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Abstract: Equation-of-motion coupled cluster singles and doubles (EOM-CCSD) calculations have been
performed to evaluate three-bond 15N-31P coupling constants (3hJN-P) across N-H‚‚‚O-P hydrogen bonds
in model cationic and anionic complexes including NH4

+:OPH, NH4
+:OPH3, NH3:-O2PH2, NFH2:-O2PH2,

and NF2H:-O2PH2. Three-bond coupling constants can be appreciable when the phosphorus is P(V), but
are negligible with P(III). 3hJN-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,
3hJN-P 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 3hJN-P , even though the N-P distances are longer
than N-P distances in cyclic and open structures. In linear complexes, 3hJN-P 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 15N-31P coupling constants.

Introduction

The observation of two-bond NMR X-Y spin-spin coup-
ling constants (2hJX-Y) across X-H-Y hydrogen bonds has
led to a great deal of excitement and activity in the chemi-
cal, biochemical, and theoretical chemistry communities.1-14

Very recently, Shirakawa et al.15 reported a study of three-bond

15N-31P spin-spin coupling constants (3hJN-P) across
N-H‚‚‚O-P hydrogen bonds in protein:nucleotide complexes.
The observation of such couplings is interesting in itself, and
may have important consequences, given the crucial role that
hydrogen bonds play in the three-dimensional structures of these
complexes, and hence in their reactivity. However, what is
perhaps even more intriguing is the observation that among the
five complexes examined, only one yielded an appreciable
coupling constant. The authors speculated as to why this might
be so. They stated, “It is possible that the linear arrangement
of the 31P nucleus relative to hydrogen and H-bond accepting
oxygen nuclei is a prerequisite for the presence of observable
trans-H-bond couplings.”

We have previously reported data showing the dependence
of 2hJN-N on the linearity of the hydrogen bond and the
orientation of the proton-acceptor molecule.14 To further
establish these relationships, we will investigate3hJN-P coupling
constants in several model systems with N-H‚‚‚O-P hydrogen
bonds, and examine the geometry dependence of3hJN-P. We
have already demonstrated that NMR spin-spin coupling
constants across hydrogen bonds computed using equation-of-
motion coupled cluster singles and doubles (EOM-CCSD) theory
are reliable, and have predictive value.5,7,10,11,16The present study
provides an excellent example of the unique role that such a
theory can play in supporting and understanding experimental
studies, since it is possible for us to arrange the hydrogen-bonded
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molecules in different conformations and then compute the
coupling constant for each arrangement. We can then answer
the question of which orientation gives the largest coupling
constant.

Method of Calculation

The models used for this study include both cationic and anionic
complexes having N-H+‚‚‚O-P and N-H‚‚‚-O-P hydrogen bonds,
respectively. The cationic complexes are NH4

+:OPH and NH4
+:OPH3,

and the anionic complexes include NH3:-O2PH2, NFH2:-O2PH2, and
NF2H:-O2PH2. The cyclic, open, and linear structures of selected
complexes considered are optimized structures at second-order pertur-
bation theory [MBPT(2)) MP2]17-20 with the 6-31+G(d,p) basis
set.21-25

NMR spin-spin coupling constants are obtained from equation-of-
motion coupled cluster singles and doubles (EOM-CCSD) theory in
the CI-like approximation.26-29 For these calculations, a qzp basis set
was used on N and O, qz2p on P and the hydrogen-bonded proton,30

and Dunning’s cc-pVDZ basis31,32 on other hydrogens. The Ahlrichs
basis set30 has been found useful for the calculation of NMR parameters.
The coupling constant calculations are done with the ACES II
program.33 All calculations were carried out on the Cray T94 and SV1
computers at the Ohio Supercomputer Center.

Results and Discussion

Structures of Complexes.The optimized structure of the
complex NH4

+:OPH [with P(III)] hasCs symmetry, with an
N-O distance of 2.694 Å, a slightly nonlinear N-H‚‚‚O
hydrogen bond, and an N-O-P angle of 158°. A second
complex was also optimized with N, H, O, and P atoms
constrained to be collinear. This “linear” complex has a slightly
greater N-O distance of 2.704 Å, but is only 0.4 kcal/mol less
stable than the fully optimized structure. The fully optimized
structure of the complex NH4+:OPH3 [with P(V)] also hasCs

symmetry, with an N-O distance of 2.582 Å, a slightly

nonlinear N-H‚‚‚O hydrogen bond, and an N-O-P angle of
167°. An optimized “linear” structure ofC3V symmetry was
found to have an N-O distance of 2.588 Å. This structure,
which is shown in Figure 1, is only 0.1 kcal/mol less stable
than the fully optimized structure. Selected structural param-
eters and binding energies for these complexes are reported in
Table 1.

For NH3:-O2PH2, a cyclic structure stabilized by two distorted
N-H‚‚‚O hydrogen bonds, four open structures stabilized by a
single hydrogen bond, and a linear structure were obtained. The
global minimum on the potential surface is the cyclic structure
of Cs symmetry, shown in Figure 2. Among the optimized
structures for NH3:-O2PH2, the cyclic structure has the longest
N-O distance of 3.172 Å, but the shortest N-P distance of
3.611 Å. Four open structures ofCs symmetry in which only
one N-H‚‚‚O hydrogen bond can form were also optimized.
These isomers have the O-P bond (hydrogen-bonded O) cis
or trans to the NH2 group with respect to the hydrogen-bonding
N-O line. For each isomer, the PH2 group may be either cis or
trans to the hydrogen-bonded N-H with respect to the O-P
(hydrogen-bonded O) bond. None of the open isomers are
equilibrium structures on the potential surface. The most stable
open isomer has the O-P bond (hydrogen-bonded O) cis to
the NH2 group, and the PH2 group trans to N-H, as shown in
Figure 3. This complex is stabilized by a slightly nonlinear
hydrogen bond and has an N-O-P angle of 126°. The N-O
and N-P distances are 3.001 and 4.087 Å, respectively. This
open structure is only 0.4 kcal/mol less stable than the
equilibrium cyclic structure. Another open structure was found
in which the N, H, O, and P atoms were constrained to be
collinear. This complex, shown in Figure 4, has the shortest
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Figure 1. The optimized linear structure of NH4+:OPH3.

Table 1. Selected Structural Parameters and Electronic Binding
Energies (∆Ee) for Complexes NH4

+:OPH and NH4
+:OPH3

a

sym N−O N−H ∠H−N−O ∠N−O−P ∆Ee

NH4
+:OPH

optimized Cs 2.694 1.052 4 158 -23.0
opt. linear Cs 2.704 1.049 0b 180b -22.6
NH4

+:OPH3
c

optimized Cs 2.582 1.070 4 167 -33.7
opt. linear C3V 2.588 1.067 0b 180b -33.6

a Distances in Å; angles in deg; energies in kcal/mol.b In the linear
structures, these angles were constrained during the structure optimization.
c The NH3 and PH3 groups are staggered.

Figure 2. The equilibrium cyclic structure of NH3:-O2PH2.
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N-O distance of 2.972 Å, and the longest N-P distance of
4.502 Å. The linear complex is 1.3 kcal/mol less stable than
the cyclic complex. Selected structural parameters and binding
energies for these complexes are reported in Table 2. To increase
the strength of the hydrogen bond and decrease the hydrogen
bond distance, NFH2 and NF2H have also been employed as
proton donors to-O2PH2. The global minimum on the
NFH2:-O2PH2 potential surface is a cyclicCs structure, which
is similar to the cyclic structure on the NH3:-O2PH2 surface
which is shown in Figure 2. However, it has shorter N-O and
N-P distances of 3.029 and 3.470 Å, respectively. The
optimized linear complex of NF2H:-O2PH2 is structurally similar
to the linear isomer of NH3:-O2PH2 shown in Figure 4. Rela-
tive to linear NH3:-O2PH2, linear NF2H:-O2PH2 has shorter
N-O and N-P distances of 2.675 and 4.211 Å, respectively.
Selected structural parameters and binding energies for these
anionic complexes are also reported in Table 2. All of the
complexes investigated in this study are stabilized by traditional
N-H‚‚‚O hydrogen bonds.34

NMR Spin-Spin Coupling Constants.There are four terms
which contribute to the total spin-spin coupling constant: the
paramagnetic spin-orbit (PSO), diamagnetic spin-orbit (DSO),
Fermi-contact (FC), and spin dipole (SD). In previous studies,
we have demonstrated that two-bond spin-spin coupling
constants across N-H-N, N-H-O, O-H-O, and Cl-H-N

hydrogen bonds are dominated by the Fermi-contact term, which
is distance dependent.6,7,10,11,14Experimental studies of31P-
31P spin-spin coupling constants (4hJP-P) across N-H+-N
hydrogen bonds have also been reported.35 Our theoretical
studies have shown that four-bond31P-31P coupling constants
are also dominated by the distance-dependent Fermi-contact
term.16 In the present study, we have computed PSO, DSO, FC,
and SD contributions to three-bond N-P couplings across
N-H+‚‚‚O-P hydrogen bonds for linear NH4+:OPH in which
the phosphorus is P(III), and for linear NH4

+:OPH3 in which
the phosphorus is P(V). The results are reported in Table 3.
These data show that the15N-31P coupling constant involving
P(III) is very small, with a value of only-0.3 Hz. In contrast,
the15N-31P coupling constant for P(V) is much larger at-10.9
Hz and is dominated by the Fermi-contact term at-10.5 Hz.
For the P(V) complex, the PSO, DSO, and SD terms are more
than an order of magnitude smaller than the Fermi-contact term.
Therefore, the Fermi-contact term will be used to approximate
3hJN-P .

Table 4 reports the distance dependence of the Fermi-contact
term in linear NH4

+:OPH3. The value of3hJN-P decreases
significantly as a function of distance, from-16.3 Hz at an
N-P distance of 3.92 Å, to-3.6 Hz at an N-P distance of
4.52 Å. There is a smooth decrease of3hJN-P as a function of
increasing N-P distance, as illustrated in Figure 5. Figure 5
can be used to predict N-P distances (and, therefore, hydrogen-
bonding N-O distances) from experimental three-bond N-P
spin-spin coupling constants in cationic complexes stabilized
by N-H+‚‚‚O-P hydrogen bonds.

The coupling constants reported for NH4
+:OPH3 are obtained

for the complex in which the N, H, O, and P atoms are
constrained to be collinear. To what extent does3hJN-P change
if the phosphorus atom does not lie on the N-H-O line? As
we have previously indicated, Shirakawa et al.15 suggested that
a linear arrangement of H, O, and P atoms is a prerequisite for
a measurable3hJN-P. This suggestion was based on the fact
that they observed a coupling constant only in the protein:
nucleotide complex in which H, O, and P appear to be nearly

(34) Del Bene, J. E.; Jordan, M. J. T.Int. ReV. Phys. Chem. 1999, 18, 119.
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Foces, C.; Elguero, J.; Molina, P.; Alajarı´n, M. J. Chem. Soc., Perkin Trans.
2 1993, 709.

Figure 3. The most stable open isomer of NH3:-O2PH2 with a single
N-H‚‚‚O hydrogen bond.

Figure 4. The optimized linear structure of NH3:-O2PH2.

Table 2. Selected Structural Parameters and Electronic Binding
Energies (∆Ee) for Complexes NH3:-O2PH2, NFH2:-O2PH2, and
NF2H:-O2PH2

a

N−O N−H N−P ∠H−N−O ∠N−O−P ∆Ee

NH3:-O2PH2
b

cyclic 3.172 1.019 3.611 26 94 -10.3
openc 3.001 1.026 4.087 6 126 -9.9
opt. linear 2.972 1.025 4.502 0d 180d -9.0
NFH2:-O2PH2

cyclic 3.029 1.026 3.470 24 93 -19.6
NF2H:-O2PH2

opt. linear 2.675 1.053 4.211 0d 180d -22.6

a Distances in Å; angles in deg; energies in kcal/mol. All complexes
haveCs symmetry.b The cyclic, open, and linear structures are illustrated
in Figures 2, 3, and 4, respectively.c This structure was constrained to have
only one hydrogen bond.d In linear structures, these angles were constrained
during the structure optimization.

Table 3. 3hJN-P and Components of 3hJN-P (Hz) for the Optimized
Linear Structures of NH4

+:OPH and NH4
+:OPH3

complex PSOa DSOa FCa SDa 3hJN-P

NH4
+:OPH -0.2 0.0 0.1 -0.2 -0.3

NH4
+:OPH3 -0.2 0.0 -10.5 -0.2 -10.9

a PSO) paramagnetic spin-orbit; DSO) diamagnetic spin-orbit; FC
) Fermi-contact; SD) spin dipole.

Table 4. 3hJN-P (Hz) for Linear NH4
+:OPH3 as a Function of the

N-P Distance (Å)a

N−Pb 3hJN-P

3.92 -16.3
4.02 -13.0
4.11c -10.5
4.22 -7.9
4.37 -5.4
4.52 -3.6

a These data are illustrated graphically in Figure 5.b The O-P distance
in NH4

+:OPH3 is 1.521 Å.c The N-P distance in the optimized linear
structure shown in Figure 1.

3hJ(15N−31P) Spin−Spin Coupling Constants A R T I C L E S
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collinear in the crystal structure, even though the N-O distance
in that complex was not the shortest N-O distance. (It should
be noted, however, that the crystal data for these complexes
are limited by the accuracy of the atomic coordinates in the 2.2
Å structure and that the hydrogen atom in the hydrogen bond
was added to the crystal structure using idealized covalent
geometry.15) We have examined the angular dependence of
3hJN-P in NH4

+:OPH3. For this investigation, the hydrogen bond
N-O distance is fixed at 2.85 Å, the N-O distance in the
protein:nucleotide complex for which a coupling constant was
measured in ref 15.

Table 5 shows the variation of3hJN-P as a function of the
N-O-P angle. (Because N, H, O, and P are collinear, the
N-O-P angle is equal to the H-O-P angle.) These data are
presented graphically in Figure 6. Table 5 and Figure 6 show
that a small deviation from linearity is accompanied by only a
small decrease in3hJN-P. Thus, a 10° deviation reduces3hJN-P

from -5.4 to -5.1 Hz. However, a 30° variation results in a
33% reduction of the coupling constant, which has a value of
only -3.6 Hz when the N-O-P angle is 150°. An additional
30° decrease in the N-O-P angle reduces3hJN-P to nearly zero.
Thus, the N-P coupling constant decreases as the P atom is
removed from the hydrogen-bonding axis. This occurs despite
the fact that as the N-O-P angle decreases, the N-P distance
also decreases. Thus, these results support the suggestion that
a nearly linear N-H-O-P arrangement is required for a
measurable three-bond15N-31P spin-spin coupling constant.
That linear hydrogen bonds have larger coupling constants is
also consistent with the results of previous studies of two-bond
17O-17O and15N-15N coupling constants across O-H-O and
N-H-N hydrogen bonds.11,14 Why a linear arrangement of

coupled atoms across the hydrogen bond gives rise to a larger
coupling constant is a question that remains to be answered.
Table 6 reports N-P distances and3hJN-P coupling constants
for the anionic complexes which include two equilibrium cyclic
complexes (NH3:-O2PH2 and NFH2:-O2PH2), the optimized
open complex of NH3:-O2PH2 which is stabilized by a single
hydrogen bond, and two optimized linear complexes (NH3:-O2-
PH2 and NF2H:-O2PH2). The N-P distances in the cyclic
complexes are 3.61 and 3.47 Å, respectively, but the N-P
coupling constants are very small at 0.4 and 0.6 Hz, respectively.
Similarly, 3hJN-P is only 0.4 Hz in the open NH3:-O2PH2

complex in which the P atom does not lie along the hy-
drogen-bonding axis. In contrast,3hJN-P values of-1.9 and
-4.7 Hz are found for linear NH3:-O2PH2 and NF2H:-O2PH2,
respectively, even though the N-P distances in these com-
plexes are significantly longer at 4.50 and 4.21 Å, respec-
tively. These data lend further support to the importance of a
linear or nearly linear N-H-O-P arrangement for a measurable
15N-31P coupling constant across an N-H‚‚‚-O-P hydrogen
bond.15

Table 7 reports the distance dependence of3hJN-P for linear
NH3:-O2PH2. These data are shown graphically in Figure 7.
As is evident from this figure,3hJN-P varies smoothly with
distance. Figure 7 can be used to provide an estimate of N-P
(and, therefore, hydrogen-bonding N-O) distances from ex-
perimentally measured three-bond spin-spin coupling constants
across N-H‚‚‚-O-P hydrogen bonds. At an N-O distance of
2.85 Å, the computed value of3hJN-P is -2.9 Hz. The absolute
value of the computed coupling constant is smaller than the
experimental value of 4.6 Hz reported in ref 15 for the protein:

Figure 5. The distance dependence of the Fermi-contact term for linear
NH4

+:OPH3 (see Figure 1). The optimized linear structure has an N-P
distance of 4.11 Å.

Table 5. 3hJN-P (Hz) for NH4
+:OPH3 as a Function of the N-O-P

Angle (deg)a-c

∠N−O−P 3hJN-P

180d -5.4
170 -5.1
150 -3.6
130 -1.1
110 +0.9
90 -0.1

a The N-O distance is 2.85 Å; the O-P distance is 1.52 Å.b The
N-O-P angle was varied by rotation of OPH3 about an axis through the
O atom, and perpendicular to the symmetry plane of the complex. See Figure
1. c These data are illustrated graphically in Figure 6.d At ∠N-O-P )
180°, N, H, O, and P are collinear.

Figure 6. The Fermi-contact term for NH4+:OPH3 as a function of the
N-O-P angle. An angle of 180° corresponds to a linear arrangement of
N, H, O, and P, as shown in Figure 1. Decreasing N-O-P angle
corresponds to a counterclockwise rotation of OPH3 about an axis through
O and perpendicular to the symmetry plane. The N-O distance is 2.85 Å.

Table 6. N-P Distances (Å) and 3hJN-P (Hz) for Optimized Cyclic,
Open, and Linear Anionic Complexes

complex N−P 3hJN-P

cyclic
NH3:-O2PH2

a 3.61 0.4
NFH2:-O2PH2 3.47 0.6
open
NH3:-O2PH2

b 4.09 0.4
linear
NH3:-O2PH2

c 4.50 -1.9
NF2H:-O2PH2 4.21 -4.7

a The cyclic complex shown in Figure 2.b The open complex shown in
Figure 3.c The linear complex shown in Figure 4.
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nucleotide complex with Ala18 and anR-phosphate group.
However, given the accuracy of the 2.2 Å crystal structure and
the fact that the computed value of3hJN-P at an N-O distance
of 2.73 Å is-4.3 Hz, the computed and experimental data are
consistent. Moreover, the suggestion that coupling constants
could not be measured for four of the five protein:nucleotide
complexes investigated in ref 15 because of a nonlinear
arrangement of H, O, and P atoms is consistent with the results
of this study. Although the authors of ref 15 did not determine
the sign of the N-P coupling constant, a negative value for

3hJN-P is reasonable taking into account the gyromagnetic factor
of 15N.

Conclusions

This study supports the following conclusions.
(1) The15N-31P coupling constant in NH4+:OPH3 [with P(V)]

is of sufficient magnitude to be measured experimentally,
provided that N, H, O, and P atoms have a linear or nearly
linear arrangement. The value of3hJN-P for this complex is
dominated by the Fermi-contact term, which is distance de-
pendent. In contrast,3hJN-P is negligible in NH4

+:OPH [with
P(III)].

(2) The three-bond15N-31P coupling constant for NH3:-O2-
PH2 is greatest in the optimized linear structure.3hJN-P is
negligible in the equilibrium cyclic structure which is stabilized
by two distorted N-H‚‚‚O hydrogen bonds, and in an optimized
open structure stabilized by a single hydrogen bond, despite
the fact that the N-P distances in the cyclic and open structures
are shorter than the N-P distance in the linear structure.

(3) 3hJN-P is distance dependent in linear anionic and cationic
complexes. Thus, N-P (and, therefore, hydrogen-bonding
N-O) distances can be determined for such complexes from
experimentally measured coupling constants.

(4) The absence of a three-bond N-P coupling constant does
not preclude the existence of an N-H‚‚‚O-P hydrogen bond,
since a near linear arrangement of N, H, O, and P atoms is
required for a measurable value of3hJN-P.
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Table 7. 3hJN-P (Hz) for Linear NH3:-O2PH2 as a Function of the
N-P Distance (Å)a

N−Pb 3hJN-P

4.21 -5.2
4.26 -4.3
4.38 -2.9
4.50c -1.9
4.62 -1.3

a These data are illustrated graphically in Figure 7.b The P-O distance
is 1.530 Å.c The N-P distance in the optimized linear structure illustrated
in Figure 4.

Figure 7. The distance dependence of the Fermi-contact term for linear
NH3:-O2PH2 (see Figure 4). The optimized linear structure has an N-P
distance of 4.50 Å.
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