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Introduction

We intend to summarize the present knowledge about the ab initio calculations of coupling
constants in non bonded systems, also called supermol ecules. Bonded means here, covalently bonded,
because most supermolecules are formed by fragments linked together by hydrogen bonds (HBs). We
will start with a brief summary of the theory of scalar coupling constants followed by the ab initio
approach to these magnitudes. Then, the three main sections will be devoted to "Hydrogen bonded
molecules. couplings through a hydrogen bond", to "Hydrogen bonded molecules: couplings through a
dihydrogen bond" and to "Van der Waals complexes’.

According to the IUPAC recommendations [1], "J should be used for nuclear spin-spin coupling
constants through n bonds (usually given in frequency units) Parentheses may be used (for example) to
indicate the species of nuclei coupled, e.g. J(**C,*H) or, additionally, the coupling path, e.g. J(POCF).
Where no ambiguity arises, the elements involved can be, alternatively, given as subscripts, e.g. Jcy.
The nucleus of higher mass should be given first. "K, is the reduced nuclear spin-spin coupling
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constant defined as Kjx = 4Tl2ij/h YW, [2] where his the Planck constant and y, ) are the magnetogyric
ratios of i and j nuclei (a list of ys can be found in http://www.eclipse.net/~numare/nsinmrpt.htm).
Reduced coupling constants are useful when comparing coupling constants for different isotopes. K is
givenin N A2 m?, the only problem is that due to the small value of h (6.626176 x 10% JHz™), K is
very large and usually given in 10" to 10°* units. For instance, *Jcy in methane is equal to 125 Hz,
since yiy = 26.7510 * 107 and yi3c = 6.7283+10" rad T s?, 'Ky = 4.141%10%° N A2 m. The use of
reduced coupling constants avoids some misunderstandings when comparing couplings between
different nuclei, for instance, the fact that 2"Jun (9 Hz) is larger than "Iy (3 Hz) has been described as
counterintuitive [3]. The corresponding reduced couplings are 'Ky = 0.74 « 10%° and Ky = 2.43 «
10°N AZm?,

Couplings through hydrogen bonds are usually named ™J (other authors used ™J, a unification by
the IUPAC of the notation seems highly desirable) where h stands for hydrogen bond and n is the
number of bonds, including the HB, that separates the coupled nuclei.

Thetheory of scalar spin-spin coupling constants

Magnetic phenomena are included consistently in the Dirac relativistic equation. However,
nonrelativistic limit (Pauli) is usually sufficient for interpretation of NMR experiments [4] if heavy
atoms are excluded. Quantum mechanically, the scalar coupling can be defined as the mixed second
derivative of the energy of the molecule with respect to the magnetic moments of two nuclei:

Jiswy = 0°E/Op xOMsy

It can be subdivided into four distinct components:
— Fermi contact (FC), Hec.
— Paramagnetic spin-orbit (PSO), Hpso.
— Diamagnetic spin-orbit (DSO), Hpso.
— Spin-dipolar (SD), Hsp.
H = Hrc + Hpso + Hpso + Hsp 1)

In general, the most important contribution to the scalar coupling is the Fermi contact term, the
exception being coupling constants involving fluorine atoms, in particular °F---*°F couplings. This
term relies on the probability of finding an electron at the site of the two coupled nuclei (this term
rigorously disappears when there is no overlap between atoms). Concerning the FC term, it is expected
that o eectrons will play a very significant role since these are the only electrons that do not have
nodes at the nuclear sites. Unlike 1tor & orbitals, only o orbitals have a nonzero value at the site of the

nucleus. However, the FC coupling is also transmitted through the Teelectronic system owing to
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exchange interactions between the o- and Tr€electronic systems (the FC spin information "leaks' into
the p-electronic system). In fact, o orbitals are characterized by a cusp at the site of the nucleus. Thus,
it can be seen that, unlike shielding, scalar coupling calculations will be specially sensitive to the shape
of the electronic wavefunctions near the nucleus. This gives rise to the difficulty in using Gaussian
functions; the problem stems from the difference between the cusp of a Gaussian orbital and that of an
STO one. Thus, scalar coupling cal culations are often much more demanding than chemical shifts.

In addition to the direct contact term (an electron actually visiting both nuclei), there is a magnetic
interaction through space between the spin-orbit momentum of an electron and that of a nucleus. These
two terms are very similar to the ones seen in defining shielding except that both sources of
perturbation are nuclear magnetic moments (there is no external magnetic field). Many authors point
out that there is a compensation between the PSO and DSO terms.

There is also the spin dipole-dipole interaction between electrons and nucle. This interaction aso
does not require the Fermi-contact term. And lastly, there is a mixed Fermi contact, spin dipolar
interaction where one interaction is between an electron visiting the site of one of the nuclei and
interacting with the other nuclei through space. This interaction is primarily responsible for the

observed anisotropy of the coupling tensor.

Ab initio calculations of scalar coupling constants

Concerning the examples found in the literature, they can be classified into three main groups:
la. Methods based on DFT (Density Functional Theory).
Type DFT-FPT (Poplée's Finite Perturbation Theory): Gaussian set of programs.
Type SOS (Sum-over-States)-DFPT (Density Finite Perturbation Theory): deMon Package
(Salahub, Malkin, Malkina). This method only alows calculating the FC, PSO and DSO terms, not
the SD term. Some authors, like Bartlett (see later on), stress that these methods are not
recommended for atoms with lone pairs.
Type CPDTF-KS (Kohn-Sham operator) used by Cremer and Peralta[5,6].
2a. Methods based on MCSCF (Multiconfiguration Self Consistent Field): Dalton package (Ruud,
Helgaker, see[7] for adetailed discussion about Hartree-Fock and post-Hartree-Fock calculations).
3a. Methods based on EOM (Equation of Motion)-CCSD (Coupled Cluster Singles and Doubles):
ACES package (Gauss, Bartlett, Perera, del Bene).
To these methods correspond different types of functiona and basis sets. Here are some
representative examples:
1b. Functionals like VWN, PWP, B3PW91, B3LY P and their unrestricted versions and bas's sets like
IGLO-III, 6-311G**, 6-31G**.
2b. Basis sets like IGLO-111, aug-cc-pVDZ, etc.
3b. Basis sets like aug-cc-pV5Z, aug-cc-pVTZ, etc.
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When increasing the distance, the "through-space" couplings decay roughly as an exponential. The
results reported by several authors show a Morse curve appearance (quick decrease, minimum value,
very small asymptotic increase). For instance, the ***Xe-**'X e coupling, as calculated by Salsbury and
Harris [8] shows this behavior: “Jxe.xe =[1-exp(—0.41 (dxe.xe — 9.8)]% r* = 0.99 (Eq. 1), dxe.xe being
the distance in atomic units (see Figure 1).
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Figure 1. Morsefitting of Salsbury and Harris data (two first points removed)

Hydrogen bonded molecules: couplings through a hydrogen bond

The hydrogen-bond-induced changes of the intramolecular spin-spin coupling constants will not be
discussed systematically (for instance, *Ju before and after the NH group was involved in an HB).
Any hydrogen bond (HB) of the A—H---B type can adopt three limit situations (we will use IMHB for
intramolecular hydrogen bonds): classical, shared and proton transfer. In cases were the proton is
shared between A and B the distinction between *J,4 and lhJE;...H disappears; finaly, when the proton is
completely transferred, the situation again becomes "classical”, with g and "Ja...4.

A—HIIIIIIIIIIIIIIIIIIIIIIB AIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIB A||||||||||||||||||||||H EH
Classical HB Shared HB Classical HB
(proton transfer)

Traditiona AH---B HBs have norma A---B distances, A—H dightly elongated (relative to the
monomer); similarly the ion-pair, B*-H:--A, have A---B distances comparable to the preceding case,
B'—H dlightly elongated (relative to the isolated B*—H cation). The proton-shared structure is
characterized by a short A---B distance and an elongation of the A---H and B---H distances.
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The contribution of the Bartlett, Perera and Del Bene's group to this topic is so significant that we
have decided to divide this section in three parts: @) Other groups [9-24]; b) Bartlett-Perera-Del Bene
[25-36]; ¢) Data analysis[37-41].

a) Other groups. Three publications by Pecul, Sadlgl and Leszczynski are noteworthy for the quality
of the calculations. In the first one, Pecul and Sadlgj [9] described their calculation on water dimer. In
the first part they use the conventional case of water monomer (Table 1) to compare different
approaches to the calculation of spin-spin coupling constants (they were dominated by the Fermi
contact and paramagnetic spin-orbital terms).

Table 1. The nuclear spin-spin coupling constants (Hz) in the water monomer

o 2

Experimental

cyclohexane —78.7 —

nitromethane —-80.6 —7.3
Calculated

MCSCF (RASA/HII) —77.2 -12.6

MCSCF (CAS/HIIIa) —75.2 -9.3

EOM-CCSD? —74.9 -10.8

& From the literature (different authors) [9].

These results show that MCSCF (included in the DALTON program) when used with a basis set of
very high quality are comparable to EOM-CCSD calculations. For the water dimer 1, at the RAS level,
the'y found ZhJo]__oz = 1.6, thOl—HB =44, 3hJ01_H5 = 0.5, 3h\]c)2_|_|3 = 02, 2h\]|.|3_|_|5 =0.3and 4hJH3_H6 =-0.08
Hz.

H 6
1 5
\,OIIIIIIIIIIIIIH—O
3a H\\\/ >
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3

Pecul, Leszczynski and Sadlej published two papers on scalar coupling constants in hydrogen
bonded systems. In the first one [10], they studied X-H---O complexes [CH,O-H,0 2, C,H,—H,0 3,
CH30H-H,0 4 and (HCOOH), 5]. The calculations were carried out at the MCSCF level and the
main conclusions are: "Jon correlates with the strength of the HB (expressed in terms of the
interaction energy); the intermolecular *"Jon couplings are determined primarily by the FC term (these
couplings are similar to those through covalent bonds, what distinguishes them is their magnitude and,
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more surprisingly, their sign); the *\Jxy couplings through the X-H---Y HB are also dominated by the
FC term. In the formic acid dimer 5, the?"Joo coupling attains 7.1 Hz.

6 1
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The second paper [11] deals with the important case of N-H---O=C (this last atom is designed C' in
most publications following the common use in peptides) and N-H---N=C systems. Thus, formamide
dimer (Fa-Fa) 6 and formamide-formamidine dimer (Fa-Fi) 7 have been studied at the MCSCF level.
Complex 7 should present alarge 2"Jyn coupling of 8.3 Hz. Another interesting conclusion is that *Jc
couplings are positive for N-H---N=C bonds and negative for N-H---O=C bonds. The authors have
examined the variation of the couplings with the ON distance, for instance, there is a fast exponentia
decay of *'J\.

O, H o,
\C/ "y, ///H ~ / /////,///

H,,
7/, 7
/,

///
/ ///// /
w2 >N ns?” CHs

6 7 H 8

Scheurer and Bruschweiler [12] have studied the N-methylacetamide dimer 8 as a model of the
trans-hydrogen *"Jyc coupling involved in polypeptide N—H---O=C' hydrogen bonds (trans here does
not mean a trans disposition but that the coupling occurs through the HB). Using the DFT-based
methodology of Malkin, Malkina and Salahub (SOS-DFTP), they explored the double dependence of
Jnc with the NO distance and the out-of-plane tilt angle and they showed that there exists a linear
correlation between *"Jyc and the isotropic HN chemical shift. They computed also the "Iy couplings
in guanine/cytosine (5.36 Hz), uracil/adenine (7.65 Hz) and thymine/adenine pairs (6.45 Hz).

A second paper by Czernek and Brischweller [13] is related to the experimental observation of
23(3*P-"H) and *"JCP-*N) in protein-nucleotide complexes (see Appendix, Table 7). Using the same
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methodological approach, they calculated two complex fragments 9 and 10 with different N—H---O=P

geometries.
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Fragment 9 isamodel of Gly15 together with Mg[PO4(CHs)] and fragment 10 is a model of Alal8
together with [PO4(CH3),] . They devised atwo-dimensional surface of the form:

" Jex (" No,OPoH) = 806 1'NO { cOS(Opor — Oloffser)} 2

Each value of ™Jpx (for a pair of N--O distance and P-O--H angle) depends on a series of
parameters that have been calculated. For instance, ap = —9628.6 Hz, a, = 2.7232 A™, a, = 2.4761,
Ooffst = 3.1853 rad for *"Jpy. They proposed to use equation (2) in a similar way to the Karplus
equation.

It will be interesting to know whether the type of equation known as the Karplus equation is
followed in supramolecular complexes. For instance, if the dependence of 3Jg in compound 11 has a
counterpart in *"Je= in complex 12.

12

Barfield's contribution is important having published four papers between 1999 and 2002 [14-18].
In hisfirst paper, published with Grzesiek, two DNA triplets 13 (T-A-T) and 14 (C*-G-C) were studied
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theoretically (DFT-FTP//UB3PW91/6-311G**) to be compared with their experimental results (Table
7 of the Appendix) [14,15]. In these systems, two trans-hydrogen bond *Jyy and 3y scalar
couplings were calculated. Interesting correlations were found between the chemical shift of the proton
of the HB and "Jyy (positive), *"Jun (positive) and “Jny (negative), both between calculated values
(Egs. 3 and 4) and between experimental values (Eg. 5).

1N =—91.9 + 1.01 3'H, r* = 0.984 (3)
MJun =-9.4 + 1.17 3'H, r* = 0.9999 (4)
MJun =-9.6 + 1.27 3'H, r? = 0.861 (5)
H H
)\ X )\-F/ —H
TN T
H A o e H H J
= \ /H‘\\\\\\ = Z aHT
= N \ = W\
N N\, H N P I N\ —H
¢ :

N\

J
wy—N g
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Barfield, O'Leary et al. measured (see Table 7, Appendix) 3 couplings in 1,3 and 1,4-diols of
favorable conformation and computed (DFT/FTP) these couplings for different geometries of the
fragment O—H---O—H with acceptable results [16,17]. In his last publication, Barfield addressed the
problem of proteins, and specifically, the notorious *"Jyc coupling [18]. He used as a model,
formamide dimer, but instead of a cyclic dimer, like 6, he used a more realistic open-dimer 15.

He found that 3"Jyc depends on rop, 81, 82 and the torsion angle p about the C=0 bond (H---O=C'—
N). Several equations were devised in this very important publication. Those relating *"Juc with cos?p
bear a clear similarity with the Karplus relationship.

H H\ _H
/ /N
—=C r
o) \ H# OH '
/’l‘j /////////04 \ H
H O 5,

15
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The authors of one of the most widely used methods for calculating coupling constants, Malkin and
Malkina, collaborated with Limbach in the study of the experimental findings of these last authors
(reported in Table 7). Thanks to experiments at very low temperatures (between 110 and 150 K) using
freons as solvents, Golubev, Limbach and their coworkers measured *H-"°F coupling constants in
fluoride ion/hydrogen fluoride complexes (see Scheme 1) [19].

T

"I —m

- \\\\\F////, = —
=T == /H H\ H\\\\\F//,//H F—H

F F
F/ \F

MNH—F

T —IZInmnnxT

Scheme 1. Species formed by mixing HF and tetrabutylammonium fluoride

They measured or estimated all the possible coupling constants that were also calculated at the
MCLR-CAS level [19]. This collection of data is still remarkable for the wealth of information it
contains being completely apart from peptides, nucleic acids or their combination.

The second publication is of a more theoretical nature [20]. The authors used the famous Steiner-

Limbach diagrams, where geometrical (such as q,) and NMR properties (such as 8H of the H in the
HB, "J and ""J) were represented against o

FAH | o | M-8
— TN =)
- d- >
Q1 = (ran —ru-8)/2 (6)
O =TraH +Iy.B (7)

The cases of [F(HF),] ", n = 1-4, discussed above, of [C=N---H--:N=C]~, formamidine dimer 16 were
calculated. For instance, we report below the calculated value (in Hz) of Iy of 16.
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Although not reporting coupling constants, a third paper by Limbach is worth quoting because it
describes the influence of an electric field on the geometry and properties of A—H---B complexes[21].

Bagno has examined the case of formamide dimer 15 in relation with the case of ubiquitin (see
Table 7) [22]. He has built up the coupling surface of *'Jyc in function of the N--O distance and the
dihedral angle. His conclusions, based on FTP/DFT calculations are similar to those of Barfield [18],
which were obtained two years later.

Ox ~H Ox ~H
"'ulH P""uH
HO A~ H HO A H H\) H\J
Huee i Hue- i Huwe Hune
[0 [0 [ [
H/-IN\H\\“‘\\O H/-IN\H\\\“‘\O H/N\H H/N\H
17a(Cy 17b (Cy) 18 (Cy 19 (Cy)
G=@=0 @ =620°, =-15 @=180°,%=0° @=1723" ¢,=-36°

Finally, we have calculated the coupling constants of structures 17-19 in an attempt to determine
whether the coupling of 1.5 Hz between *°N and *'P (not directly bonded) is transmitted through the
skeleton (“Jyp) or through the HB (*'Jyp) [23]. Only the Fermi contact term was calculated using the
FTP/B3LY P/aug-cc-pV TZ approach. The conclusion is that the main transmission pathway is through
the covalent bonds.

H
C——N o
/ \\’)
H I—L// H
'N

%/
\/N \

20 H H

Bryce and Wasylishen have modeled the *"Jyy in nucleic acid base pairs using methylene-imine
dimer 20 in function of hydrogen bond geometry (ryn and 6) [24]. The variation of 2"Jyy as a function
of rny is fit to an exponential decay [rnn = 3.36 — 0.37 In (*"Jun)]. The influence of 6 is less
pronounced.

b) Bartlett, Perera, Del Bene's contribution [25-36].

Remember that all papers by this group are based on high-level EOM-CCSD calculations. Perera
and Bartlett [25] initiated their systematic exploration of scalar couplings through hydrogen-bonds
inspired by Limbach-Malkinas paper on [FHF]™ and [F(HF),]™ (n = 1-4) [20]. These authors criticize
the use of DFT methods when dealing with fluorine atoms " The MCLR results reported for [FHF] ™ by
Limbach et al. are unrealistic”. The estimated value for 2"Jg is > 200 Hz, the MCLR calculated value
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is —133 Hz and the EOM-CCSD value is + 225 Hz. We will see in the following discussion that °F
NMR properties are amongst the most difficult to calculate.

In the second publication of the same authors with Del Bene [26], they examined the case of the
"low-barrier" hydrogen bonds, a topic of general interest for its biological implications, trying to find
out whether predicted NMR coupling constants across hydrogen bonds can be used as fingerprints for
specifying hydrogen bond types. They calculated a certain number of ’0-""0, ®N-"N and N-*"0
systems (Table 2). Amongst their main conclusions are that for these nuclel, the FC term dominates,
that the relationship between *'Joo (Hz) and doo (A) shows an exponential decay, and that 2"Jyy for
dn = 2.9 A is 7.2 Hz close to the experimental findings (see Table 7).

Table 2. NMR total and FC coupling constants (Hz) for A—H-B systems

Complex AB HB type® dag (A) Fermi-contact (Hz) Jiow (HZ)
O,Hs" 00 PS 2.38 39.92 39.54
O,H3 00 PS 2.44 16.28 17.96
OzH4 00 T 291 147 1.29
"H,OH:NCH ON PS 2.47 34.07 34.12
HOH:NC™ ON T 2.82 6.62 6.55
CNH:OH, NO T 2.84 8.57 851
HOH:NCH ON T 3.13 1.14 1.16
"HCNH:NCH NN PS 2.52 32.46 32.52
CNH:NC NN PS 2.58 21.47 21.52
CNH:NCH NN T 3.00 5.60 5.62

&PS = Proton-shared; T = Traditional.

Then, Del Bene and Jordan examined the case of the complex between hydrogen chloride and
ammonia that Del Bene had aready studied in what concerns its geometry, energy and vibrational
aspects [27]. To the Cl-H---NH3 complex they applied an external electric field along the HB to
modify the character of the HB, an approach aready used by Limbach and ourselves [21]. When the
field increases, the system moves from traditional, to shared, to ion-pair. We report their most
significant results in Table 3. They criticized the use by Limbach and ourselves of the g coordinates
concluding that they are only useful for symmetric systems (which is not correct), that the FC term
dominates and showing that #'J;sn.35¢; iS Negative.
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Table 3. Equilibrium Cl--N distances, proton chemical shifts and *Jisn.3sc coupling constants as
functions of external field strength

Field (au.) da..n (R) J(ppm) 2 J1sn-ascl (HZ)
0.0000 3.080 10.0 5.7
0.0010 3.056 10.8 6.1
0.0025 3.019 12.0 6.9
0.0040 2.975 13.6 -8.0
0.0055 2.832 20.9 -11.8
0.0100 2.896 19.1 9.1
0.0150 3.004 16.4 6.7

Contrary to most authors, they prefer graphical representations to statistical models. Their graphs
clearly showed that their seven data belong to two families, the first set corresponds to 0.0000-0.0040
au. fields and the second one to 0.0055-0.0150 a.u. fields. These sets can be adjusted to linear
correlations, although they probably correspond to the two branches of an exponential [21] (egs. 8-13).

First set (traditional Cl-H---N HB):

dn..c = (3.082+0.002) — (26.2+0.9) field, n = 4, r* = 0.998 (8)
O'H = (8.93+0.11) + (893+47) field, n = 4, r* = 0.994 (9)
or.n = — (5.60£0.11) — (576+49) field, n = 4, r* = 0.986 (10)

Second set (ion-pair Cl~---H-N" HB):

dn..ci = (2.73£0.02) + (18+2) field, n= 3, r* = 0.987 (11)
O'H = (23.6+0.4) — (475+40) field, n = 3, r> = 0.993 (12)
Jar..n = — (14.6+0.3) + (536+35) field, n = 3, r> = 0.996 (13)

The proton shared situation is very unstable [21] and should be found in the 0.0040-0.0055 au
region.

The next contribution by Del Bene and Bartlett was devoted to the 2'Jyn coupling present in some
BN-H--N fragment [28] (see Table 7). Here again, the FC term dominates, other terms being
negligible. Their results are reported in Table 4 (note that is "Iy positive).

_—= —
£>N—H”””””NEC_H <\ /N|||||||||||H—NEC

21
23

C=N—HnnnN=c—H

22
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Table 4. Equilibrium N---N distances, symmetry and 23 5n-15N coupling constants

Complex symmetry dn.n (R) 2 J15n-15N (Hz)
pyrroleeNCH (21) Co 3.16 3.0
CNH:NCH (22) Cov 3.00 55
CNH:NH3 Cay 2.85 8.7
CNH:NCLi Cov 2.83 9.6
CNH:pyridine (23) Co 2.79 10.7

Reference [29] reports the calculations carried out on the problem of along range coupling constant
present in iminophosphorane-substituted proton-sponges 24 (see Table 7). Using as a model structure
25, the results reported in Table 5 were found (only the FC term was computed).

4h 4h -
P [
Ph3p\ /HI///,,+4PPh3 ng\ /H/II[”+4PH3
I I
X b 'S
24 25

Table 5. N---N and P---P distances and computed “"Jz1p.51 coupling constants in model 25

N---N distance (A) P---P distance (A) N Jz1pap (HZ)
2.53 4.79 14.3
2.83 5.09 8.1
3.03 5.29 5.9
3.33 5.59 3.9
3.53 5.79 3.0

These data can be analyzed statistically leading to egs. (14) and (15):

dp..p = (2.27+0.02) + (0.997+0.003) dy..\;, N = 5, r? = 1.000 (14)
In *"J31p.31p = (6.96+0.10) — (4.66+0.09) In dy.., N =5, r? = 0.999 (15)

Del Bene, Parera and Bartlett used in another contribution the reduced coupling constants K to
correct some erroneous statements about the relative importance of scalar couplings [30]; for the N—
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H*-N and O—H"-O complexes *Kx..x > *Kx_ > "Kx..x. Jordan, Del Bene et al. devoted another
paper to the N-H---N system [31]. They used the pyrrole:hydrogen cyanide (21) and the hydrogen
isocyanide:hydrogen cyanide (22) systems and, as perturbation, an electric field or chemica
substitution (fluorine and Be** on the pyrrole, Li, Na, S and O instead of H in NCH). Some of their
results are reported in Table 6.

Table 6. Chemica shifts of the hydrogen-bonded proton and 23 5n-15N coupling constants as a function
of field strength

Field (au) JO'H (ppm) 3 15n-15n (HZ)
0.0000 1.9 6.4
0.0040 2.4 7.3
0.0100 3.2 8.8
0.0150 41 10.3
0.0200 5.2 12.3
0.0225 6.0 13.7
0.0250 7.1 15.5

In al cases, proton-shared and ion-pair N.-H-Np HBs are unlikely to be formed in neutral
complexes. These authors introduced an important representation to understand the nature and
properties of hydrogen-bonded systems, plotting N.—H (A) against Ny—H (A) and representing the
square of the ground-state vibrational wave function superimposed on the potential energy surface.

26

The next problem they tackled concerns the hydrogen chloride:pyridine complex (26) [32]. Pyridine
is a very good HBA because the positive charge can be delocalized over the ring. In this example,
increasing the field, they succeeded to attain the proton-shared and afterwards the ion-pair structures.
They carried out the calculations using an isotropic external electric field (analogous to the Onsager's
model), optimizing the structure for each field (under some restrictions) and then calculating the
coupling constants with the field turned off (turning on the external field during the calculations
increases the absolute value of 2'Jzsq..15n). Their calculations are in agreement with Limbach's results
on temperature effects o HBs: decreasing the temperature corresponds to an increase of the field and
the traditional system evolves to proton-shared and then to ion pair.

Del Bene, Jordan, Parera and Bartlett [33] returned to the problem of ?"Jer in [FHF]™ and [FDF]”
that was their first publication on scalar couplings across HBs [25]. They examined the possible effects
of zero-point vibrational effects and of vibrational averaging, to conclude that both have essentially no
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effect on ?J. They confirmed that, although the FC term dominates, the PSO term is also important.
Using Limbach's estimation of 220 Hz for ?"Jer in [FHF]™ for comparison, they reported for [FHF]~
212.7 Hz and for [FDF]™ 223.1 Hz. This is an important result that allows a new entrance to isotope
effects.

Two papers [34,35] can be consulted to get an overview of the preceding series of papers. One
dealing with ®N,®N spin-spin coupling constants across N-H—N and N—H*—N hydrogen bonds and
entitled "Can coupling constants provide reliable estimates of N-N distances in biomolecules?* (with a
positive answer both for the distance and the angular variations) and the other with "what a difference
a decade makes: progressin ab initio studies of the hydrogen bond".

The last paper until now reports calculations of *"Jisn.a1p SPin-spin coupling constants across N-
H---O-P hydrogen bonded complexes [36]. Thiswork is similar in subject but different in methodol ogy
to that of Czernek and Brischweiler [12]. Instead of complex structures 9 and 10, equation-of-motion
coupled cluster singles and doubles (EOM-CCSD) calculations were performed in model cationic and
anionic complexes including NH,;":OPH, NH4":OPH3, NH3:"O2PH,, NFH,:"O.PH,, and NF2H:"O,PH,.
Three-bond coupling constants can be appreciable when the phosphorous is P(V), but are negligible
with P(111). *'Ju.p values in complexes with cyclic or open structures are less than 1 Hz, a consequence
of the nonlinear arrangement of N, H, O, and P atoms. For complexes with these structures, 3N Inp may
not be experimentally measurable. In contrast, complexes in which the N, H, O, and P atoms are
collinear or nearly collinear have larger values of *'Jy.p, even though the N-P distances are longer than
N-P distances in cyclic and open structures. In linear complexes, *"Jy.» is dominated by the Fermi-
contact term, which is distance dependent. Therefore, N-P (and hydrogen-bonding N-O) distances in
these complexes can be determined from experimentally measured >N->'P coupling constants.

c) Dataanalysis.

Peralta, Contreras et al. analyzed using NBOs (Natural Bonding Orbitals) the C-H---O interaction in
NCH---:OH; and NCH---O=CH; 27 and their effect on nuclear magnetic shielding constants [37]. In a
subsequent paper, they expanded the same methodology to the dissection of fluorine—fluorine
couplings (see below, 31). They proposed a partition of the Fermi contact term as a sum of
contributions of core orbitals, non-bonding electron pairs and bonding orbitals. As expected the
coupling constant through the space are governed by the non-bonding electron pair term in all the
cases studied [38].

—C N==C———HuunnmnmmnmQo==C_

N 27a 27b
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Weinhold, the creator of NBO analysis, applied his method first to an example of covalent bonds
(Jun couplings in ethane) [39] and then to My and *Jyy in DNA A-T base pair [3]. The
contributions of the orbitals involved in the HB to the coupling constants are able to explain the
differences observed between the ?Jyy and Iy [3]. Arnold, Oldfield et al. used DFT theory to
caculate and analyze through-space *°F-'°F coupling constants [40] and found an exponential
relationship between the coupling constant value and the internuclear distance. The same authors
compared the "MJyc in proteins with the electron density properties obtained using Bader’s Theory of
Atoms in Molecules (AIM) [41]. They found an exponentia relationship between the mutual
penetration of the e ectronic clouds and the coupling constant val ues.

Hydrogen bonded molecules: couplings through a dihydr ogen bond

This fascinating topic has been covered recently [42], we have replaced the letter h of hydrogen
bonds by the letter d of dihydrogen bonds. EOM-CCSD cal culations were performed to determine one-
bond (*J4.4) and three-bond (33x.v) spin-spin coupling constants across X—H---H—M dihydrogen
bonds for complexes with *C-*H, **N-*H, and ’O-'H proton-donor groups and proton-acceptor metal
hydrides ‘Li-*H and ®Na-"H. Unlike two-bond spin-spin coupling constants across N-H-N, N-H-O, O-
H-O, and CI-H-N hydrogen bonds, which are determined solely by the Fermi-contact term (see above),
143, receives non-negligible contributions from the PSO and DSO terms. However, these terms tend
to cancel, so that the curve for the distance-dependence of 13,4 is determined by the distance-
dependence of the Fermi-contact term. The value of 43, is dependent on the nature of the proton-
donor and proton acceptor, and the relative orientation of the bonded pair. Hence, it would be difficult
to extract structural information from experimentally measured coupling constants without a model
tailored specifically for the experimental complex. 3¢, values for the equilibrium structures of seven
linear complexes stabilized by C-H---H-Li bonds are dependent on C-Li distances, and are aso
sensitive to structural changes which remove any one of these four atoms from the dihydrogen bond.
3430w for the complexes HOH:HLi and HOH:HNa exhibit unusual behavior as a function of the O-M
distance, increasing with increasing distance through a change of sign, reaching a maximum, and then
subsequently decreasing.

Van der Waals complexes

The number of publications devoted to the study of scalar couplings in van der Waals complexesis
much more reduced than those concerning HBs. The reason is fairly simple: there are no experimental
results! Therefore, the only existing papers reported explorations of hypothetica situations, although
their conclusions are important: i) the transmission of the scalar nuclear spin-spin coupling is a
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property not restricted to the HBS; ii) the existence of the nuclear spin-spin coupling transmitted
through an interaction is not an evidence of the covalent character of thisinteraction.

Salsbury and Harris [8] examined the case of the xenon dimer. Exploiting the fact that xenon has
two isotopes with spins# 0 (**Xe, spin | = 1/2, and **'Xe, spin | = 3/2), they have calculated the FC
term for the Xe, and for the Xe-'H complexes. In the regions of interest J(Xe-H) is microHz and
J(**Xe-"Xe) is milliHz.

More recently, a similar study was carried out on He, (*He, spin 1/2). Obviously, this coupling is
not accessible experimentally. At the energy minimum (5.6 a.u. = 2.96 A), the coupling should amount
to 1.3 Hz [43]. All the terms were calculated at the EOM-CCSD level, but only FC is important. The
same author with Sadlej and Leszczynski [44] has calculated that the HF---CH,4 van der Waals dimer
should have a Jue = 4 Hz. In this same paper they reported calculations of the [FHF]™ anion (Scheme 1)
and the F—H---FH dimer. Bryce and Wasylishen extended these calculations to HF---CH3F (in two
conformations) [45]; they found that the isotropic coupling constants are dominated by the Fermi-
contact mechanism.

At lower level (DFT, only FC, PSO and DSO terms) but much more complex structures, Bagno,
Saielli and Scorrano [46] carried out calculations on three van der Waal s complexes: methane-methane
dimer (not reported), methane-benzene 28 and benzene-benzene (T-shaped) 29.

I

:
:

Ry,
@]
i

29

N
o]

The *H-*H couplings are very small, for all purposes null, but the *H-*C should be in the 0.2-0.3
Hz range (for equilibrium geometries, Re = 3.685 A and R = 4.90 A) and therefore experimentally
measurable. However, these model systems are not suitable for an experimental verification due to
their too-large exchange rate compared to their small couplings. A better candidate would be the *N-
¥F coupling in the complex CH3-CN---CgFg 30 [47].



Int. J. Mol. Sci. 2003, 4 81

H P,

H P
F

111,

L

30

Bagno, Saielli and Scorrano [48] have examined a large set of van der Waals complexes (CH4/CHa,
CH4/CoH4, CoHJCoH4, CHA/CeHg 28, CeHe/CeHs 29) as well as some more readlistic and complex
systems in search of type 2 interactions (calixarene/CH3CN, the Troger's balance of Wilcox, etc.).

This is probably the best place to describe the attempts of two groups to analyze the *°F/*°F nuclear
spin-spin coupling through-space. Both used, as a model, two hydrogen fluoride molecules, Peralta,
Contreras et al. [38] in disposition 31 and Mallory et al. [50] in disposition 32.

d(F--F) F ¥
| dF-F) | 0.917A
Fyuunwfr\ 180 OCH . H
‘ o T\, L 1192 ! 0438 A
31 1.410 A
32

The second authors did not carry out calculations on **F*°F couplings, and concluded only that there

isan exponential relationship between Je= and d(F---F) [50]. Peralta, Contreras and Snyder have carried
out a natural bond order (NBO) dissection of Jgr[38].

Conclusions

We are, at the end of 2002, in an interesting and unstable situation: the calculation of scalar
couplings shows the same impetus and problems as some ten years ago did the calculation of nuclear
shieldings, being still highly demanding on computational effort. The authors face a difficult election:
either to considerably simplify the problem or to lower the level of the method to the point to obtain
dubious results. Even with a considerable simplification, there are problems accessible only to people
having access to big supercomputational centers.

It is expected than in the next ten years, development in software and hardware will alow some
fascinating problems to be tackled. For instance, other interactions deserved to be explored like inverse
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HBs [51,52], three-centered (bifurcated) HBs [53], charge-transfer bonds [54], etc. One of the main
objectives that should be approached in the next years is the calculation of coupling constants
including heavy atoms (therefore, including relativistic corrections) because the structure of many
fundamental problemsin chemistry (catalysis) and biochemistry involve these atoms.

We hope that this review will encourage other physicists, chemists, biochemists, molecular
biologists and NMR spectroscopists to endeavor the calculation of spin-spin scalar coupling constants.

Appendix

We feel useful to summarize in Table 7 the experimentally measured nuclear spin-spin coupling
constants through a hydrogen bond, because they are the test used for many theoretical works [55-99].
Two cases have to be distinguished: intermolecular and intramolecular HBs (these last we will name as
IMHBS). The first class is without ambiguity but not so the second one. We consider coupling
constants through HBs between different aminoacids of the same protein, due to folding, as
intermolecular coupling constants. Couplings observed in IMHBs can be transmitted through the HB
or through the covalent skeleton. The transmission through the skeleton could represent up to a 100%
of the observed coupling. There is no experimental possibility to separate both mechanisms and even
not a theoretica partition method available. These couplings through IMHBS have been ascribed to
"Js with the qualitative argument that, in similar compounds, the skeleton is unable to transmit the
spin information. Some of them areillustrated in Scheme 2.
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Scheme 2. Some examples of scalar couplings through intramolecular HBs (IMHB)
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Amongst the intermolecular HBs, the most common situations are summarized in Scheme 3. They
are found both in nucleic acids and in proteins (in this last case, the atoms of the second aminoacid
residue are noted with adash).

2h 3h
INN Ine

\y vV o\ v/

N——HinnuunnN N——HitmnnmmQ=—C_

72 NV B S N

4hJ

NN
Scheme 3. The most frequent intermolecular couplings

Especially noteworthy is reference [91]; there, for the first time, a coupling constant through a
hydrogen bond was measured in the solid state [a 2"J(**N-H--'®N)]: this opens extraordinary
expectations for the study of "™Js in intermolecular simple systems where there is not a single example.
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Table 7. Experimental coupling constants through hydrogen bonds

Compound Couplings measured HB Ref.

1hJS
F--H e IMHB  [55]
[F-H--F] e inter [19]
[F---H--N(collidine)] e inter [56,57]
[F---H--N(collidine)] et inter [56,57]
[RCO,-H--N(pyridine)]  MJy..1 inter [58]
[Pyridine--H+--pyriding]  MJy..4 inter [59]
DNA, RNA ol Y inter [14-16,60-67]
Nucleic acids e inter [68-72]
Fulvenes e IMHB  [73-75]

ZhJS
[F--H--F]— s inter [19]
[F---H--N(collidine)] 2 S inter [56-57]
N-H--F 2 N IMHB  [76]
H-S--H N sH IMHB  [77]
H-O--H N 0-H IMHB  [16,78]
H--O--H Ny.0mH IMHB  [79]
Proteins -0+ (N-H---O=C) inter [80-90]
DNA, RNA 2 g0 inter [14-16,60-67]
Nucleic acids A g HN inter [68-72]
Apomyoglobin M-t (imidazole---H-imidazolium) inter [91]
Proton sponges A g HN IMHB  [92]
Fulvenes A g HN IMHB  [73-75,93]
Protein/DNA o011 (P=0---H-N) inter [94]
Flavoprotein "Ip.0.1 (P=0--H-N, P=0---H-O) inter [95]
Metalloprotein g1 (N-H---S-Cd) inter [96,97]
Metalloprotein g1 (N-H---S-Hg) inter [97]

ShJS
H-C=0--H-0 N =04 IMHB  [98]
Galactal -0t (O-H--O-H) IMHB  [99]
H-C-O--H N hco-H IMHB  [78]
Proteins N INeH-O=C inter [80-90]
Nucleic acids N 0= inter [68-72]
Protein/DNA 3N It O=p inter [68-72]

4hJS
H-C-N-H---F N ONH-F IMHB  [76]
Proton sponges N oot NP IMHB  [100,101]
Nucleotides N CN-HN inter @ [102,103]

2Observation of the interaction but J was not measured.
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