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Abstract. The /iy coupling constants in six H-X-Y-H
systems (ethane, methylamine, methanol, hydrazine,
hydroxylamine and hydrogen peroxide) and *"Jyy
coupling constants in four H-X--H-Y-H, namely
[HsN--H--NH;] " (two arrangements), HOH-~NH; and
HOH-OH, have been calculated theoretically as a
function of the torsion angle ¢. For covalent situations,
the corresponding Karplus equations have been fitted to
calculated *Jyy =acos2¢ +bcosp+c. The a, b and ¢
terms have been analyzed as a function of the electro-
negativities of X and Y. In the case of ammonium/
ammonia complexes (proton shared and not), water/
ammonia, and water dimer the values are low (maxi-
mum 0.5 Hz) but follow closely a Karplus relationship.
Supplementary material is available in the online version
of this article at http://dx.doi.org/10.1007/s00214-003-
0486-7.
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Introduction

There are a small number of publications dealing with
the calculation of "H-'H scalar coupling constants in
complexes of two molecules linked by a hydrogen bond
and discussing, at the same time, its angular dependence
[1]. Amongst the most significant contributions are those
by Pecul and Sadlej [2] on the water dimer (*"Jyu=
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—0.08 Hz for the optimized conformation, dihedral
angle ¢=122.8°), Czernek and Briischweiler [3] on
models of protein—nucleotide complexes, and by Barfield
[4] on the formamide dimer, where it is reported that
3 Juu depends on a torsion angle (see also Ref. [5]).
Perera and Bartlett [6] have reported the successful at-
tempt to reproduce the experimental Karplus relation
for N-methylacetamide, as a model peptide, using the
equation-of-motion coupled cluster singles and doubles
(EOM-CCSD) method. With the exception of the water
dimer, the other examples show angular dependencies,
often in the form of cos?p, but are not the supramo-
lecular counterparts of the Karplus equation. Therefore,
the following question was raised: is there a supravicinal
4B J iy coupling constant equation similar to the vicinal
3Juu Karplus equation?

To answer this question we proceeded in the follow-
ing way.

1. Firstly, we calculated the ethane molecule 1 and fitted
its *Jyy to a Karplus equation as a test. Ethane has
been studied many times at various levels of theory.

2. Secondly, we calculated two molecules related to
ethane, where one carbon atom was replaced by
nitrogen, methylamine (2), and by oxygen, methanol
(3), as classical examples of perturbation.

3. Thirdly, we calculated three cases where both carbon
atoms of ethane were replaced by heteroatoms,
hydrazine (4), hydroxylamine (5) and hydrogen per-
oxide (6), a series of rather neglected compounds
(may be owing to the lack of experimental results).

4. Finally, we calculated four supermolecules: [H3N--
H-NH;]" (7a and 7b), [HOH--NH;] (8) and
[HOH-+OH;] (9).

Method of calculation

The geometry of the systems was optimized at the B3LYP/
6-311+ + G** level [7, 8] with the Gaussian98 package [9]. For the
supramolecular systems we assumed a linear disposition of the X—



32

H-Y fragment. All four components of the H-H spin-spin cou-
plings were calculated at the UB3LYP/6-311+ +G** level of
theory using a modified version of Gaussian98 [10, 11, 12, 13]. The
B3LYP functional was employed since it has been reported to
provide reliable J-coupling prediction [12]. As a practical matter,
Fermi-contact (FC) [10] and spin-dipole [12] terms were evaluated
by means of finite perturbation theory (FPT), while the paramag-
netic spin—orbit (PSO) contribution was obtained via coupled
perturbed density functional theory. Since Gaussian98 does not
presently calculate one-electron integrals for the PSO and dia-
magnetic spin—orbit components, these were determined with the
DALTON 1.0 package [14] and used within the Gaussian98 pro-
gram. A convergence criterion for the self-consistent field (SCF) of
107'° au was used. The four terms of the coupling constants were
calculated for each conformation resulting from rotating the sys-
tems in 10° steps. In the case of the water dimer, the minimum
energy corresponds to ¢ =117.3°, close to the value obtained by
Pecul and Sadlej [2] (¢ = 122.8°).

For the molecular systems, where there are many high-level
calculations available, our results will be compared with both
experimental and theoretical results in an attempt to show that our
approach is reasonable. Since this is not proof enough that the
same will still be true for supermolecules, for one of the hydrogen-
bonded systems, [N,H;] ", we have compared our results (Table 1)
with those obtained using the EOM-CCSD theory in the configu-
ration interaction (CI)-like approximation [15, 16, 17, 18].

Since the agreement is acceptable, it is reasonable to assume
that, as far as 'H-'H coupling constants are concerned, the FPT/
UB3LYP/6-311+ + G** calculations provide reasonable values.
Note also that the CAS2 and RAS4 calculations of Pecul and
Sadlej [2] yield a value of **;y; =—0.08 and —0.09 Hz, respectively,

Table 1. Selected values of ““Jyyyy for [NoH;] " hydrogen-bonded
complex (all terms in hertz). paramagnetic spin—orbit(PSO), dia-
magnetic spin—orbit (DSO), Fermi contact (FC), spin dipole (SD)

Complex Method PSO DSO FC SD Total J
C;, (staggered)’ EOM-CCSD® 1.62 -1.89 0.15 0.04 -0.08
C;, (staggered)® FPT-B3LYP 1.57 -1.89 0.14 0.05 -0.13
Cs, (staggered)® EOM-CCSDS 0.72 —0.89 0.18 0.00  0.01
(s, (staggered)®  FPT-B3LYP 0.69 —0.87 0.18 0.00  0.00
D34 (staggered)® EOM-CCSD® 1.74 -2.03 0.23 0.05 -0.01
D54 (staggered)”  FPT-B3LYP 1.65 —1.99 0.20 0.05 -0.09
Dsy (staggered)® EOM-CCSD® 0.76 —0.94 0.26 0.00  0.08
Ds, (staggered)®  FPT-B3LYP 0.72 —-0.91 023 0.00 0.04

4Two hydrogens in plane (trans)

®One hydrogen in plane, one out of plane

‘Del Bene JE (2003) personal communication. MP2/6-31+G*
optimized geometries and EOM-CCSD with the Ahlrichs basis sets
for the coupling constants

for the optimized structure of the water dimer, while we calculated
M yn=-0.05Hz for the geometry obtained at the B3LYP/
6-311 + + G** level.

Results and discussion

Ethane (1), methylamine (2), methanol (3), hydrazine
(4), hydroxylamine (5) and hydrogen peroxide (6).
Comparison of the six molecules

The results of the calculations are given as supplemen-
tary material. In Table 2 are reported the fitted Karplus
equations: >Jyy=acos2¢ + bcosp+c¢ [19, 20, 21]. To
transform a Karplus equation of the form 3 an =
Acos’p + Becosp + C into another of the form Jyu=
acos2¢ + bcosep + ¢, it suffices to use a=A4/2, b=B and
¢c=C+(4/2) [21]. We should note that the FC term is
very dominant in the total value of *Jy; coupling in our
case (Table 2) and in all examples described in the lit-
erature. In Table 2, the ¢ term corresponds, in the case
of ethane assuming free rotation, to the average value of
3 Jun. In this case, our value, 6.89 Hz (Eq. 2), is close to
the EOM-CCSD calculation (6.67 Hz) [22] but still far
from the experimental value (8.02 Hz) [23]. Guilleme
et al. have computed an average value of 7.77 Hz
(multiconfigurational SCF, MCSCF) [23, 24], while
Wigglesworth et al. [25] and Provasi et al. [26] obtained
7.64-7.92 Hz.

Strictly speaking, no empirical Karplus relationship
has been devised for ethane itself; those reported in the
literature are from CH-CH fragments in molecules
without angular strain and electronegative substituents.
We have collected in Table 3, our theoretical equation
(Table 2) and some equations reported by several
authors.

Probably, the empirical equation (Eq. 21) reported
by San Fabian et al. [31] is the most representative for
ethane itself. The others, in their attempt to be very
general, are somewhat less representative of the parent
compound (1).

We have reported the cases of methylamine and
methanol in Table 4. Here again, our results are com-
parable to those described by other authors.

Pecul and Sadlej [34] calculated Jyy in both com-
pounds at the MCSCF level. They reported the arith-

Table 2. Karplus relationships

for molecules 1-6 Molecule Contribution a b c r Equation
H;C-CH; (1) FC 6.63+0.04 -0.99+0.04 7.15+0.03 0.999 1
Total 6.73+£0.04 -0.64+0.04 6.89+£0.03 0.999 2
H;C-NH, (2) FC 6.77+0.06 -1.97+0.06 6.55+0.04  0.997 3
Total 6.85+0.06 -1.63+0.06 6.27+0.04  0.997 4
H;C-OH (3) FC 6.29+0.03 -2.29+0.03 5.76+0.02  0.999 5
Total 6.53+0.03 -1.79+0.03 5.41+£0.02  0.999 6
H,N-NH, (4) FC 6.21+0.17 -1.72+0.18 5.37+£0.12  0.990 7
Total 6.68+0.17 -1.14+0.18 5.15+£0.12  0.990 8
H,N-OH (5) FC 5.02+0.08 -1.09+0.08 4.40+0.05 0.992 9
Total 5.81+0.11 -0.38+0.11 4.324+0.08 0.986 10
HO-OH (6) FC 3.32+0.06 —-0.22+0.06 3.08£0.04  0.989 11
Total 5.17+0.06 0.66+0.06 3.55+0.05 0.995 12




Table 3. Comparison of Karplus equations for ethanes

Author Origin a b ¢ Equation
This work Calculated 6.73 -0.64 6.89 13
Guilleme el al. [24] Calculated 6.99 -0.47 7.76 14
Pecul et al. [27] Calculated 6.44 -1.16 7.13 15
Fukui et al. [28] Calculated 5.83 -0.13 5.22 16
Karplus [19] Empirical 4.5 -0.5 4.22 17
Pachler [29] Empirical 4.06 -1.3 4.21 18
Imai and Osawa [30] Empirical 4.96 -1.35 19
Barfield and Smith [21] Empirical 4.2 -0.5 44 20
San Fabian et al. [31]  Empirical 7.1 -1.2 8.02 21

Table 4. Comparison of Karplus equations for methylamine and
methanol

Author Origin a b ¢ Equation
Methylamine (2)

This work Calculated 6.85 -1.63 6.27 22
Fukui et al. [32] Calculated 6.17 -0.99 4.60 23
Fukui et al. [28] Calculated 6.35 -1.26 5.20 24
Govil [33] Empirical 445 -1.80 5.35 25
Methanol (3)

This work Calculated 6.53 -1.79 5.41 26
Fukui et al. [32] Calculated 5.82 -1.18 3.95 27
Fukui et al. [28] Calculated 5.97 -1.23 4.15 28
Govil [33] Empirical 520 -1.50 5.40 29

metically averaged results for the staggered conforma-
tion: (2) 6.21 (experiment 7.10 Hz [35]) and (3) 5.00
(experiment 5.0, 5.5+ 1.5 Hz [36]). The results obtained
in this work and displayed in Table 4 correspond to 6.57
and 5.53 Hz, respectively.

Owing to the presence of two exchangeable protons,
there are no data on “Jyy coupling constants in
hydrazine (4) (the degeneracy could have been removed
using the "*N/'°N derivative) or in hydroxylamine (5) or
hydrogen peroxide (6). The only related data are sum-
marized in Scheme 1; they concern hydrazides 10 and 11
and one N-arylhydroxylamine 12 [37, 38, 39].

We optimized the geometries of these compounds (12
without the nitro group) at the B3LYP/6-31G* level.
The corresponding dihedral angles are ¢ =110.5° (10),
123.2° (11) and 76.7° (12). According to the equations of
Table 4, these angles correspond to 3 Jun values of 0.51,
3.10 and —0.96 Hz. Reciprocally, the *Jiyy values of

0N 3 Hz
Yy o) H 1.95 Hz
H \l,/ |_

o A h. o
H N O

NN \(lz/ \N/ ~ \N/ \H

H
NO;
(10) (11) 12)

Scheme 1. Experimental 3Jyy5; couplings in hydrazine and hydroxy-
lamine derivatives
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Fig. 1. Graphical representation of the Karplus equation for 1
(closed squares) and 6 (open squares)

Scheme 1 correspond to ¢ =107.4° (10), 122.8° (11) and
55.9° (12). The agreement is satisfactory.

The case of hydrogen peroxide was studied theoreti-
cally by Galasso (SOS CI) [40]. He adjusted his calcu-
lated values to an extended Karplus-like equation:

3Tan = 8.71 4+ 0.59 cos ¢ + 7.85c0s 2¢ + 0.89 cos 3¢
(30)

This equation corresponds to values much larger than
those provided by our Eq.(12) (e.g., for ¢=0°,
J=18.04 Hz in place of 6.18 Hz).

The shape of the Karplus equation depends on the
coefficients a, b and ¢. The two maxima are for ¢ =0°,
J=a+b+c and for ¢=180°, J=a—b+ c; therefore, the
difference (the asymmetry) is —2b. The minimum for
¢ =90° corresponds to J=-a+ ¢. We have illustrated in
Fig. 1 the behavior of the two most extreme cases,
ethane and hydrogen peroxide.

The coefficients of the Karplus equations reported in
Table 2 (total J) show some regularities that deserve to
be analyzed. A simple approach is to count the number
of methyl, amino and hydroxy groups (0, 1 or 2) and try
multiregressions Eqgs. (31), (32) and (33):

a = (3.48+0.12)ny + (3.32 + 0.12)nx,

, (31)
+(2.65+0.12)noy, n = 6, ¥~ = 0.999,
b= —(068 + 0~37)nMe — (061 + 0.37)}’11\11-[2 (32)
4(0.07 4 0.37)nou, n = 6, > = 0.715,
¢ = (3.51 £ 0.06)nme + (2.60 & 0.06)nNw, 33)

+(1.78 4 0.06)noy, n = 6, ¥* = 1.000.
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Scheme 2. Schematic representation of the supermolecules studied

H\X_Y/H

s ¢ = 0°

Scheme 3. Schematic representation of the F=0° geometries for
the bonded and hydrogen bonded systems
Note: F corresponds to the greek letter shown in the scheme

In the case of b (which is smaller in absolute value
than a and c¢) the results are not satisfactory. For a and
¢, the terms in the Karplus relationship reflect the
decreasing importance of CH;>NH,>OH, roughly
reciprocal to their electronegativities (Gordy’s y values
C 2.55, N 2.98, O 3.45) [41, 42].

(a+c)/2=(72+03) = (1L4£0.1),,n = 3,r2 = 0.995

(34)

The dependence of the *Jiyy; coupling constant of an
X—-CH,—CHj; fragment on the electronegativity of X is
well known [43, 44]. But in the present case, the elec-
tronegativities of X and Y are those of H-X—Y-H mol-
ecules, i.e., a very different situation.

Ammonia-ammonium (7), water—ammonia (8) and water
dimer (9)

The molecules are shown in Scheme 2 and the results are
shown in Fig. 2. These curves were adjusted to Karplus-

Table 5. Adjusted parameters for Karplus-type relationships between the FC term and total *"

T+ T ~ T 1T T 1T "1
180 210 240 270 300 330 360

1éo '
Dihedral Angle

—T
120

Fig. 2. Graphical representation of the Karplus equation for 7a
(closed squares), Tb (open squares), 8 (circles) and 9 (triangles)

type relationships of the form *"Jyjy; = acos2¢ + bcose
+c¢. The corresponding equations are reported in
Table 5.

With the exception of the FC term for the water di-
mer Eq. (41), the fitting is very good (+*>0.999), proving
that the Karplus relationship is also valid in supramo-
lecular complexes. In the case of the water dimer (FC
term), the addition of a fourth term slightly improves
the fitting:*"Ji311 = (0.0308 £ 0.0011)cos2¢ + (0.0623
£0.0021)cose + (0.0024 £ 0.0018)cosp/2—(0.0097 +0.0032),

= 0.994. An attempt to use an equation similar to
Eq. (1) (hydrogen peroxide) [40] does not improve the
preceding one (r>=0.992).

To compare with covalents models, ethane and
hydrazine, we selected the calculated (dt the same level)
value of the coupling constant for Q= 0°,*Jyn=12.53 Hz
(H-H distance 2.356 A) and *Jyu=8.96 Hz (H-H
distance 2.116 A) respectively. For the four examples of
Table 3, the average H-H distance for ¢ =0° is 3.492 A.
There is an effect of the non-hydrogen atoms involved
(the heavier, the lower 3JHH), while the effect of the dis-
tance is not so obvious (the H-H distance is shorter in
hydrazine). Nevertheless, all the computational data
indicate that, all other things being equal, a lengthening of
the H-H distance will produce a decrease of Jyy.
Therefore, the near 100-fold decrease from a covalent
3Juntoa hydrogen-bonded 4h 11 should be related to the
number of bonds (from 3 to 4) and to the bond order of 1

Juu versus the dihedral angle ¢

System Contribution a b ¢ I Equation
[HsNH~NH;]* FC 0.0942 £0.0006 0.1202£0.0006 0.16724+0.0004 0.9994 (35)
Total 0.12094 £ 0.0008 0.20555+0.0008 —0.04464 +0.0006 0.9996 (36)
[H3N--H-NH;] " FC 0.1219+£0.0008 0.1449 £+ 0.0008 0.2185+0.0006 0.9992 37
Total 0.15244+£0.001 0.23577+£0.001 —0.0051£0.0008 0.9995 (38)
HOHNH; FC 0.0432+0.0002 0.0624 +0.0002 0.0425+£0.0002 0.9996 39)
Total 0.05644 = 0.0003 0.15237+£0.0003 —0.18139+0.0002 0.9998 (40)
HOH-OH, FC 0.0298 +£0.001 0.0679£0.001 0.0077 +0.0006 0.992 (41)
Total 0.03707 £0.0008 0.16802 +0.0008 —0.28983 £0.0006 0.9992 (42)




in the case of covalent bonds and 0.5 for hydrogen bonds
[45, 46].

Conclusion

Nearly 45 years after its discovery, the Karplus relation-
ship appears to be very robust (in its statistical meaning)
[47]. An examination of Figs 1 and 2 separately shows
that molecular systems, on one hand, and supramolecular
systems, on the other, behave very similarly; however, a
cross-comparison of both figures leads to the conclusion
that not only the supramolecular coupling constants are
much weaker, but that the profile is rather different, in
particular the 0°/180° values are inverted, and even the
180° maximum almost disappears in some cases (water
dimer). The use of steep (high-exponent) basis functions in
J-coupling computations appears to be justified on the
basis of the good results obtained [48].
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