristics of the backbones of proteins.
Formamide is the first in the series. The cis and trans forms of a
generic peptide link are depicted in Fig. 2. The characteristics
of the peptide link are the coplanarity of the groups directly
attached to it, its partial double bond nature evident from
the shorter C—N bond length, substantial rotational barriers
(ca 20 kcal molfl) (1 kcal = 4.184 kJ) and preference for the
trans configuration.®

The EOM-CCSD NMR spin-spin coupling constants
of formamide and trans-N-methylformamide are given in
Tables1 and 2, respectively. In the case of formamide,
we employed DZP (Basis-I), DZP on heavy atoms and
DZ on hydrogens (Basis-II) and qzp on heavy atoms
and qz2p on hydrogens (Basis-III) basis sets, whereas N-
methylformamide calculations were limited to the DZP basis
set. As we can see from Table 1, large coupling constants,
such as J(®N, 'H) and 'J(**C, 'H), show good agreement
with experiment. Also, for such coupling constants, the non-
contact contributions are seemingly insignificant. However,
as we can see, the proton—proton couplings are relatively
small and have large DSO and PSO contributions. More-
over, these non-contact contributions have opposite signs
and nearly cancel each other, leaving the FC contribution
approximately equal to the total coupling constant. Also, note
that the reported coupling constants show only very small
variations as we improve the basis set from DZP to Ahlrichs
sets, which we have used extensively to obtain very accurate
spin-spin coupling constants.!®> As expected, the observed
small variations with respect to basis sets are mainly limited
to the FC contribution. In other words, the PSO and DSO
contributions are insensitive to basis set effects, and one can
obtain a very good estimate for these contributions by using
basis sets such as DZP on heavy atoms and DZ on hydrogens
(Basis-II). Based on these observations, we use Basis-II in
NMA calculations, since we are not able to use larger basis
sets such as Basis-III owing to the size of the calculation. We
cansee from Table 1 the EOM-CCSD/Basis-I and also Basis-II
and -III results for 2](1HA,1HB), 3](1HB,1Hc) and 3](1HA,1Hc)
(including all the non-contact contributions). The latter two
are consistently lower than experiment whereas just the FC
contributions are both larger and smaller than experiment
and less systematic. On average, EOM-CCSD/DZP results
for vicinal proton—proton coupling constants in formamide
underestimate experiment by about 2 Hz. The EOM-CCSD
NMR spin-spin coupling constants of N-methylformamide
shows similar behavior to those of formamide (see Table 2).
The proton—proton coupling in N-methylformamide has
a similar chemical environment for model peptide pro-
ton—proton couplings that are of interest in this study. In
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Table 1. NMR spin—spin coupling constants of formamide (Hz)?

Coupling FC SD PSO DSO Total Exp.
(15N,'H,) Basis-I —82.98 —0.18 —-1.63 —0.30 —85.09
Basis-1I —84.03 —0.29 —-1.70 -0.31 —86.33 +88.0, 88.3¢
Basis-III —86.66 —0.30 -1.99 —0.28 —89.23
15N, 'Hg) Basis-I —83.11 —0.22 —-1.80 —0.29 —85.42
Basis-1I —84.25 —0.32 —-1.87 —0.30 —86.74 +92.0°, 90.7¢
Basis-III —87.36 —0.36 —2.18 —0.26 —90.16
2J(PN,'Hc) Basis-I —18.54 0.00 0.26 0.15 —-18.13
Basis-1I —-18.78 0.00 0.30 0.14 —18.34 +19.0
Basis-III —18.80 —0.01 0.25 0.15 —18.41
T(13C,'He) Basis-I 173.72 0.17 —0.72 1.07 174.24
Basis-II 179.45 0.24 —0.53 1.09 180.25
Basis-III 179.11 0.15 —0.45 1.04 179.85
2J(13C,'Hy) Basis-I —1.20 —0.12 —0.63 —0.62 —2.57
Basis-II -1.57 —0.12 —0.70 —0.61 —3.00
Basis-III -0.93 —0.14 —047 —0.63 -2.17
21(13C,'Hp) Basis-I 5.43 —0.05 —0.60 —0.63 415
Basis-II 5.59 —0.04 —0.72 —0.62 421
Basis-1II 6.04 —0.08 —0.45 —0.65 4.86
1(13C,5N) Basis-I —18.30 —0.03 2.75 —0.09 —15.67
Basis-1I —17.67 —0.04 2.83 —0.09 —14.97
Basis-II1 —19.05 —-0.01 2.89 —0.09 —-16.26
21(*Ha,'Hg) Basis-I 3.52 —0.12 4.71 —6.03 2.08 +2.4b
Basis-II 2.95 —0.06 3.84 —5.95 0.78
Basis-1II 3.26 —0.02 6.08 —-6.15 3.17
3J(*Hg,'Hc) Basis-I 0.48 0.13 0.27 —0.49 0.39 +2.1°
Basis-II 0.44 0.14 —0.05 —0.45 0.08
Basis-III 0.44 0.15 0.24 —0.51 0.32
3T("Ha,'He) Basis-I 10.98 —0.04 2.39 —4.04 9.29 +12.9°, 14.6°
Basis-II 1143 —0.04 2.08 —4.01 9.46
Basis-III 11.07 —0.03 3.35 —4.08 10.31

2 Basis-I (DZP), Basis-II (DZP on heavy atoms and DZ on hydrogens) and Basis-III (qzp on heavy atom and qz2p on hydrogens) NMR
spin—spin coupling constants at the CCSD/DZP optimized geometry.

b Sunners et al.#® Corresponds to measurements on a pure liquid sample.

¢Marchal and Canet.*” Corresponds to measurements on a pure liquid sample.

Table 2. NMR spin—spin coupling constants of trans-N-methylformamide (Hz)?

Coupling FC SD PSO DSO Total Exp.
T(5N,'Ha) —83.85 —0.18 —1.67 —0.41 —86.11
2J(*°N,'Hg) —17.06 0.00 0.34 0.09 —16.63
2J(5N,'Hc) 1.42 0.00 0.67 —0.26 1.84
2J(**N,'Hp g) 1.05 0.00 0.09 —0.19 0.95
1(13C,'Hg) —169.59 0.14 —-0.77 1.16 —169.06
2J(13C,1HPE) 117.41 0.00 0.18 0.64 118.23
2J(13C,*Hc) 123.11 0.00 0.13 0.66 123.90
2J(1BC,'Hy) 0.25 —0.14 —0.77 1.66 -1.18
11(B3C,1°N) —-18.82 —0.05 2.96 —0.11 —15.70
2J(*Hu,"He) 6.06 0.24 0.28 —0.14 6.44
3I(*H¢,'Hp ) 2.48 —0.08 1.89 —2.90 1.39 +5.0P
2J(*H¢,'Hp £) —14.13 0.31 1.93 —2.56 14.47
2J(*Hp,'Hg) —9.55 0.31 1.93 —2.58 —9.89

2 EOM-CCSD/DZP NMR spin-spin coupling constants at the CCSD/DZP optimized geometries.
®LaPlanche and Rogers.*?
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both formamide and trans-N-methylformamide most of the
deviation from experiment can be attributed to the relatively
small atomic basis sets.!® In the following section, we will
employ calculated 3J(H,H) coupling constants of NMA to
develop a ‘Karplus relation.” Consequently, the accuracy of
the EOM-CCSD/DZP proton—proton coupling constants is
of primary concern.

The CCSD/DZP optimized geometries of the lowest
energy cis and trans configurations of NMA are given in
Table 3 and depicted in Fig. 3(I) and (II), respectively. The
bond lengths of the cis and trans forms of NMA are close to
each other while the key bond angles a(NC,0), a(HcNG,),
a(C3NGy), a(HgC1C,) and a(HpC3N) show significant differ-
ences. Table 3 also contains experimental bond lengths and
angles reported by Kitano et al3* from electron diffraction
measurements. The experimental values for angles «(NC,0)
and a(C3NGC,) are closer to the CCSD/DZP optimized values
of the trans form and hence it is clear that the experimental
results of Kitano et al.>* correspond to the trans configuration.
The shorter bond length r(C,N) compared to #(C3N) is an
indication of the double bond character of the C,N bond,
and is responsible for the larger barrier to internal rotation
with respect to the C;N axis. The CCSD/DZP optimized
C,N bond length is 0.0172 A longer than the experimental
result. The comparatively large difference between the calcu-
lated and experimental results is common for multiple bonds
and can be improved by incorporating better basis sets and
more electron correlation. Changes in angles «(C;C,N) and
a(CoNGC3) from 115.4° and 121.1° in the trans form to 115.7°
and 126.6° in the cis form indicate that the principal changes
upon rotation to the cis form appear to help accommodate

Table 3. Geometries of cis- and trans-N-methylacetamide?®

trans form (I) cis form (II) Exp.
r(C1Cyp) 1.524 1.524 1.520
r(C20) 1.225 1.224 1.224
r(CaN) 1.369 1.374 1.386
H(C3N) 1.455 1.453 1.468
r(NHc) 1.008 1.011
r(C1Ha) 1.098 1.094
r(C1Hpg) 1.097 1.099
r(C2Hp) 1.096 1.096
r(CoHg) 1.098 1.010
a(NC,0) 122.1 121.6 121.8
a(C1C0) 122.5 122.8
a(C1CN) 1154 115.7 115.2
a(HeNG) 119.4 1145
a(C3NG,) 121.1 126.6 119.6
a(HAC1Cy) 108.6 108.4
a(HpC1Cy) 113.2 110.8
a(HcC3N) 110.9 108.3
a(HpC3N) 108.5 112.1
‘E(HAC1C2HB) 121.4 121.2
t(HpC5NHg) 119.9 118.8

2 Bond lengths are in angstroms and bond angles are in degrees.
The reported geometries were obtained at the CCSD/DZP level.
b Kitano et al.3

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 3. CCSD/DZP optimized geometries of cis () and trans
(I) forms of NMA (see Table 3 for the values of bond lengths
and angles).

the steric congestion. Further evidence for this assertion
comes from changes in «(HcNGC,) from 119.44° in the trans
form to 114.45° in the cis form. The C,—N bond length is
significantly shorter in the trans than the cis form.

The stationary points are characterized by vibrational
frequency calculations, and the conformations shown in
Fig. 3 for the cis and trans form are actual minima on their
respective potential energy surfaces. Vibrational frequencies
of the cis and frans minimum structures [Fig. 3(I) and (II)]
are similar and cannot be distinguished from each other by
vibrational spectroscopy alone. In the gas phase, the trans
form [Fig. 3(II)] is 2.30 kcal mol~! more stable than the cis
form [Fig. 3(I)] at the CCSD/DZP level, at the CCSD/DZP
geometries. This includes the zero-point energy at 0K
calculated at the MBPT(2)/DZP level. Naturally, the zero-
point energy differences are small; the cis isomer is favored
by 0.026 kcal mol ™" at the MBPT(2)/DZP level.

Table 4 presents the EOM-CCSD NMR spin-spin cou-
pling constants of the frans and cis form of NMA. As we
have seen from the results for formamide, it is advantageous
to include non-contact contributions to have a consistent
deviation from experiment. To have a better agreement with
experiment requires a basis set better than DZP. For NMA,
we are not at liberty to improve upon the atomic basis set
beyond DZP. Because of the much greater number of tensor
elements, we estimate the DSO and PSO contributions by
employing a DZP basis on the heavy atoms and a DZ basis
set on hydrogen atoms. As we have concluded in a previous

Magn. Reson. Chem. 2001; 39: S183-5189



Table 4. NMR spin-spin coupling constants of
cis- and trans-N-methylacetamide (Hz)?

Coupling trans cis Exp.
175N, 1H) —86.12 —85.90 +93.0
5N, 18Cy) —15.99 —15.80

175N, 13Cy) —13.27 —12.67

2J(>N, 1¥Hg) 0.84 1.47

2J(15N, BHp) 1.52 0.89

3J(15N, 13Hp) —0.47 —2.08

3J(15N, 13H,) —1.00 0.39

17(3Cy, Hp) 116.09 110.68

17(3Cy, Hg) 111.49 122.86

17(13C,, Hp) 127.34 123.74

17(13C3, Hg) 116.38 118.19

2J(*Ha, Ha) —17.41 ~16.55

2J(*Ha, Hg) ~13.57 ~13.88

2J(*Hp, Hp) ~13.33 ~11.12

2J(*Hp. Hg) ~13.85 ~15.10

°J(*Hp, He) 1.17 1.55

3J("Hg, He) 5.36 6.67

*J(*Ha, He) —0.81 —-1.34

*J("Hp, He) 0.83 0.59

2 The FC contributions were calculated using a DZP
basis and the PSO and DSO contributions were cal-
culated using a DZP basis on heavy atoms and a DZ
basis on hydrogens. The small SD contributions are
neglected.

> Marchal and Canet.*”**> Corresponds to measure-
ments on a pure liquid sample.

study®® and also seen from the calculations on formamide,
this will give us a fairly accurate estimate of these two contri-
butions since they are more or less insensitive to the choice
of the atomic orbital basis sets.

The calculated coupling constants 'J(®N,'H) and
1J(*3C, H), given in Table 4, are consistent with the litera-
ture values for sp* hybridized N-H and sp? hybridized C-H
coupling constants.®-% As expected from the similar geome-
tries and bonding character, these coupling constants have
similar values in the cis and trans forms. The multiple-bond
character of the C,—N bond is reflected by its relatively large
negative value for !J(13C,, N) compared with }J(**C, N) in
CH;NH, and its shorter C;—N bond length compared with
the C—N single bond length (ca 1.46). As we have seen ear-
lier, in the cis form Hc and Hg are closer in space compared
with the corresponding atoms in the trans form. This is also
reflected in the large 3J(*Hg, 'Hc) value in the cis form com-
pared with the trans form. Similarly, Hg and Hc are further
apart in the cis form and have a smaller coupling constant
than the trans form. Consequently, the relative magnitude of
the 34J(*H, 'H) may be used to assign the configuration (cis
or trans) of the peptide unit.

Several experiments were performed to measure the
NMR spectrum of NMA. The cis isomer is present in too
small a proportion (ca 3% in water) to be observed in the
NMR measurements. As a result, experimentally measured
NMR chemical shifts and spin-spin coupling constants are

Copyright © 2001 John Wiley & Sons, Ltd.
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mostly due to the trans isomer. The EOM-CCSD/DZP results
for the 1J(’N, 'H) coupling constant, when considered with
the mean absolute error of such a method as reported
previously (ca 12%), are in good agreement with experiment.
As indicated on several occasions, the EOM-CCSD results
almost always provide an unambiguous determination of
the sign of the coupling constant and the !J(**N, 'H) is, in
fact, negative. The long-range *J(*°N, 'H) coupling constant
has been reported to be £1.63 Hz,* and taking into account
the error bars of the EOM-CCSD/DZP level, compares very
well with the rotationally averaged calculated result for the
trans isomer (—0.82 Hz).

We are most interested in *J({Hc, 'Hpg) coupling con-
stants. The calculated 3J(*Hc, 'Hpg) coupling constant for
several different values of the dihedral angle ¢ is given in
Table 5. If it is assumed that the hydrogens of the methyl
group occupy discrete rotational states with one of the
methyl protons cis to the NH proton (energetically preferred
conformation), then the calculated average 3J(*Hc, 'Hpg)
coupling constants for the trans and cis forms are 2.6 and
3.3 Hz, respectively. The corresponding experimental val-
ues are 4.8 and 5.3 Hz, respectively.* This difference of
2 Hz is similar to those shown previously for formamide
and N-methylformamide. Consequently, it is fair to assume
that the calculated results are systematically lower by about
2 Hz for the proton—proton coupling constants of interest
in these molecules, so we add 2 Hz to the calculated results
to account for basis set limitations. The scaled values are
also presented in Table 5 (given in parentheses). The range
of 3J(*Hc, 'Hp ) as the dihedral angle varies from 0 to 180°
is 7.36-10.25 Hz in the trans form and 8.67-11.31 Hz in the
cis form. The disadvantage of having such a small range for
the 3J('Hc¢, '"Hp g) is that the smaller errors in the calculated
or experimentally measured *J(*Hc, 'Hp ) will correspond
to larger errors in the dihedral angle in question. In other
words, to minimize these errors, the calculated *J(*Hc, 'Hp )
results for the different dihedral angles that we will employ
to estimate A, B and C are required to be highly accurate.
The scaled values for the J(*H, 'H) coupling constants for

Table 5. Variation of 3J('H, 'H) with dihedral angle
of cis and trans-N-methylacetamide (Hz)?

Dihedral angle (°) trans cis

0 5.36 (7.36) 6.67 (8.67)
30 3.96 (5.96) 4.68 (6.68)
60 0.29 (2.29) 0.50 (2.50)
120 1.17 (3.17) 1.55 (3.55)
150 5.52 (7.52) 6.53 (8.53)
180 8.25 (10.25) 9.31 (11.31)

2The EOM-CCSD spin—-spin coupling constants at
the CCSD/DZP optimized geometries. The FC con-
tributions were calculated using a DZP basis and the
PSO and DSO contributions were calculated using a
DZP basis on heavy atoms and a DZ basis on hydro-
gens. Small SD contributions are not included. The
numbers in parentheses contain a 2 Hz correction (see
text for explanation).

Magn. Reson. Chem. 2001; 39: S183-5189
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different values of the dihedral angle ¢ presented in Table 5
are used to estimate the magnitudes of A, B and C in Eqn (1).
Within the error bars of the statistical fit, the expressions

3J(H,H) = (8.09 + 0.42) cos® ¢ — (1.17 £ 0.16) cos ¢
+(0.70 £ 0.31) @
3J(H,H) = (9.27 + 0.20) cos® ¢ — (1.19 + 0.08) cos ¢
+ (0.69 £ 0.15) 3

describe the variations of calculated vicinal 3J(H,H)
spin—spin coupling constants with the dihedral angle for
the trans and cis arrangements of the amide bond, respec-
tively. The respective equations are plotted as a function of
the dihedral angle ¢ in Figs 4 and 5. In Table 6, we com-
pare the proposed values for the constants A, B and C with

11.00 . , . , . , .
9.78
8.56
7.33
6.11

4.89

J(H-N-C-H), Hz

3.67

2.44

1.22

0.00 1 | 1 | 1 | 1
-1.00 -0.50 0.00 0.50 1.00

Cos ¢

Figure 4. Plot of the vicinal 3J('H,"H) coupling constant as a
function of the dihedral angle for the trans arrangement of the
amide bond in NMA.

12.00 . . : : ; : :
10.80
9.60
8.40
7.20
6.00

4.80

J(H-N-C-H), Hz

3.60
2.40

1.20

0.00 1 | 1 | 1 | 1
-1.00 -0.50 0.00 0.50 1.00

Cos ¢

Figure 5. Plot of the vicinal 3J('H,"H) coupling constant as a
function of the dihedral angle for the cis arrangement of the
amide bond in NMA.

Copyright © 2001 John Wiley & Sons, Ltd.

Table 6. Coefficients proposed for Eqn 1

Coefficient (Hz)

Ref. Configuration A B C
Bystrov et al.> 98 1.1 0.4
Néel and 93 35 0.3
co-workers*-41
Néel and 94 32 0.0
co-workers*?
Ramachandran and 86 17 1.5
Chandrasekaran®
trans 12.06 448 0.01
Barfield and cis 11.27 432 0.01
Gearhart!®
trans 8.09 1.17 0.70
This work cis 9.27 1.19 0.69

several other sets of values reported in the literature. It has
been shown that the coefficients proposed by Néel and co-
#0-42 and Ramachandran and co-workers®# give
lower values of *J(*H, 'H) coupling constants for the cis-

workers

arranged peptide bonds for the dihedral angles in the range
of 0° < ¢ < 90° compared with 3J(*H, 'H) values inferred
from the experientially determined relations.* The coeffi-
cients proposed by Barfield and Gearhart'® are based on
INDO (intermediate neglect of differential overlap) calcula-
tions on the model compound NMA. Contrary to experiment,
the relations given by Barfield and Gearhart!® predict larger
3J(*H, 'H) for the trans configuration than that for the cis
configuration of the amide bond. However, consistent with
experiment, the relations derived in this study give larger
3J(H,H) coupling constants for the cis arrangement than the
trans arrangement of the amide bond in the region of ¢ ~ 0°.
Our results also predict similar behavior in the region of
¢ ~ 180°. However, it is as yet impossible to verify exper-
imentally that larger 3J(H,H) values for the cis than trans
configuration of the amide bond also hold for this region.

CONCLUSIONS

We have presented a study of the application of theoretically
calculated EOM-CCSD NMR spin-spin coupling constants
in conformational analysis. Our focus was the determination
of the dihedral angle ¢ (Fig.1) for NMA by using NMR
spin—spin coupling constants.

The structure and energetics of NMA were themselves
found to be interesting. The trans configuration of the amide
bond was shown to be [Fig. 3(II)] 2.30 kcal mol ™! more stable
than the cis configuration [Fig. 3(I)] at the CCSD/DZP level,
at the CCSD/DZP geometries. The eclipsed conformation
of the methyl hydrogens with respect to the N—H and
C=0 bonds was found to be the most stable conformation
for the cis configuration of the amide bond. On the other
hand, for the trans configuration, the eclipsed conformation
of the methyl hydrogen with respect to the N—H bond and
the staggered conformation with respect to the C=0O bond
were found to be the most stable conformation. The relative
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magnitude of the **J(*H, 'H) may be useful to assign the
configuration of the peptide link.

The relations given in Eqns (2) and (3) for variation of
the vicinal coupling 3J(*H, 'H) with dihedral angle for the
trans and cis configurations of the amide bond predict
the relative ordering of the °J('H,!H) for the cis and
trans configurations of the amide bond to be consistent
with experiment in the region of ~0°. This is a notable
improvement over the relations that have been widely used
in the literature. However, the absolute accuracy of the
dihedral angle ¢ calculated by the given relations needs to be
carefully assessed before widspread use of Eqns (2) and (3)
in conformational analysis.

Previously, we have emphasized the importance of
having very accurate NMR spin—-spin coupling constants
to develop Karplus relations. We have also been able to
demonstrate the difficulties of obtaining accurate spin—spin
coupling constants even for small model systems. Therefore,
it is essential to find alternative means for improvement,
without relying so much on improving the level of theory (i.e.
method, basis set, etc.). An alternative way to look at Eqn (1)
is that the constants A and B describe the relative change in
spin—spin coupling constants with respect to a base value
C, with the variation of the dihedral angle. Owing to error
cancellations, the relative changes in the NMR spin-spin
coupling constants can be calculated accurately. Therefore,
the constants A and B can be estimated fairly accurately
by our EOM-CCSD/DZP results. Because the constant C is
an absolute value, it is difficult to compute accurately from
theoretically calculated results. Therefore, we suggest that a
better estimate for the constant C for a given A and B may
be obtained by using an experimentally measured spin—spin
coupling constant for a known dihedral angle, and using the
theoretical calculations to describe the changes with ¢.

As illustrated in this study, the accurate calculations
of NMR spin-spin coupling constants of conformers,
regardless of the atoms involved, whether or not accessible
experimentally, are now possible and should find use in
conformational analysis and NMR spectroscopy.
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