J. Phys. Chem. B004,108,1115-1129 1115

Analysis of the NMR Spin—Spin Coupling Mechanism Across a H-Bond: Nature of the
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The NMR spin-spin coupling constants (SSCCs) across the H-bond in proteins are sensitive to the electronic
structure of the H-bonded system, i.e., thelt--O=C group in proteins. The spirspin coupling mechanism

across the H-bond involves a strong electric field effect, steric exchange interactions, and some weak covalent
effects (transfer of electronic charge). The electric field effect is reflected by one-orbital contributions to the
SSCC and can be tested with the help of probe charges. A negative charge opposite-tdithemd leads

to increased polarization of the-NH bond, a larger contact density at the N nucleus, and a stronger FC
coupling mechanism for those SSCCs involving the N nucleus. Similarly, a positive charge opposite to the
O=C bond, distorts the O density into the direction of the external charge and in this way decreases the spin
density at the O nucleus. All SSCCs across the H-bond depend primarily on the electric field effect and

two-orbital steric exchange interactions. The lone pair contributions to the Fermi contact tét#Qi)

(and to a lesser extefdtJ(CN)) provide a direct measure on possible covalent contributions in the form of
charge-transfer interactions. According to calculated charge-transfer values and lone-pair contributions to
SSCC2J(ON), the covalent contribution to the H-bond is rather small (less than 15% at 1.9 A for a bending
angle 3(COH) of 120). The zeroth-order density and the spspin coupling mechanism, which depends
largely on the first-order spin density, both describe the H-bond as being electrostatic rather than covalent.
The electric field effect largely determines the geometrical dependence of the SSCCs of a hydrogen-bonded
system.

1. Introduction zation)32734 J-OC-PSP decomposes all four Ramsey terms of
o . . the SSCC (paramagnetic spiorbit (PSO), diamagnetic spin
H-bonding is an essential structural building block for many ;¢ (DSO), Fermi contact (FC), spin dipole (SB)alculated
biochemical compound_s. Protein folding, m(_)lecular_ recognition, \yith a coupled perturbed density functional theory (CP-DET)
drug—receptor interactions, solversolute interactions, and  jntg one-orbital and two-orbital contributions where, as a suitable
many other phenomena are intrinsically connected to H- chgice for the orbitals, Boys localized molecular orbitals
bonding:~® For a long time, direct measurements of the H-bond (LMOs)*” are used. The individual orbital terms make it possible
(HB) were difficult, in particular, the low scattering cross-section i relate the FC and the SD term to a spin polarization
of the hydrogen atom makes its detection with X-ray diffraction \,achanism whereas the DSO and PSO orbital terms are
methods a difficult enterprise. Therefore, NMR methods making associated with orbital currents caused by the magnetic moments
a site-resolved study of the HB possible represent a valuable o the nyclei. Using the orbital contributions calculated for the
source of information, which has the advantage of probing itin s5ccs of small molecules, we could show that the bond orbital
the solution phase rather than the solid state as, e.g., Neutrongniribution of the one-bond SSCC dominates and leads to a
diffraction, does. positive SSCC, the magnitude of which depends on both the
The experimental observation of spispin coupling constants  polarity of the bond and the polarizability of the bond dentty.
(SSCCs) across the HB"J,%!2 has changed the situation External bonds (henceforth calledher bond®) connecting
significantly, insofar as for the first time a direct detection of supstituents to the bond in question lead to negative contribu-
H-bonding in proteins or DNA is possible. This discovery in  tions because they extend the one-bond path formally to a two-
connection with the intensified discussion of weak KiB8has bond path (for unstrained hydrocarbonsy a Coup”ng pa[h formed
triggered a multitude of NMR spectroscopi¢’ and quantum  py two o bond orbitals leads to a negative contribution to the
chemical studi€g~27 on the nature of the HB. The observation SSCC). In the case of heteroatoms an electron lone pair (Ip)
of SSCCs across HBs was considered as evidence for a partiakiso leads to such a “two-bond path” for the one-bond SSCC
covalent nature of the HB:1420This interpretation was in line  and consequently to a relatively large negative Ip contribution
with the covalent character invoked for the low barrier HBs, of the FC term. In this way, Ip contributions can make a one-
which are postulated as transition states in several enzymepond SSCC negativ&.Three-bond SSCCs are normally posi-
catalytic reaction$® 3! The (partial) covalent character was tive, but again substituent contributions can lead to a change in
questioned or rejected by others who connected energy orsign.
density data with the analysis of SSCCs across the’HB. The orbital analysis of the SSCCs across HBs provides a basis
Here, we will focus on an orbital analysis of the SSCCs of a to determine those contributions, which determine the magnitude
HB system continuing work recently started with the develop- and the sign of a given SSCC. In addition, it is possible to
ment of the JOC-PSP method (decomposition dinto Orbital identify orbital terms that indicate covalent and those that stand
Contributions usingOrbital Currents andPartial Spin Polari- for an electrostatic nature of the HB. Furthermore, we can
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distinguish active and passive contributions of an orbital to the
spin—spin coupling mechanism. In the case of the FC term, an @)
active contribution implies that the orbital in question determines
directly the spin density at the coupling nuclei whereas a passive
contribution mediates spin-polarization between two orbitals,
each of which determines the spin density just on one of the
coupling nuclei. Utilizing the possibilities of the orbital analysis, ©=180.0
the relationship between the SSCC and the nature of the HB 1=0.0
will become clear. For the purpose of testing the usefulness of

such an analysis, we will investigate a typical HB as it occurs

in polypeptides and proteins and as it can be modeled by the ® = <XCOH; 7=<COHN; o =<NHO; =<COH

formamide dimer, namely, the HB=€0---H—N (see Scheme x = angle between molecular planes

1). We will analyze the six SSCCs directly, or indirectly, Figure 1. MBPT2/aug-cc-pVDZ geometries and binding energies for
affected by H-bonding for two typical geometrical situations: the formamide dimer: (a) minimum geometry; (b) enforced planarity.
first a linear arrangement of<80 and H—N bond given by the Distances in angstroms; angles in degrees. X is a dummy atom used to
angles = 180° (Scheme 1) and second a bent arrangement define dihedral angles.

given by = 120¢° (Scheme 1). The angle(NHO) is kept
constant at 169%as it has a smaller effect on the SSCC across
the H-bond. Furthermore, the two dimers are kept in a common
plane to simplify the analysis.

We will carry out the analysis of SSCCs across the HB in
the following way: First we will use a model system made up .
of two H, molecules to understand how interactions between (169'.6) Whgreasf} was set to 180.and 120In this way, two
separated molecules can influence through-space SSCCs (sectioplrInCIpaIIy d|ffgrent HB configurations (linear and bent) were
3). In this system, HB interactions do not play any role. modeled and |_nvest|gate_d. . . .
Therefore, we can study the influences of symmetry and The calculation of the indirect scalar SSCTisvolving the

topology as well as the general impact of nonbonded effects nuclei of the HB system were computed as thg sum of the four
onp thegySSCC. We will g']show thatpelectric field and steric Ramsey ternts (FC, DSO, PSO, SD) that comprise the coupling

; ) onstant. This was done using the CP-DFT method described
a?t%h?ﬁigekif;%tsdzr: \r,\?: pvsirlwlsﬁrlleali?zr et htrr(]) g g: Bsgiﬁiilcs NPy Cremer and co-worke@utilizing the B3LYP functionaf+2

(section 4). However, we will start by first giving some relevant and two basis sets, (9s,5p.1d/5s,1p)[6s,4p,1d/3s,1p] and

details on the calculational methods used in this work (11s,7p,2d/5s,1p)[7s,6p,2d/4s, 2phich were developed for
' the calculation of magnetic properties.

The SSCCs were calculated both hgalues expressed in
hertz and as reduced SSCE®sexpressed in Sl units. The
relationship between these two quantities is gived@yB) =

The two model systems investigated in this work were defined (h/47)yaysK(A,B). The following gyromagnetic ratios (given
in the following way. In the case of the ()3 dimer the in units of 1Grad T~ s1) were used for nuclei A and By(*H)
experimental equilibrium geometry of,HR(H1,H2) = 0.741 = 26.7522,y(*3C) = 6.7263,y(*>N) = —2.7126, ang/(*’0) =
A38) was used and the two molecules were arranged linearly —3.6266%
by varying the nonbonded distanBéH2,H3) between 1.0 and The theory of the ®C-PSP method has been described
5.0 A. For the formamide dimer, a planar arrangement (shown elsewheré2-34 Therefore, we mention just a few pertinent
in Scheme 1) with a single HB rather than two HBs was essentials for the present investigation. The localization of the
assumed to model H-bonding in proteins. The geometry for this orbitals according to Boy$ is carried out for coreg, andax
arrangement was calculated by employing second-order manyorbitals separately. In this way, long valence tails of the core
body perturbation theory with the MgllePlesset perturbation ~ LMOs, which lead to unrealistic core contributions, and bent
operator (MBPTZ¥® and using Dunning’s aug-cc-pVDZ basis bond LMOs, in the case of double bonds, are avoided. The
set#0 In the equilibrium geometry of the formamide dimer (see individual orbital contributions depend on both zeroth-order and
Figure 1a), the molecular planes enclose an apgie—78.5. first-order orbitals (with the exception of the DSO contributions,
For the purpose of simplifying the SSCC analygisjas reduced which depend on just the zeroth-order orbitals). Because the
to zero so that the two formamide molecules are in a common FC term turns out to be the most important for most SSCCs
plane. The complex binding energy (after basis set superpositioninvestigated in this work, we will discuss shortly the first-order
error corrections) decreases from its equilibrium value of 5.8 orbitals and the corresponding first-order spin density associated
kcal/mol by 1.5 to 4.3 kcal/mol and the geometrical parameters with the FC term. The first-order (canonical) spiorbital

1.216

R(N--C) = 3.606

% =00 Binding Energy: -4.3 kcal/mol

change slightly as indicated in Figure 1b. Hence, the model
chosen represents one of many possible geometrical arrange-
ments of the HB, which, however, is typical and easy to analyze.
The HB geometry is determined by the angtg®NHO) = o
andp(COH) = . Angle a was frozen at its equilibrium value

2. Decomposition of the Spir-Spin Coupling Constant
into Orbital Contributions
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(equivalent equations hold for LMOSs) is given by
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wherey© is a zeroth-order spirorbital, first-order spir-orbital
®)FCis generated by the FC perturbation at nucleus B, and
indicesk and a denote occupied and virtual (virt) orbitals;
and ¢’ are spin variables. The opera’rﬁﬁC is the first-order
term of the perturbed KohnSham operator and depends itself
on the first-order orbltal,u(B )FC.
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The Fermi contact spin density distribution is given by the
product of zeroth-order and first-order spiarbitals summed
over all occupied orbitals:

(2b)

PP () = ZZ > YoMy ™) ®)

The Fermi contact spin density distribution at the posittyn
of the responding nucleus A determines the FC term of the
SSCC:

8
=T
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the first contribution results from electrostatic (noncovalent)
repulsion or attraction mediated by an electric field generated
by each of the molecules. The second contribution will become
only important if at closer distance the overlap between the
orbitals k (first molecule) and* (second molecule) is large
enough to guarantee a significant charge transfer and by this
covalent interactions. Repolarization (noncovalent) and delo-
calization (covalent) one-orbital contributions affecting through-
space or trans-HB SSCCs can be directly calculated with the
J-OC-PSP method by resolving in eq 1 the sum over virtual
orbitals$2:33

The two-orbital contributions describe steric exchange inter-
actions between orbitaksand|.33 Again, if orbitall belongs to
the first molecule (the perturbation is at orbitahnd orbitalk
to the secondk(is the responding orbital), the two-orbital terms
can be associated with noncovalent interactions between the
molecules. We denote the two-orbital interactions by the symbol
(k<—1) wherel is the zeroth-order anklthe first-order orbital.
The contributions— ) and ( < k) are different, and therefore,
both have to be considered. However, for reasons of simplicity
we contract them to a contributiok, () = (k—1) + (I —K)
and list only the sum of the two contributions. Where necessary,
the individual terms are analyzed. The various orbital terms
investigated will be denoted by the abbreviations bd (bond
orbital contribution) and Ip (lone pair orbital contribution)
connected with numbers or atom symbols to simplify their
identification (bd1, bd2, Ip(O), etc.). We will use the symbols
o(AB) and 7(AB) to separate the orbital contributions of a
double bond.

We distinguish between active and passive orbital contribu-
tions where the former are directly calculated as described
above. If an orbital does not lead to an active contribution of

wherea is the hyperfine coupling constant. Hence, one can the spin-spin coupling mechanism, it can still make a contribu-
analyze the sign and magnitude of the FC term by investigating tion in a passive way by mediating spin polarization or orbital
the FC density dlstrlbutlon which itself depends on the various currents from an orbital perturbed at one nucleus to another

orbital productsw 1/) B)FC One can partition the FC spin
density dlstrlbutlon into orbltal contributions where, however,

orbital interacting with the nuclear moment of the second
nucleus. The passive orbitals lead to the manifold of different

one must consider egs 1 and 2; i.e., besides the one-orbital termgoupling paths typical for spinspin coupling, and therefore,

p(B) FC depending only onpk, there are also two-orbital terms
)FC depending on bothyY and &, Accordingly, one
obtalns for the FC part of the SSCC, an equation in terms of

they are essential for the orbital analysis. We calculate the sum
of active and passive contribution of a particular orbital by
freezing it when determining the SSCC. Subtracting its active

FC spin density distributions expressed in zeroth- and first-order contribution leads to the passive contribution.

orbitals83

Kis = ”‘”Z PO AR "‘ZZP(B) FRI ()

where
B),FC/,\ _
PN =
oce virt Eyj(o)lh(B) FC F(B FC| O)D

222
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The one-orbital contribution describes orbital relaxation caused

YU piAr) (6b)

The FC part of the SSCCs decomposed into orbital contribu-
tions reveals whether covalent or noncovalent terms play an
important role for the spirspin transmission mechanism.
Although this mechanism depends on the first-order density, it
is a fact that the zeroth-order dens{) will not be changed
by the spin polarization (first-order density); i.e., changes in
the a- and - spin density distribution cancel each other out.
Analysis of the spir-spin coupling mechanism and the first-
order density must lead to the same conclusions, with regard to
the nature of through-space interactions or H-bonding, as an
analysis of the zeroth-order density. Furthermore, the-spin
spin coupling mechanism and the first-order density provide
much more sensitive antenna to investigate the nature of
molecular interactions, making them ideally suited for weak
interactions.

We tested basis set superposition errors (BSSE) for the SSCCs
of monomers and dimers using the counterpoise method.

by the magnetic perturbation at nucleus B. This can be due tothe case of the fimonomer, the error was just 0.3 Hz, and in

a repolarization of, e.g., a bond density (if bonding LM@nd
the excitatiork — k* are considered) or due to a delocalization
of this bond density into the antibonding LM@f another bond
(excitationk — I*). In the case of two interacting molecules,

the case of the formamide dimer, it did not become larger than
0.8 Hz.

All SSCC calculations were performed with the quantum
chemical program package COLOGNE 2063.
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Figure 2. Dependence of the SSCQ(H1,H2) of the H dimer on the distanc®H2,H3). The main diagram gives the total FC term and the
dominating one-orbital contribution bd&(H1,H2)) and the inset at the top displays the total SS&HA1,H2). The inset at the bottom shows PSO,

DSO, and SD terms as well as the dominating one-orbital contributions to DSO and PSO term. CP-DFT/B3LYP/(11s,7p,2d/5s,1p)[7s,6p,2d/4s,2p]
calculations.
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Figure 3. Dependence of the SSCQH2,H3) of the H dimer on the distancB(H2,H3). The main diagram gives gives the total FC term and the
dominating two- and one-orbital contributions and the inset displays the total SE€ICH2) and its four Ramsey terms. CP-DFT/B3LYP/
(11s,7p,2d/5s,1p)[7s,6p,2d/4s,2p] calculations.

3. Through-Space Spir-Spin Coupling Constants in the
H, Dimer

The mechanism of the SSCQ(H1,H2) is dominated by the
FC interaction involving the bond orbital bd% bd1(H1,H2).
There are changes in this orbital and the corresponding density
as reflected by the DSO contribution. At shortefH2,H3),
nonbonding density is pushed into the +Hdi2 bond by
exchange repulsion between the two molecules, thus leading to
a negative DSO(bd1) contribution. In previous work, we have
shown that those parts of the electron density distribution that
are inside the sphere enveloping the bond axisBAgive
negative contributions to the DSO term, whereas the electron
density outside this sphere leads to positive contributitiEhe
DSO contribution of bd2= bd2(H3,H4), which builds up

The calculated SSCCG4(H1,H2),1J(H2,H3),2J(H1,H3), and
8J(H1,H4) for two H molecules interacting at a distance
R(H2,H3) in a linear arrangement are summarized in graphical
form in Figures 2-5. For H, at equilibrium a one-bond SSCC
of 272.7 Hz corresponding fd(H,D) = 41.9 Hz is calculated.
Adding a vibrational correction of 1.3 HZ,the calculated
1J(H,D) (43.2 Hz) is close to the experimentd(H,D) value
of 42.9 Hz#” We conclude that the CP-DFT methédised in
this work is sufficiently accurate to describe spspin coupling
in the model system (.
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dominating two- and one-orbital contributions and the inset displays the total SEEC,H3) and its four Ramsey terms. CP-DFT/B3LYP/
(11s,7p,2d/5s,1p)[7s,6p,2d/4s,2p] calculations.
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Figure 5. Dependence of the SSCQH1,H4) of the H dimer on the distancB(H2,H3). The main diagram gives gives the total FC term and the
dominating two- and one-orbital contributions and the inset displays the total SE¥EC,H4) and its four Ramsey terms. CP-DFT/B3LYP/
(11s,7p,2d/5s,1p)[7s,6p,2d/4s,2p] calculations.

outside the bond H2H2 for smallR(H2,H3) leads to a positive it is also useful to look at distances as shartlad because for
contribution (see inset in Figure 2). The FC term is dominated theseR(H2,H3) values, effects are magnified so that it is easier
by FC(bdl) (see Figure 2) and reveals that for decreasingto make them visible.

R(H2,H3) the one orbital contribution FC(bd1) decreases. A The through-space magnetic couplings are mediated by spin
minimum is reached at 1.6 A. At smaller valuesR{H2,H3) polarization in the tail densities of bond orbitals bd1 and bd2
first strong polarizing and finally covalent interactions play a in the nonbonded region between H2 and H3. This should be
role. The total value ofJ(H1,H2) increases due to the increase reflected by the FC term. PSO, DSO, and SD contributions are
of the FC contribution in this region but then decreases as asmall in the case of the Hlimer. A priori, one could expect
reflection of the decrease in both the PSO, DSO, and SD termsthat all SSCCs across the nonbonded region are of the same,
(see insets in Figure 2). Because we are primarily interested insmall magnitude. However, this is not the cadé(H2,H3) <

the through-space SSCC between the two molecules, it is|2J(H1,H3) < 3J(H1,H4) at all distances 1.6 R(H2,H3) <
appropriate to investigate the spispin coupling mechanism 5 A (see Figures35). SSCC£J(H2,H3) ancBJ(H1,H4) similar

in the region beyondR(H2,H3) = 1.6 A as in this region to 1J(H1,H2) are always positive wherea¥H1,H3) is always
significant covalent interactions can be excluded. Nevertheless,negative. In all cases, the FC term dominates the magnitude of
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the SSCC, although fod(H1,H2), 1J(H2,H3), and®J(H1,H4) H1H2 H3H, H1H2 H3H4
the noncontact terms are nonnegligible. However, mostly they a) d)
cancel each other out to a large extent (see Figures).2

The orbital analysis reveals that, contrary to the one-bond
SSCC1J(H1,H2), the two-orbital terms describing steric ex-
change interactions are responsible for both magnitude and sign
of the through-space SSCCs. Steric exchange interactions
between the two bonding electron pairs depend on the overlap
between the bonding orbitals, which decreases exponentially
with increasing distance. Accordingly, the (bd1, bd2) orbital
contribution to the FC term, the FC contribution to the total
SSCC, and by this the total SSC8¢H2,H3),|2J(H1,H3),, and b)
3J(H1,H4) all decrease exponentially with increasing distance
R(H2,H3) (see Figures-35).

The different signs and magnitudes of the three SSCCs are a
result of different spin densities at the coupling nuclei as
becomes obvious when analyzing zeroth- and first-order LMOs
bd1 and bd2 as well as the FC spin density distribution according
to eqs 5 and 6. In Figure 6, orbitals and FC spin density
distributions are shown in the form of contour line diagrams. Of

the two terms contributing to (bd1, bd2), only the one with the =~ <2+ H1 perturbed
larger magnitude is shown. In the case of FC(H2,H3), this is + - + + -+ + -
(bd1< bd2), in the cases of FC(H1,H3) and FC(H1,H4) (bd2 © f)

: . FC(H2,H3): (bd2 <-- bd1) >0 ‘ -
— bd1). As a result of the interactions between the two H — <bdb> FC(H1H3): (bd1 <-bd2) <0

molecules, the bonding LMOs are distorted toward the second
H, molecule so that at smaR(H2,H3) values, nuclei H1, H2,
and H3 (H4, H3; and H2) are all located in the front lobe of
LMO bd1l (LMO bd2) whereas only H4 (H1) is in the back
lobe of the orbital (see Figure 6a,b). For very laRy¢he nodal
plane of the LMO bd1 is shifted out of the secongrriolecule
into the intermolecular region. However, for th&H2,H3) N—"
distances investigated either H3 or H2 is close to the nodal plane
of the zeroth-order LMO. - + - - -+

If the magnetic perturbation is applied at nucleus H2 with Figure 6. Contour line diagram of (a) the HiH2 bonding LMO bd1

_ ot of the H; dimer, (b) the first-order LMO bd2 (perturbation at H2), (c)
regard to zeroth-order LMO bd2, the first-order LMO bdl ) "o~ ue G istribution of the two-orbital term (bei2bd1)

(Figure 6b) is obta_med, which possesses an additional nodal ¢ FC(H2,H3) (perturbation at H2), (d) the H314 bonding LMO bd2
surface. The amplitudes of zeroth-order LMO bd1 at H1 and of the K, dimer, (e) the first-order LMO bd1 (perturbation at H1), and
H2 are positive whereas the corresponding amplitudes of the (f) the FC spin density distribution of the two-orbital term (bed
first-order LMO are positive and negative (Figure 6b). For bd2)of FC(H1,H3) and FC(H1,H4) (perturbation at H1). Solid contour
1J(H2,H3) (or *K(H2,H3)), the product of the amplitudes of !ines indicate a po_sitive orbital amplitude (FC _spin density d!stributi(_)n,
zeroth-order and first-order orbital at the first nucleus multiplied - Morée-density), and dashed contour lines a negative orbital
; . . amplitude (FC spin density distribution, i.e., mgkelensity). The signs
with the corresponding product of the amplitudes at the second of the orhital and spin density at the coupling nuclei are given below
nucleus is proportional to the SSCC. At H2, there is a each diagram. Contour levels are magnified by 100 for clarity in the
predominance off FC spin density (dashed contour lines in case of (c) and (f). CP-DFT/B3LYP/(11s,7p,2d/5s,1p)[7s,6p,2d/4s,2p]
Figure 6c; nucleus H2 is perturbed choosingoaspin for this calculations, withR(H2,H3) = 1.6 A.
nucleus) and at H3 a predominanceodfC spin density (solid
contour lines in Figure 6¢). This means th3{H2,H3) must be

positive. The calculated Fermi contact spin density is relatively If the perturbation is at H1 (as in the case ‘OfH1,H2)

small at H3 (reflected by the number of contour lines surround- 2J(H1,H3), or3J(H1,H4)) the steric exchange contribution (larger
ing the nucleus), which leads to a small SSOE2,H3) (Figure term) to3J(H1,H4) is positive § FC spin density at Hlg at
6c). H4), as can be quickly verified by the signs of zeroth-order
The analysis presented in Figure 6a,b,c can be presented imnd first-order LMO at the coupling nuclei (Figures 6d,e,f). In
a Dirac vector mode®#3If the perturbed nucleus H2 hasspin, the case ofJ(H1,H3), a positive and a negative contribution
there is a dominance ¢-spin density for the electrons at this  result (Figure 6f) where the negative is dominant. Accordingly,
nucleus (Fermi coupling). Due to the different positions of the |2J(H1,H3)| is smaller than the positiv&(H1,H4). The results
nodal surfaces of zeroth-order and first-order orbital (outside are summarized in the Dirac vector model shown in Scheme
and inside the nonbonded region 3, Figure 6), there is a  2a, where the perturbation had to be placed at nucleus H4 rather
dominance ofa-spin for the electrons at nucleus H3, which than H1 to display all coupling situations in one diagram.
adoptsB-spin by Fermi coupling. A positive SSCC results (see However, H1 and H4 are equivalent nuclei.
Scheme 2a). One could interpret this result also in the sense The different magnitudes of the through-space SSCCs are a
that Pauli coupling leads to a predominancexa$pin density result of the steric exchange interactions between the two H
at H3; however, Pauli coupling is only valid in the case of strong molecules, which lead to distorted zeroth-order LMOs. For
electron pairing as in a bond and also at larger values of decreasindg(H2,H3), the nodal surface of the zeroth-order LMO

FC(H1,H4): (bd1<--bd2)>0

R(H2,H3) the dominating FC spin density at H3 can become
B, thus yielding a negative FC(H2,H3) (see Figure 3).
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SCHEME 2
Fermi
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H4 perturbed

H1 perturbed U
U lone pair @ Ub
orbital at X
| ;W—J
K(XH1; 6(XH2)) <0 K(XH1; lone pair(X)) <0

bdl moves toward molecule H3H4, through the position of a detailed explanation, see refs 34 and 36a). The PSO term

nucleus H3 and into the bond region of HB4. The sign of results from the fact that the first-order LMOs adopt-{po

bdl changes from minus to plus whereas the first-order LMO character. Considering that the gradient of the first-order orbital

bd2 essentially keeps its form. Accordingly the FC term of enters the PSO term, a negative contribution must result.

SSCCLJ(H2,H3) is first slightly negative (Figure 2), becomes In conclusion, orbital symmetry and topology depending on

zero at 2 A, and increases to large, positive values as thethe actual distancR(H2,H3) determines the relative magnitude

nonbonded interactions are replaced by covalent interactions.of the through-space SSCCs in the #imer. We will see in

Hence,'J(H2,H3) depends on the distan&H2,H3), which section 4 whether this also applies to the SSCCs across a

determines the topology of the nodal surfaces. The latter implies H-bond.

that either at H2 or H3, the spin density is rather small. This

can be avoided fotJ(H1,H3), but now the topology of the nodal 4. Spin—Spin Coupling Across the H-Bond

planes implies that one steric exchange contribution is negative o o ]

and the other positive where the negative term dominates. For H-bonding in proteins involves, in most cases, arrangements

3J(H1,H4), the spin densities at the nuclei are relatively large Of the type G=O---H—N, which can be modeled by the

because the nodal surfaces of LMOs bd1 and bd2 are alwaysformamide dimer (which, of course, does not consider coopera-

separated from these nuclei. tive effects between different parts of a protein). Six SSCCs
We note in this connection that one has to distinguish between should be affected by H-bonding, four directly because they

atomic densities, s-densities at the nuclei, and the spin densitiet® across the HB SSCCs and two indirectly because they

at the nuclei. Only the latter determine the magnitude and the involve atoms participating in H-bonding. Numbering atoms in

sign of the FC term, the atomic densities are irrelevant in this @nalogy to the (ktHs) complex, there is the 1,4-SSCT(CN),

respect. The s-densities are often used to estimate the magnitudé€ two 1,3-SSCC&J(CH) and*J(ON), and finally the 2,3-

of the FC term; however, one has to realize that a large s-densitySSCC*"J(OH). Two of them, namely$"J(CN) and?"J(CH),

of the zeroth-order LMO does not necessarily imply a large Should be measurable whereas the other two, narffgdN)

spin density. For example, steric exchange pushes the densitynd*"J(OH), are difficult to measure because of the large line

out of the intermolecular region on to the nuclei H2 and H3, Width of the 'O signal, due to the quadrupolar relaxation

then into the bond regions, and finally onto H1 and H4. Mechanism fot’O. The nuclear spin ofO is %, which implies

Consequently, the atomic densities of H2 and H3 are slightly that each spin coupled 6O leads to a six-line pattern, thus

smaller than those of H1 and H4 whereas the s-densities at nucleyielding for smaller SSCCs just very broad lirfésThe one-

H2 and H3 are larger than those at nuclei H1 and H4. ThesePond SSCCSJ(NH) and J(CO) are indirectly affected by

are zeroth-order effects, which are only relevant for the DSO H-bonding and there is a chance that changes in their magnitude

term. The spin density distribution is no longer symmetric ¢an be used to describe H-bondingl(NH) is routinely

because it depends on the position of the perturbed nucleus. Ifmeasuret? whereasJ(CO) is seldom measuretfor the same

H2 is perturbed, there is large spin polarization in the bong-H1 ~ éasons as the other SSCCs involvifig. We will discuss here

H2 and at H1 (leading to a largg(H1,H2)), however, only  all six SSCCs directly or indirectly affected by H-bonding

little spin polarization at H3 and H4. Consequently(H2,H3) considering the following questions:
is small. (1) How does spifrspin coupling change relative to the4H

It is noteworthy thatJ(H2,H3), although small, has sizable Hz2) complex considering the sign and magnitude of the SSCCs?
PSO and DSO contributions of opposite signRat 2 A: PSO, (2) What is the mechanism for spispin coupling across

—2 Hz; DSO, 0.8 Hz), which cancel each other partially. The the HB? Which orbitals are involved? Are one- or two-orbital
sign of the DSO term must be positive because most of the terms dominant? What is the role of the lone-pair orbitals?
relevant density is outside the nonbonded regior-H3 (for (3) How do the SSCCs depend on the nature of H-bonding?
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TABLE 1: Decomposition of the NMR Spin—Spin Coupling Constants Across and at the Hydrogen Bond in the Formamide

Dimer into Orbital Contributions 2

rerms 2K (CH) IK(CN) 1K (OH) 2K (ON) IK(NH) 1K(CO)
FC(o(NH)) -0.1 1.6 01 -16 -12 19.0 144 1141 1128 -0.8 -0.1
-0.1 0.1 -3.6 33.0 110.0 -0.3
FC(o(CO)) 10 01 -01 -01 -44 —20 -01 318.7 3113
0.1 0.2 -0.3 -3.8 312.1
FC(Ip1(0)) 0.3 05 -0.3 153 -69 —0.1 —-66.8  -55.0
-0.8 -11.1 -0.1 -52.8
FC(Ip2(0)) 0.2 06 1.2 132 261 -01 -05 582  —66.2
0.1 0.1 5.0 48.2 ~1.4 ~66.6
FC(ob) -1.0 -01 -72  -54 —140 -138 -53.0 -50.6
FC(o(NH),0(CO))  —0.3 26 —05 1.1 04 -119 -49 —0.6 -0.3
FC(o(NH),Ip1(0)) 0.3 -1.9 1.0 215 —13.1 -05 -0.1
FC(o(NH),Ip2(0)) 0.3 -1.8 -35 19.4 409 0.1 0.4 0.4
FC(Ip1(0),Ip2(0)) -0.2 -04 -03 -84 -53 -0.1 34.8 32.9
FC(o(CO),Ip1(0)) 0.4 0.1 0.3 2.2 773 -796
FC(0(CO),Ip2(0)) 04 -02 00 -01 0.5 1.6 -752  -741
FC(ob,ob) -20 02 -03 -02 -142 -107 -198 -194 —-11.1  -10.1
FC(one) -0.1 21 01 -06 —04 357 263 998 984 1400  139.3
FC(two) -0.3 1.8 -06 -33 -26 7.3 75 —19.7 -193 -130.3 —1315
FC(total) 0.4 39 -04 -39 -—29 430 338 801  79.1 9.7 7.9
FC(dimer) 0.4 32 —04 41 -30 361 260 749 740 -380  —39.9
0.1 0.8 -6.1 60.6 728 —38.9
PSO(one) 01 -01 0.1 -06 -05 -03 -03 0.5 05 —143  —14.7
PSO(two) 0.1 -02 -01 -01 -01 0.1 01 -146 -146
PSO(total) 01 -01 02 -0.8 -06 —04 —04 0.6 06 —289 —29.3
PSO(dimer) 02 -01 0.2 -08 -06 -06 —08 1.2 1.1 328  —33.3
K(total) -02 —09 40 —08 —45 -—22 429 344 802 794 —228  —34.0
K(dimer) -02 01 35 04 -44 30 358 257 765 756 —66.9  —69.3
-0.1 -0.9 -6.3 60.2 74.0 —67.3

a All contributions and SSCCs in Sl units. Values in normal print corresporfi*0180, and those in italics {8 = 120°. The second line of
the one-orbital terms gives values calculate®@,H) = 1.6 A andB = 12C°. Orbital contributions smaller thaf.05 S| units have been omitted.
Abbreviations FC(one) and FC(two) denote the sum of all one-orbital and two-orbital contributions. The symbol ob (other bonds) denotesnsontributio
from bonds not explicitly considered. FC(dimer) gives the true value for the formamide dimer. The difference FE(EE4t)imer) indicates that
remote bonds in the monomer not considered in the analysis also contribute (see text).

Can one use them to describe H-bonding and distinguish
between covalent and electrostatic H-bonding?

a strong effect on the SSCC. Investigation of simple model
compounds containing just-bonds reveals that the one-bond

(4) Are there specific steric effects that change the character SSCCs is dominated by the FC term and this in turn by a large,
of H-bonding and are these steric effects reflected by the SSCCspositive bond orbital contribution. Other bonds involving the

across the HB?
(5) What is the experimental relevance of our analysis?

coupling nuclei lead to smaller, negative contributions (see
Scheme 2). If one of the coupling nuclei belongs to a heteroatom

In Table 1, the calculated SSCCs across the HB of the with a lone pair, the latter will lead to large, negative one-orbital

formamide dimer in its equilibrium geometry are listed together

(Scheme 2) and two-orbital contributions, which can turn around

with their one- and two-orbital contributions. On first sight, there  the sign of the FC term and the SSCC. These observations are

is little relationship with the SSCCs of the model syster-(H
H,) with regard to either sign or magnitude. However, a
relationship will be reinstalled if one considers just the steric
exchange contributiorK(c(N1H2),0(03C4)), which is the
equivalent to the dominating contributiéifo(H1H2) o(H3H4))

of the model system. According to the data of Table 1, the signs
of these contributions (3 contributions, negative;-23 and

1—4 contributions, positive) are the same as in the model system

although the magnitudes are quite different. The different order
of magnitudes results from the fact that zeroth-order LMO(NH)
has one, but the corresponding LM@— O) has two nodal
surfaces (ther(C=0) contributes only passively but not actively
to the FC term in the planar form of the dimer). The
corresponding first-order LMOs have two and three nodal
surfaces. The C nucleus will get a small spin density if the
perturbation is at H2, and accordingly, a small negatived-C(
(NH),0(CO)) contribution results. Hence, inspection of the FC
spin density distribution in connection with zeroth- and first-
order LMOs quickly explains the relative magnitude of the two-
orbital terms, corresponding to the first model systepiH.

also relevant for the following discussion of the spspin
coupling mechanism across a HB. This discussion will consider
reduced SSCQs, which depend just on the electronic structure
and thus make a comparison of SSCCs involving different pairs
of nuclei possible.

Coupling Constants3'K(CN) and 2'K(CH). We start with

those SSCCs, which both have a chance to be measured, either

directly or by an enrichment of®N in the target molecule.
Indeed, all the SSCC information on H-bonding in proteins
results from the measurement of ##&(CN) constant§=17 As
shown in Table 1, botB"K(CN) and?'K(CH) have the signs to
be expected3K(CN) > 0; 2'K(CH) < 0), but the magnitude
of the 1,3-SSCC is considerably smaller than that of the 1,4-
SSCC. The latter decreases with decreasing af{@©H) and
becomes even negative féiclose to 120. The orbital analysis
reveals that"K(CN) is basically determined by three FC terms
at 180: (a) the positiveo(CO)o(NH)) steric repulsion term
(2.6 Sl units), (b) the positive one-orbital teriNH) (1.6 Sl
units), and (c) the positive one-orbital teer(CO) (1.0 Sl units,

The different signs and magnitudes of the total FC terms (and Table 1). There are no significant active Ip contributions because

by this also of the totaK values) are a direct result of the
participation of the two electron lone pairs at O, which can have

this would require that the O lone pairs possess nonnegligible
coefficients at both the C and the N nucleus, which is not
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TABLE 2: Active and Passive Ipl and Ip2 Orbital Contributions?

i orbital mode 2K (CH) 3K(CN) 1K (OH) 2K (ON) K (NH) IK(CO)
180 Ipl active 0 0.4 —2.4 5.7 0 —51.3
passive 0 -11 0.5 12.3 0 -71.1

a+p 0 -0.7 -1.9 18.0 0 —122.4

180 Ip2 active 0 0.7 -1.6 16.9 -0.1 —73.5
passive 0 -0.3 -0.1 -3.1 0 —-8.4

a+p 0 0.4 —-1.7 13.8 -0.1 —81.9

180 Ipl + Ip2 active 0 1.1 —4.0 22.6 -0.1 —124.8
passive 0 0.2 0.9 19.3 0 —124.0

a+p 0 1.3 -3.1 41.9 -0.1 —248.8

120 Ip1 active 0 0 0.8 —-12.2 -0.1 —22.2
passive 0 -0.1 —6.4 0 —63.2

atp 0 -0.1 —18.6 -0.1 —85.4

120 Ip2 active 0 -0.2 —-2.7 48.8 -05 —114.9
passive 0 -0.3 -10.7 0.1 —4.6

a+p 0 —-0.5 38.1 -0.4 —119.5

120 Ipl + Ip2 active 0 -0.2 -1.9 36.6 -0.6 —137.1
passive 0 -0.3 -0.1 —-95 0.1 -110.4

a+tp 0 -0.5 -2.0 27.1 -0.5 —247.5

a All contributions and SSCCs in Sl units. Angeis the COH angle (see Scheme 1)}+@ denotes the sum of active and passive contribution.
Note that the active contributions involve all one- and two-orbital effects into which the Ip orbital is involved, i.e., also those not listed in Table
1. In the case of"K(OH), not all passive contributions were calculated.

possible. There is no important active contribution from the nucleus. If the H atom would possess an electron Ip as the O
covalent coupling mechanism (involving Ip delocalization atom does, this would be different, as we will see in the
through the space between O and H atom) for SS®QCN), following.

which is confirmed when the angf¢ decreases to 120 The Coupling Constants2'K(ON) and "K(OH). Although both
active Ip contributions become smaller rather than larger despite SSCCs have little chance to be detected, they provide valuable
the increasing overlap between Ip(O) amdNH). information for a quantum chemical investigation of H-bonding.

There is, however, a passive FC(Ip) contribution, which in The 2,3-SSCG'K(OH) would be positive (the two-orbital term
the 120 form is —0.3 Sl units (Table 2) and which is dominated (o(CO)o(NH)) is 1.1 Sl units); if not, the steric exchange terms
by the Ip2 orbital. The passive contribution in the 186rm between lone pair Ip1l (or Ip2) and the NH bond pair add

(0.2 Sl units, Table 2) is relatively small comparedteC(CN) negative contributions of about2 Sl units each. The result is
= 3.2 Sl units. Repolarization should dominate the passive Ip (adding a one orbital term of1.6 Sl unit for the NH bond
contribution in the linear form, delocalization in the 2Z0rm. orbital, Table 1) a value of-4.1 for the FC term and-4.4 Sl
Hence, in the 120form, there is some weak covalent character units for the total SSCC eventuates.

of the HB that leads to a change 3#~C(CN) by just—0.3 Sl The spin-spin coupling mechanism fol'K(OH) can be
units, which in view of the small magnitude #FC(CN) (0.4 viewed as a transition from the 2,3 coupling in the dimer

Sl units, Table 1) could be considered as being decisive for the (characterized by a steric exchange interactions) to a covalent
coupling mechanism. This interpretation, however, excludes the coupling mechanism found f8K(OH) in water. LMO Ip2 takes
fact that in the bent form of the dimer there are also active orbital over the role of a bonding orbital whefh decreases to 120
contributions, which could be considered as being decisive (FC- andR(O,H) becomes shorter. The Ip2(O) contribution increases
(0(CO)o(NH)) = —0.5; FC@(CO),Ip2(0))= —0.2 SI units; in this case and becomes 5.0 Sl units R{O,H) = 1.6 (A)
Table 1). (Table 1), which reflects significant delocalization of Ip2(O)
As in the case of the 1,4-SSCC in*H,, the one-orbital into the o*(NH) orbital, thus enhancing the spin density at the
contributions are positive. Their magnitude depends on the H nucleus. Thus, the Ip2(O) orbital contribution is an indicator
degree of extra-bond polarization caused by the second forma-for a covalent contribution to the coupling mechanism. In the
mide molecule. This effect is largest in the linear arrangement total SSCC"K(OH), it is, however, outweighed by the negative
because both the CO bond, the sum of the Ip, and the NH bonda(NH), (CO), Ip1(O), and steric exchange contributions, which
dipole moments lead to a strong interaction. These electrostaticincrease in magnitude with decreasing distaR¢®,H). The
interactions decrease in the bent forfh=€ 120°) as does the  signs of the various orbital contributions can be easily verified
steric exchange term between the NH and the &lnd. At by analyzing the FC spin density distribution or alternatively
120, the latter term becomes even slightly negative. We the extended Dirac vector models developed recéfline Ip
conclude that the SSC&K(CN) depends on both the electric and NH contributions extend the direct coupling path by one
field effect and steric exchange repulsion between the NH and electron pair, thus leading to a negative contribution (see Scheme
the CO bond. Both effects decrease for a bendingto120°. 2).
There is a covalent coupling mechanism as reflected by the The SSCC'K(ON) is the most interesting coupling constant
passive Ip contributions (Table 2), which are larger than the across the H-bond. It is the result of six one-orbital and twelve
active ones. This, however, does not imply that the covalent two-orbital contributions with magnitudes larger than one Sl
mechanism is larger that the electric field effect or steric unit. The @(CO)o(NH)) term is —11.9 Sl units, indicating
repulsion. strong steric exchange repulsion at a distance of 1.9 A. However,
The magnitude of the 1,3-SSC¥K(CH) is already rather  even stronger steric exchange terms result from the two Ip
small (0.2 Sl units) in the linear arrangement and vanishes orbitals at O. The terms (Ip&(NH)) and (Ip2¢(NH)) are 21.5
almost completely in the bent arrangements. This is mainly due and 19.4 Sl units, respectively, where again the change in sign
to the fact that zeroth-order and/or first-ord€€O) anda(NH) can be considered as an extension of the coupling path via an
orbitals have small coefficients at either H nucleus and/or C “external electron pair”, i.e., an electron pair not participating
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in the direct coupling path from the O to the H and then to the
N nucleus. The (Ip1,Ip2) steric exchange term-8.4 Sl units.
The sum of all two orbital terms is 7.3 Sl units and it is clearly
smaller than the sum of the one-orbital contributions (35.7 Sl
units).

The one-orbital contributiong(NH), Ip1, and Ip2 (19.0, 15.2,

Tuttle et al.

values and the Ip2(O) contribution, which again seems to be a
suitable indicator for covalent character.

For the purpose of testing this hypothesis, we calculated
besides the active also the passive contributions of the Ip orbitals
(Table 2). Orbital Ip2 leads in the linear arrangement of the
formamide molecules to a relatively small passive contribution
of —3.1 Sl units, which increases in magnitude-+40.7 Sl
units in the bent arrangement (Table 2). The effect is stronger
when the passive contribution of both Ip orbitals is considered
at the same time. In this case, there are three major coupling
paths: (a)p(CO,active)— Ip1(O,passive)~ o(NH,active); (b)
o(CO,active) — Ip2(0O,passive) — o(NH,active); (c)
o(CO,active) — Ipl(O,passive) — Ip2(0O,passive) —
o(NH,active) or o(CO,active) — Ip2(O,passive) —
Ip1(O,passive)~ o(NH,active). Because of path c, the passive
(and active) Ip orbital contributions are not additive (Table 2):
The passive orbital contributions of Ipt Ip2 decrease from
+19.3 t0—9.5 Sl units. Inspection of the virtual orbitals reveals
that in the linear arrangement repolarization and the electric
field effect dominate whereas in the bent form the covalent
(delocalization) effect also plays a role. The decrease in the
passive FC(1p) contributions can be associated with an increas-
ing importance of a covalent coupling mechanism in line with
the observations made for active orbital contributions.

Further confirmation for the role of the covalent effect is
obtained by decreasing the distarR@,H) to 1.6 A forg =
12C°. The charge transfer from the first formamide molecule
(acting with its G=O group) to the second (acting with its NH
group) increases from 0.025 to 0.054 electron. A similarly strong
increase is calculated for the Ip2(O) orbital contribution (from
26.1 to 48.2 Sl units, Table 1) confirming that charge transfer
and Ip2(0O) contribution are useful indicators for the covalent
character of the HB.

and 13.1 Sl units), Table 1) are responsible for the large positive ~ Coupling Constants’K(NH) and *K(CO). These SSCCs are

one-orbital FC term, which dominates the tc¥#{(ON) value.
This could reflect both repolarization (caused by the electric
field effect) and delocalization of the electron pairs involved
(in the sense of covalent contributions). In view of the orbital
energies, delocalization of the NH bond electron pair into the
0*(CO) orbital cannot make a large contribution, which means
that the relatively large NH contribution is mainly due to
repolarization of the NH bond density caused by the electric
field associated with the second formamide molecule.

indirectly affected by H-bonding because both NH and CO
lengths change with increasing strength of the HB. SSCC
IK(NH) can be measured, and therefore, it should be analyzed
first. Its FC term is positive and dominates the value of the
coupling constant. The FC term in turn is dominated by the
large NH one-orbital contribution (114.1 Sl units, Table 1),
which is a result of the electronegativity of N and the large
contact spin density at the N nucleii©ther bond contributions
(NH2, NC, and the corresponding steric exchange terms such

This analysis is supported by the geometrical dependence ofas ©(NH),o(NH2)) or (o(NH),a(NC)) add negative correction

SSCCZK(ON). In the linear arrangement of the HB, charge
charge and dipoledipole interactions are at their maximum

terms to the one-orbital sum. A changefito 120 leaves these
terms unaffected and decreases only the NH one-orbital

(Scheme 3a,b). For the delocalization of the Ip electrons into contribution by 1.4 SI units. This is a result of a weakening of

the o*(NH) orbital the overlap is not optimal because of & 60
deviation of the Ip orbitals from the NH bond axis (Scheme

the electric field effect (compare dipole moment directions in
Scheme 3a,b).

3c). Nevertheless, there is a charge transfer of 0.014 electron The JOC-PSP analysis makes it possible to clarify how the

into the o*(NH) orbital, which can be verified by a BSSE-
corrected NBO (or Mulliken) analysis of the charge distribution

second formamide molecule influences the SSGCBIH) and
1K(CO) in the first molecule. For this purpose, all orbital

obtained with the basis set used for the SSCC calculations. If contributions of the second molecule are dropped so that just
the anglep is decreased to 120the overlap increases to a the effect of the change in the total density (wave function)
maximum and delocalization is facilitated (Scheme 3d), as is when converting the monomer to a dimer enters the SSCC. This
reflected by an increase of the charge transfer from 0.014 to total density effect accounts for the charge redistribution in the
0.025 electron. The Ip2 one-orbital contribution increases by monomer and the charge transfer from one monomer to the
almost 13 Sl units from 13.2 to 26.1 Sl units (Table 1). The other. According to the charge-transfer data discussed above
Ipl term decreases by 22 Sl units frenl5.2 to—6.7 Sl units, the covalent effect is between 4 and 8%ence, the total
indicating that this electron pair takes now the role of an external density effect is dominated by the electric effect in the case of
pair, which extends the coupling path and leads therefore to athe dimer: The charges of the second monomer generate an
sign inversion (note that one- and two-orbital terms do not electric field, which leads to a charge polarization of the first
necessarily have the same sign). The covalent contribution hasmonomer. In this way, the SSC®(NH) of the monomer (71.5
doubled in the 120form, as reflected by the charge-transfer Sl units, Table 3) increases by 3:85.0 Sl units.
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TABLE 3: Influence of a Second Formamide Molecule on the real electric field generated by a second formamide molecule
the SSCCs'K(NH) and 'K(CO)? results from a continuous charge distribution rather than from
IFC PSO point charges, which exaggerate the strength of the electric field.

terms IK(NH)  K(CO) IK(NH) IK(CO) For the same reason it is misleading to represent the second

formamide just by one or two point charges associated with

monomer /15 —454 L9 ~s37 the NH group. This strongly exaggerates the influence of the
dimer, 75.0 35.1 1.3 32.6 .o

wave function effect electric field on the SSCEK(NH).

total 80.1 9.7 0.6 —28.9 The electron density changes in the first formamide molecules
dimer (full) 74.9 —38.0 12 —32.8 caused by the electric field of the second molecule are shown

a All contributions and SSCCs in SI units. Dimer, wave function 1N Figure 8a,b in the form of electron density difference
effects means that the wave functions of the dimer has been calculateddistributions p(monomer + charges)— p(monomer). Solid
however, only the orbitals contributions of the monomer have been (dashed) contour lines indicate those regions where due to the
?a'glu'ite_d fo_rtth_e Fctha”d Psof t‘lflrg;bgtiloﬁ‘t)rr_LeStPoon”SdﬁSigéhﬁ %gl'e‘)f electric field effect the density of the monomer is increased

able 1] 1.e., It gives the sum oOfr al | outl | | ; :
1. Dimer (full) ggives the correct value for FC and PSO term calculated (decreaged). The NH bonq density is p.UShed b"’?"k onto the N
for the dimer. atom (Figure 8a) by the d|rectly'opp05|te negatlvg charge of
the O atom, thus leading to an increase'§{NH) via FC-

The electric field effect can be demonstrated for the SSCC (NH) and the latter via thes(NH) orbital contribution. The
IK(NH) by mimicking the second formamide molecule by a positive charge directly opposite the=© bond, draws the
collection of point charges determined from the NBO analysis ~ density into the space between NH ane@ bond (Figure 8b).
of the dimer and positioned at the appropriate locations of the Accordingly, theo(CO) contributiontFC(CO) becomes smaller
nuclei of the second formamide molecule. In this way, all other whereas the magnitude of the Ip2(O) contribution to the through-
effects are excluded. Switching on the electric field effect space SSCCs increases (see Table 1).
stepwise by increasing the charges from zero to their actual The FC term obtained from the total density that embeds the

values leads to a linear increase of b&HC(NH) and!K(NH) second formamide molecule is almost identical to the total FC
(decrease ofJ(NH)), as shown in Figure 7a. The electric field term calculated for the dimer when all orbital contributions are
effect is larger the shorté® is and the closef is to 180. The included (75.0 versus 74.9 Sl units, Table 3), which means that

actual SSCC values)(NH) observed in the dimer for a given the spin polarization of the electron density of the second
distanceR(0O,H) between 1.9 and 2.2 A correspond to a charge molecule is weak or the corresponding contributions cancel each
coefficient of about 0.88 (Figure 7a), reflecting the fact that other out. This can be directly checked by inspection of the

@ .90 L 2 - N " . L L L @ -90 . L . ‘ 2 i " n n
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Figure 7. Dependence ofJ(NH) and XJ(CO) of the formamide molecule on NBO charges fixed at the positions of the atoms of the partner
formamide molecule in the formamide dimer (see Scheme 1a,b). The NBO charges were determined for the dimer and switched on with a charge
coefficient increasing from 0 to 1 in the monomer calculations. Horizontal dotted lines give the valihldf and*J(CO) in the formamide

dimer. All values in hertz. CP-DFT/B3LYP/(11s,7p,2d/5s,1p)[7s,6p,2d/4s,2p] calculations.
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O,

Figure 8. Contour line diagrams of the electron difference density
distribution obtained by subtracting the density of the formamide

Tuttle et al.

ing, as it depends 50% on the FC and to 50% on the RSO
SD interaction (Table 1). The FC contribution is dominated by
a large CO one-orbital contribution (319 Sl units, Table 1),
which is reduced by negative Ip contributions55 and—66
S| units; CH,—33; CN, —17 Sl units) and the corresponding
negative two-orbital terms ¢(CO),lp1), —79.6; ©(CO),Ip2),
74; (0(CO)o(CH)), —23.3; ©(CO)o(CN)), —11.9 SI units;
Table 1). In total, a FC term of38 Sl units results, which is
enlarged in magnitude by the PSEOSD term to—66.9 Sl units.
The largest negative PSO term results fraffCO) (—18 Sl
units).

There are also large passive FC contributions of the Ip orbitals
being in this case of similar magnitude than the active FC
contributions (Table 2). The passive FC contributions establish

monomer from the density of the monomer under the influence of the coupling paths such as (afCH,active)— Ip2(O,passive)—

atomic NBO charges of a second formamide monomer: (a) NH side o(CO,active),

of the first formamide molecule; (b) CO side of the second formamide

(b) o(CN,active) — Ip1(O,passive) —
o(CO,active), or (c) o(CN,active) — Ip1(O,passive)—

molecule. Solid (dashed) contour lines indicate regions with an increase|p2(o passive)~ o(CO,active), etc., which are obviously rather
(decrease) of the density for the perturbed formamide molecule. Charge%mpor'tant for SSCGK&CO) (Tyable’2)

are opposite to these groups. Contour levels are magnified by 1000 for

clarity. B3LYP/(11s,7p,2d/5s,1p)[7s,6p,2d/4s,2p] calculations.

corresponding terms in Table 1. All one- and two-orbital
contributions to'!FC(NH) involving the second molecule are
negligible. Hence, the electric field effect mediated by the total
density is predominantly responsible for the change&-ia-
(NH) caused by dimer formation. This effect is 3.5 Hz and
results primarily from thes(NH) contribution to!FC(NH). It
is responsible for the change iK(NH). The noncontact terms
(e.g., the PSO term in Table 3) play a small role.

The electric field effect influencingK(NH) becomes smaller
for f = 120 because in this direction only one of the electron

lone pairs at O interacts with the NH bond (compare Scheme

The wave function effect (Table 3) f8FC(CO) turns out to
be —10 SI units (from—45.4 to—35.1 Sl units), which again
is predominantly due to the electric field generated by the second
molecule. The remaining 3 Sl units are due to steric exchange
terms (from—35 to —38 Sl units, Table 3), thus indicating that
the IFC(CO) term is somewhat more sensitive to the spin
polarization of the NH bond of the second molecule. A change
in the geometry yielding the bent form with= 120 leads to
a change in the FC term by2 SI units, mainly caused by a
reduction of the positive((CO) contribution (from 319 to 311
Sl units, Table 1). This is caused by the change in the electric
field (Scheme 3a,b, Figure 7c,d), as discussed above.

For the purpose of analyzing H-bonding, only a subset of

3a,b). The point charge placed at the position of the O atom of orbital contributions has been listed in Table 1. If this is summed

the second formamide molecule exaggerates the electric fiel
effect, which is corrected by a smaller charge coefficient of 0.8
(R= 2.2 A, Figure 7b). A decrease in the charge coefficient

Id also imply that th ffect b i tant, fi
coua a'so Imply that anomer etiect hecomes imporian, Ok:edo with H-bonding) have been neglected. For example, the large

example, the steric exchange effect between the NH and tl

CO bond. Again, investigating the corresponding orbital terms

(6(NH), 6(CO)), @(NH),Ip1(0)), and &(NH),Ip2(0)) for both

qup. the SSCC terms FC(total), PSO(total), etc. listed in Tables
> 1 and 3 will be obtained. Comparison of these values with the

final value for the dimer, i.e., FC(dimer), PSO(dimer), etc.,
indicates whether monomeric terms (i.e., terms not having to

discrepancy of 48.7 Sl units between the “total” and the “dimer”
value of!K(CO) (see Table 3) results form steric exchange terms

the FC(NH) and the FC(CO) terms (see Table 1) reveals thatSUch as (c(C).Ip1(0))= —8.4, (c(C).Ip2(0)) = —2.5,

steric exchange effects between the monomers do not play any(c(O),Ipl(O))z

role (magnitudes are0.6 Sl units).
For g = 120, the delocalization effect could also become

important as donor and acceptor orbital are better aligned.

Suitable orbital combination are (1) Ip2(©y*(NH), (2)
o(CO)—0*(NH), (3) o(NH)—0*(CO), or (4) o(NH)—Rydberg-
(O). Combinations 24 are unlikely because of inefficient
overlap and/or a too large orbital energy difference. Only

—27.3 or (¢(0),Ip2(0)= —14.5 Sl units, where
¢(C) and c(O) denote the core orbitals of C and O, respectively.

5. Conclusions

This work has provided an insight into both the spapin
coupling mechanism across the HB and the nature of H-bonding
in a typical situation mimicking that of H-bonding in proteins.
Using the H dimer and the formamide dimer as appropriate

combination 1 can make a sizable delocalization contribution model systems, a number of conclusions can be drawn from

to FC(NH) and should be reflected by the Ip2(O) orbital

the calculated SSCCs and their decomposition with the help of

contribution. This changes, but the changes are too small (Tablethe JOC-PSP analysis.

1) to serve as suitable indicators for a covalent coupling

(A) Spin—Spin Coupling through Space between Protons.

mephanism. The same is true w!th r_egard to the passive role of(1) Spin—spin coupling through-space involving protons is
orbital Ip2 (Table 2). The delocalization effect can only become dominated by the FC contribution because spin polarization can

larger for a strongly decreasiifO,H) (5 close to 120) atypical
of HBs in proteins. This would lead to a lengthening of the NH
bond because of a transfer of negative charge intet(ldH)

bridge larger distances than orbital currents. The FC contribu-
tions are mediated by the two-orbital terms describing predomi-
nantly steric exchange interactions. At larger distances, there

orbital (Scheme 3c,d). A longer NH bond implies a decrease of are just weak dispersion interactions that mediate the FC

the o(NH) contribution to!FC(NH), which is also calculated
(110.0 Sl units, Table 1).

The SSCCK(CO) has been measured in just a few céses

and there is little chance to measure it regularly for proteins.

Nevertheless, the CO spiispin coupling mechanism is interest-

mechanism.

(2) The steric exchange terms lead to an oscillation of the
sign of the FC terms and by this also of thealues: 1J(H2,H3)
> 0, 2J(H1,H3) < 0, 3J(H1,H4) > 0, and a steady increase of
the magnitude of the through-space SSCC from short-range to
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long-range, i.e., SSC&J(H1,H4) has the largest value. Sizable passive Ip2(0) contribution in the bent arrangement of the
values are obtained fd®(H2,H3) distances smaller than 2.4 A formamide molecules leading to a covalent coupling mechanism.
in the case ofJ(H1,H4), smaller tha 2 A in the case of (6) Combining BSSE corrected charge-transfer values with
2)(H1,H3), and smaller than 1.6 A in the caseldfH2,H3); covalent Ip2(O) contributions to calculated FC terms, we
i.e., in the latter case spirspin coupling is only relevant for  estimate the covalent character of typical HB in proteins to be
the situation of strong steric interactions, which lead to bond not larger than 15%.
rearrangements. (7) The electric field effect is responsible for the angular
(3) The steric exchange terms depend on the spin density ofdependence of the magnitude of the SSCCs across the HB. The
the coupling nuclei, which in turn is a result of the product of magnitude always decreases when the afiglecreases from
zeroth-order and first-order orbital amplitudes at these positions. 180 to 120 (linear to bent) arrangement because of the decrease
The analysis shows that the nodal behavior of the zeroth-orderof the electric field effect as shown in Scheme 3. In a simplified
orbitals has the strongest impact on sign and magnitude of theway one can speak of two coupling mechanisms | and II: I'is
SSCC. The nodal behavior of the first-order orbitals is largely active in the linear form and is dominated by electric field effect
predictable once the nucleus to be perturbed has been choserind steric exchange repulsion; Il includes also a nonnegligible
(4) Zeroth-order atomic densities (NBO, Mulliken, etc.) or covalent coupling contribution.
s-densities at the nucleus are of no, or only indirect, importance  (C) Practical Considerations.(1) The through-space spin
for the FC coupling mechanism. The s-densities at the coupling SPin coupling mechanism active in the éimer is of relevance
nuclei are not necessarily parallel to the spin densities at thesewhen predicting and analyzing protoproton coupling in half-
positions. This will have to be considered if simplified models ¢age compounds such asor 2, for which values of 1.5 Hz
based on the s-character of hybrid orbitals are used to explain
the magnitude of the FC term. J(A,B)=1.1Hz J(A,B)=1.1Hz
(B) Spin—Spin Coupling across the H-Bond(1) The spin-
spin coupling mechanism across the HB in a protein or peptide /
involves three effects: (a) a dominant electric field effect Cl HaHs  H NN
(electrostatic effect), (b) steric exchange interactions, and (c) a cl Cl
weak covalent effect (transfer of electronic charge). cl Cl
(2) The electric field effect can be tested (a) by using the  ©! cl
wave function of the dimer but excluding all orbital terms from cl cl
the second molecule in the SSCC calculation, (b) with the use
of probe charges for the second monomer when calculating the 1 n
SSCCs of the first, and (c) by difference density maps calculated

for the monomer with and without probe charges. A negative \yere measure® According to the analysis carried out in this

charge opposite to the-\H bond leads to increased polarization ;- the SSCC fod. should be positive, that fd should be
of the N—H bond, a larger contact density at the N nucleus, nega’tive. '

and a strolnger F_C coupling mechanism, which can be docu- (2) Experimental attempts to measure SSCILCH) across
mented forJ(NH) in the monomer (the negative SSCC becomes 5 g il pe fruitless because this SSCC will have always rather
more negative). Similarly, a positive charge opposite to 0 small values.

bond, distorts the O density into the direction of the external (3) The only SSCC across the HB in proteins so far measured
charge and in this way decreases the (positive) SSIQCO). is 3J(CN).1L12This SSCC is always rather small in magnitude

The electric field effect i§ re.flected by the one-orbital terms. It (B"J(CN)| < 1 Hz) but mostly negative (the reduced SSCC K
correspond_s td_1—> k* excitations and_ leads to a repolarlzat!on is positive). The coupling mechanism depends predominantly
of the density in the bond affected (increase or decrease in theg the electric field and the steric exchange effects involving
polarity of the bond). o(NH) ando(CO). This is the reason why it is relatively easy

(3) The steric exchange effect depends on the penetration ofiq relate the values GhJ(CN) to distanceR(O,H) and angles.
tail densities of opposite bonds or electron lone pairs. It For a Jinear arrangemeng (= 180° the largest electric field
decreases exponentially with decreasing overlap (increasingeffect can be expected thus yielding in this situation the largest
interaction distance or decreasing bending ayiyle negative®J(CN) values. Small negative or even positiIgCN)

(4) The covalent effect results from delocalization contribu- values indicate bending of the COH angle@nd an admixture
tions to the one-orbital term. Delocalization effects require a of a covalent coupling mechanism. Especially revealing in this
high-lying occupied orbital that can efficiently overlap with a  connection is the partitioning of the various orbital contributions
low-lying unoccupied orbital prone to accept electronic density. in active and passive parts. In parallel work we have extensively
In the H-bonding situation these are the electron lone pair orbital investigated SSCC&J(CN) of the protein ubiquiti®* The

at the heteroatom (e.g., at the=8) atom) and they*(XH) trends observed in this work are also found in the measured
MO of the H donor group, i.e., Ip(O)> ¢*(NH) excitations. and calculated values of ubiquitin.

Delocalization fromo(NH) to ¢*(CO) is also possible but, (4) Even if it is not possible to measure the SSCC across the
because of the much larger orbital energy difference, lessHB, valuable information on the latter can be drawn from the
effective. measured SSCEI(NH). This SSCC depends largely on the

(5) The covalent effect can be transmitted via active and electric field effect of the second monomer, and therefore, it
passive orbital contributions. In both cases, the covalent couplingdirectly reflects the distance and angular dependence of this
mechanism is that of Ip2(0O) in the model used. It is most effect. SSCC!J(NH) is negative and becomes more negative
sensitive in the case of the SSCO(ON), detectable but not  upon HB formation where this change is largest for a linear
as useful because of its relatively small magnitude for SSCCs approach &0O---HN (3 = 180°). For smaller valueg, 1J(NH)
1J(OH) andXJ(NH). In the case of SSCE&J(CN), there is also becomes more positive. These trends have been calculated to
a significant (compared to the absolute magnitude of the SSCC)describe H-bonding in the protein ubiquififi.
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(5) Although SSCCghJ(OH) and2'J(ON) across the HB

cannot be measured at the moment, they offer insight in the

covalent character of the HB via their Ip(O) contributions to
the FC term, where the effects are larger¥d¢ON). Therefore,

Tuttle et al.
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