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In our continuing effort to identify NMR spiaspin coupling constants as fingerprints for hydrogen bond
type and use these to obtain structural information, EOM-CCSD calculations have been performed to determine
one-bond {Jy_4) and three-bond3{Jx_yv) spin—spin coupling constants across-K---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 spir-spin coupling constants across-N—N, N—H—0,
O—H-0, and C+-H—N hydrogen bonds that are determined solely by the Fermi-contact'8ym, receives
nonnegligible contributions from the paramagnetic spirbit and diamagnetic spirorbit terms. However,

these terms tend to cancel, so that the curve for the distance dependéfige ofis determined by the
distance dependence of the Fermi-contact term. The valti8of; 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 unless EOM-CCSD calculations
were performed on a model complex that closely resembles the experimental cottielexvalues for the
equilibrium structures of seven linear complexes stabilized bHE-H—Li bonds are dependent on-Ci
distances, and are also sensitive to structural changes which remove any one of these four atoms from the
dihydrogen bond®4Jo_y 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.

Introduction of one-bond and three-bond spigpin coupling constants on

n th . in this issi ined th the nature of the proton-donor group and proton-acceptor metal
n the previous paper in this Isstiewe examine the ._hydride, the H-H distance, and the orientation of the proton-

structural, energ.etlc,.bondlng, and IR spectroscopic propertiesyo. o anq proton-acceptor species. To the extent possible, we

of complexes with dihydrogen bonds. In this paper, we will iy vejate the NMR properties to the properties of these same

fur_ther investigate these complexes, f(_)cusmg now on NMR complexes discussed in the previous pdpEne work reported

spin—spin coupling constants across dihydrogen bonds. This ;" ic paper is a natural extension of our previous ab initio

vyork cqmplements our prior studies directeo! at identifying - gy gjes of spip-spin coupling constants across conventional
fingerprints for hydrogen bond type and obtaining structural X—H-+-Y hydrogen bond&: 17

information about hydrogen-bonded complexes from NMR
coupling constants. In particular, we will investigate one-bond
IH—1H spin—spin couplings J4-4) and three-bond %M
spin—spin couplings ¥Jx—w) across X-H---H—M dihydrogen The one-bond HH and three-bond ¥M NMR spin—spin
bonds. (We use the desllgnatlﬁﬁ:i to indicate th_(;.‘\] number of coupling constants across¥--H—M dihydrogen bonds have
bonds.(1) betvyeeq co.up.ed atoms across a di ydrogen bond peen evaluated for the complexes described in the preceding
(d); this notation is similar to that used for coupling across paper that havC—H, 15N—1H, and’0O—1H as proton donors
conventional hydrogen bond$y).) The complexes investigated 5,4 1H—7 i and lH_’zg,Na aé proton acceptors. Couplin’g
have G-H, N—H, and O-H groups as proton donors, and the 1 «ants have been computed using the equation-of-motion
metal hydndeg LiH and NaH as proton acceptors. Qrabtree hascoupled cluster singles and doubles method (EOM-CCSD)
repo_rted experlme_znté‘I‘JH_H coupllng constants involving metal employing the Cl-like approximatiot-2! Because spinspin
hydr_ldes ac_rqs_s_lntramole_cular dlhydrogen_boﬁcﬂmwever, coupling constants across dihydrogen bonds have not been
detailed ab initio investigations of such couplings have not been previously investigated, we have evaluated all terms that
reported previously. Our emphasis will be on the dependence ;o inyte to the total coupling constant. These include the

paramagnetic spinorbit (PSO), diamagnetic spirorbit (DSO),

Methods
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* Department of Chemistry, Youngstown State University. Fermi Cpntact (FC), and spin dipole (SD.) terms. For.these
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Figure 1. PSO, DSO, and Fermi-contact terms and t&t3l_4 as a

function of H-H distance for NCH:HLill = 143, ,, ; ¢ = FC; A =
PSO;® = DSO.
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and gzp on nonhydrogen atoms except for Li and Na. This basis
set is not available for these atoms, so the corresponding triple-
split basis sets were used. Hydrogen atoms not involved in the
dihydrogen bond have been described by the Dunning cc-pVDZ
basis?®~25 Coupling constants have been computed for each
equilibrium structure, and for the optimized linear structures of
CNH:HLi and CNH:HNa. In addition, the dependence of the
total coupling constant and the PSO, DSO, FC, and SD terms
on the H--H distance and the orientation of the proton donor
and proton acceptor have been investigated.-Sgiin coupling
constants were computed using the ACES Il progfamll
calculations were carried out on the Cray SV1 computer at the
Ohio Supercomputer Center.

Results and Discussion

1dJy_y. Total TH—H spin—spin coupling constant34J,_p)
obtained from PSO, DSO, FC, and SD components have bee
computed as a function of the-HH distance for lineaiCo,
structures of NCH:HLi, NCH:HNa, CNH:HLi, CNH:HNa, and
LINCH*:HLi, and nonlinear structures &; symmetry derived
from the equilibrium structures of HOH:HLi and HOH:HNa.
At all distances the SD term is negligible, ranging frer.04
to —0.20 Hz in complexes with €H as the proton donor;0.09
to —0.34 Hz in complexes with NH as the donor, ane-0.11
to +0.16 in complexes with ©H as the donor. Unlike NN,
N—0O, O-0, and C+N coupling constants across conventional
X—H=Y hydrogen bonds which are determined solely by the
Fermi-contact term>® H—H couplings have nonnegligible
contributions from both the PSO and DSO terms. Tétal_y
and the PSO, DSO, and FC terms for NCH:HLi are plotted as
a function of the H-+H distance in Figure 1. BotHJy_ and
the Fermi-contact term vary quadratically with the-H
distance, while the PSO and DSO terms vary linearly. Because
PSO and DSO terms have similar magnitudes but opposite signs
these two terms tend to cancel, and the shape ofdhe
curve is determined by the shape of the Fermi-contact curve.
(The approximate cancellation of PSO and DSO terms observed
for these complexes has been observed previously in mol-
ecules!9) At a given H--H distance, the Fermi-contact term is
0.4 to 0.5 Hz less thatfJy_y. However, both'dJ,_ and the
Fermi-contact term change sign as a function of distance, with
the sign change occurring near the equilibrium distance. This
suggests that it would be difficult to experimentally measure
H—H couplings in such systems because of their small
magnitudes. Moreover, even if these could be measured,
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Figure 2. PSO, DSO, and Fermi-contact terms and tét3l_ as a
function of H—H distance for CNH:HLi. Symbol definitions are the

same as in Figure 1.
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Figure 3. PSO, DSO, and Fermi-contact terms and t&tal_ as a
function of H—H distance for LINCH:HLi. Symbol definitions are
the same as in Figure 1.
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extracting H++H distances from such measurements would also
be difficult. Although not shown, plots of%J,_y and its
components for NCH:HNa exhibit the same general character-
istics as evident for NCH:HLi in Figure 1. However, at a given
distance, the FC term anly-y are always larger for NCH:
HNa. Thus, the magnitude of the-HH coupling shows a
dependence on the nature of the metal atom in the metal hydride.
Figures 2 and 3 present plots ¥4— and its components
as a function of the H-H distance for CNH:HLi and LiNCH:
HLi, respectively. Once again, the PSO and DSO terms tend to
cancel, and the shape of tH8,_y curve is determined by the
FC term, which is 0.3 to 0.7 Hz less th&_y for CNH:HLi.
It should be noted that at a given distané&€,_y for CNH:
HLi is greater than'dJy_y for NCH:HLi, demonstrating that
the value of the HH coupling constant also varies with the
nature of the proton donor. This effect is significantly larger
for LINCH™:HLi than for NCH:HLi. The increase #Jy_y is
consistent with previous results which indicate that two-bond
X—=Y coupling constants across conventionat{—Y hydro-
gen bonds are also larger in charged complé%é30Once again,
plots of 14J,_ and its components for CNH:HNa exhibit the
same general features as shown in Figure 2 for CNH:HLI.
Figure 4 presents plots of the PSO, DSO, and FC terms and
1d3,_y for HOH:HLI. The plots for HOH:HNa have similar
characteristics. To generate these plots, theHHdistance was
set to 1.00 A and incremented in steps of 0.10 A, keepig@ H
and LiH fixed in their orientation in the equilibriu@; complex.
For these two complexes, the Fermi-contact term is very large
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TABLE 1: Total H—H Spin—Spin Coupling Constants
(*4Jy—_y, Hz) and Components ofldJ,_y for Optimized
Structures of Complexes with Dihydrogen Bonds

ol complex R(H-H,A) PSO DSO FC 44
LINCH™:HLi 1.309 —291 334 2260 22.83
a0 - NaNCH"™:HLi 1.429 —2.77 3.26 10.74 11.03
N f NCH:HLi 1.774 —-2.10 2.67 —-0.25 0.22
20 | NCCCH:HLi 1.809 —2.08 2.63 —0.60 —0.01
| CICCH:HLi 1.930 —-1.87 245 -0.99 -047
. FCCH:HLI 1.950 —1.83 2.40 -1.03 —052
W‘ - HCCH:HLi 1.978 —-1.76 2.33 —1.07 —-0.55
| NCH:HNa 1.754 —-2.32 294 1.79 2.30
01 . CNH:HLi (eq) 1468 -328 410 673 7.38
— linear structure 1.466 —3.32 4.15 6.76 7.43
o ‘ ‘ ‘ ‘ CNH:HNa (eq) 1426 —357 446 1135 12.06
' 118 135 155 175 linear structure 1.424 —3.60 4.49 1132 12.02
H-H (A) HOH:HLi 1.454 —3.07 4.16 14.37 15.38
Figure 4. PSO, DSO, and Fermi-contact terms and tét3_y as a HOH:HNa 1428 —-3.67 501 1640 17.65

function of H-H distance for HOH:HLi. Symbol definitions are the
same as in Figure 1.

2The SD term was not computed for this complex.
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Figure 5. '4J,_y as a function of the HH distance for complexes H-H (A)

stabilized by dihydrogen bonds. * HOH:HL® HOH:HNa; ¢ CNH:
HLi; ® CNH:HNa; x NCH:HLi; o NCH:HNa.

Figure 6. Fermi-contact term antiJy_ for the equilibrium structures
stabilized by G-H--H—Li dihydrogen bonds. The points used to
construct the curve are labeled to identify the i€ proton donorll =

at short H-H distances and near the equilibrium distance. Both 43, ,;: ¢ = FC; a 4J,,_4 HOH:HLi; @ 14J;_y CNH:HLi; x 44 4
the PSO and DSO terms are nonnegligible, but again tend toNCH:HNa.

cancel. As a result, the Fermi-contact term determines the

distance dependence B8_.
It is apparent from Figures-14 that the DSO and PSO terms

point near an H-H distance of 1.30 A, after whickJy_y is
greater when NaH is the acceptor.
Table 1 presents HH distances, total HH spin—spin

are not very sensitive to the nature of the proton donor or proton coupling constant$dJ,—_y, and the PSO, DSO, and FC terms

acceptor. For example, at an-H distance of 1.40 A, the PSO
contribution to'4J,_y for the entire set of dihydrogen-bonded

for the equilibrium structures of all complexes investigated in
this study. Data for the optimize@.., structures of CNH:HLI

complexes varies by about 1 Hz, whereas the DSO contributionand CNH:HNa are also included. The first seven complexes
varies by about 2 Hz. In contrast, the Fermi-contact term and have LiH as the proton acceptor and include both cationic and
143, vary by 10 and 11 Hz, respectively. The dependence of neutral complexes, and are arranged in order of increasing
1d3,,_ on the nature of the proton donor and proton acceptor H---H distance. This order is also the order of decreakliig 1

can be readily seen from Figure 5, which presents plot4Jaf 4 and decreasing FC. It should be noted 8344 changes sign
versus the H-H distance for the six neutral complexes NCH: in this series. Figure 6 presents a plof#k,_y and the Fermi-
HLi, NCH:HNa, CNH:HLi, CNH:HNa, HOH:HLi, and HOH: contact term for the equilibrium structures of these complexes.
HNa. At short H--H distances!¥Jy_y is largest when kD is Note that each data set can be fitted by a single curve, and that
the proton donor, but the value ¥, decreases most rapidly ~ the two curves are almost superimposable. This curve is
with increasing H--H distance in these complexes. A compari- presented as a tool for predictid@ly_y for complexes with

son of HCN and HNC as donors shows tk&— is larger at linear C-H---H—Li dihydrogen bonds.

shorter distances when NCH is the proton donor, but larger at  In the preceding papénve observed that the binding energies
slightly longer distances when CNH is the donor. At very long of complexes with €&H---H—Li dihydrogen bonds vary qua-
distances, the value dfJ,_y shows little dependence on the dratically with the H-H distance, and linearly with the amount
nature of the donor, because of couP$g,_ must eventually of electron density at the +tH bond critical point. Because

go to zero. It is also interesting to note tH&l,_ is larger 13,4 shows a similar distance dependenéély_y also
when HNa is the proton acceptor and either HCN or HNC is correlates with binding energies and charge densities at the
the donor. However, whenJ@ is the donorldJ,_y, is larger at H---H bond critical point. For the complexes with-@i--H—Li

short distances when HLi is the acceptor, but there is a crossoverdihydrogen bonds, these variables are related by the following
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equations 40

143, = (0.0652BE + 1.11BE+ 3.76)Hz, withn =
7,r2=0.981 (1)

Y0 = (12 1885, — 272.3,,, + 0.85)Hz, withn =
7,r2=0.999 (2)

"y (H2)

where BE is the binding energy in kcal mélandpye, the charge
density at the +-H bond critical point in e at?.

The equilibrium distance is that distance at which the binding
energy has its maximum value. It is not, however, the distance 0 o - , ‘
at which14J,_; and the electron density at the bond critical 90 120 150 180 210 240 270
point have extremum values, since b&th,_y and the electron Angle ()
density at the bond critical point increase as the H distance Figure 7. Variation of4J,_, with changes in<H,—Hp—Li and <H,—
decreases. Because in a closely related series of complexe$la—C, illustrated for LINCH*:HyLi. @ <H,—Hp—Li; ¢ <Hp—Ha—
increasing binding energies are accompanied by decreasingC:
equilibrium distances, correlations between binding energies and
other distance-related properties should be expected. What is
perhaps the most interesting correlation is that betviékn
and the electron density at the bond critical point because this 401
relates an NMR property to the electronic features of the 35
dihydrogen bond.

How do the values of4J,_y for the equilibrium structures
of NCH:HNa, CNH:HLi, and HOH:HLi compare with the
1dJ,_y curve shown for complexes with-€H---H—Li dihy-
drogen bonds in Figure 6? The valueléf_ for NCH:HNa 15
is indicated in Figure 6 by an “x”. That the “x” is not closer to 10
the 14J,_y curve is not surprising, given that the equilibrium 5
values oftd,_y for NCH:HLi and NCH:HNa differ by 2.1 Hz,
even though their equilibrium distances differ by only 0.02 A. 375 395 445 435 455 475 495 545
This is also consistent with Figure 5, which shows 3ty c-M (A)

IS greater for NCH.HNa than N.Ct“._”‘l ?\./er .the entire range Figure 8. 24Jc_y as a function of €M distance for NCH:HLi, NCH:

of distances considered. The so_lld qlrcle |r_1_F|gure 6_ represents HNa, and LINCHHLi. ¢ CNH:HLi: m CNH:HNa: a LINCH-HLi.
the value of'4J,_y for CNH:HLI at its equilibrium distance.

This circle lies close to the curve because the curves for NCH: whereas the rotation that removes Li from the ld—Hy, line
HLi and CNH:HLi cross (Figure 5), and the values8dy-_n increasedJy_y . The curve showing the variation &4,y
for these two complexes differ by only 1.3 Hz at the CNH:HLi with the H—Hy—Li angle is flatter near the linear structure than
H---H equilibrium distance of 1.466 A. The solid “triangle” in  the H,—H.—C curve, that is!%J4_ changes more rapidly with
Figure 6 indicates the value dfJy_y for HOH:HLI at its changes in the p+H,—C angle. A 30 change in this angle
equilibrium distance. This value lies far from the curve, so that decreaseddy_y by 1.53 Hz, whereas, a 3@hange in the
the distance dependence dfJy_y for complexes with Ha—Hp—Li angle increasedd,_y by only 0.33 Hz. Changes
C—H:---H—Li dihydrogen bonds is not useful for predicting of 60° in these two angles decrease and incrééke by 7.26
1d3,_y for HOH:HLI. This is not surprising, given the very  and 2.07 Hz, respectively. These results suggest that if coupling

30

25 4

20

e (Hz)

different structures of these complexes. constants for isolated complexes stabilized byHG--H—M and
Our investigation of the geometry dependencé®df_y has N—H---H—M dihydrogen-bonds were measured, these measure-
thus far been limited to its dependence on the-Hl distance. ments could be used to obtain intermolecular-H distances

We have also investigated the dependencdélpf- on changes provided that the X H---H—M dihydrogen bond was linear or

in the H,—H;—C and H—Hp—Li angles in the cationic complex  deviated only slightly from linearity. However, in systems with
LINCH *:HyLi. This complex was chosen because its equilib- intramolecular X-H---H—M dihydrogen bonds, the hydrogen-
rium structure is linear anéfJy_y is large at equilibrium. To bond geometry is usually nonlinear, so that both distance and
investigate the dependence!8d,_y on the H—H,—C angle, angular dependencies &fJy—y would need to be taken into

a rotational axis was placed through, perpendicular to the  account, or other coupling constants measured, to extract useful
Ha—Hp—Li line, and the proton-donor ion was rotated about structural information. The situation is also complicated by the
this axis, keeping the ++H distance and intramolecular fact that the value of4Jy_y is dependent on the nature of the
distances and angles constant at their equilibrium values. A proton-donor X-H group and the nature of the metal.

similar procedure was used to determine the dependence of 34Jy_y. 34Jy_y for complexes NCH:HLi, CNH:HLi, LINCH:
1d3,,_ on the H—Hp—Li angle, in which case LiH was rotated  HLi, NCH:HNa, and CNH:HNa receives negligible contribu-
about an axis placed through, Berpendicular to the €H,—Hp tions from the PSO, DSO, and SD terms, and FC approximates
line. The variations intdJ,_y that occur with these rotations  3dJy_y to within 0.1 Hz. In this respect{Jy_y resembledhdy_y

are shown graphically in Figure 7. It is apparent from this figure across conventionalNH—N, N—H—0O, O—-H-0, and C+H—N

that the two rotations that destroy the linearIg---H—Li hydrogen bond&813 The variation offd)c_y as a function of
arrangement have opposite effects. The rotation that removesdistance depends on the nature of M and the charge on the
C from the H—Hp—Li line decreases the value 3fJy_pn, complex. Figure 8 shows the distance dependenc&lefy
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TABLE 2: X —M Distances Re, A) and Three-bond Spin—Spin Coupling Constants #4Jx_y, Hz, and 3dKyx_y, N/m3A2) for
Equilibrium Structures of Complexes with Dihydrogen Bonds

complex R(C—M) FC 8dJe_p? 8K e (x1019)
LINCH*:HLi 4.109 25.65 25.69 21.88
NaNCH":HLi 4.186 20.49 20.53 17.49
NCH:HLi 4.459 9.51 9.53 8.12
NCCCH:HLP 4.492 9.59 9.60 8.18
CICCH:HLi 4.605 7.50 7.52 6.41
FCCH:HLI 4.623 7.45 7.46 6.35
HCCH:HLi 4.651 6.22 6.24 5.31
NCH:HNa 4.765 22.84 22.87 28.60
complex R«(N—M) FC 8dJN—mC 8K N—m (x 10%9)
CNH:HLi (eq) 3.967 —6.99 —7.00 14.79
linear 4,101 —7.33 —7.34 15.51
CNH:HNa (eq) 4.248 -16.82 -16.85 52.29
linear 4.392 —17.63 —17.68 54.87
complex R(O—M) PSO DSO FC SD 3435y 3K oy (x 10%9)
HOH:HLi 1.896 0.08 —0.02 —0.54 0.03 —0.45 0.71
HOH:HNa 2.277 0.72 —0.01 12.20 0.05 12.96 —30.06

2 The absolute values of the PSO, DSO, and SD terms do not exceed 0.0ZtzSD term was not computetPSO, DSO, and SD terms vary

from 0.00 to—0.03 Hz.
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20

4.05 4.15 4.25 4.35 4.45 4.55 4.65
C-Li (A)
Figure 9. Fermi-contact term anéJc_.; versus the GLi distance

for complexes stabilized by €H---H—Li dihydrogen bonds® =
3d.]c7|_i ; ¢ = FC.

for NCH:HLi, NCH:HNa, and LINCH:HLi. Thus, over a range

of distances surrounding the equilibrium distanc¥3; n, is
significantly greater thaffJc_,;, reflecting the dependence on
the metal. Moreover, at a given distané&c_; for LINCH:

HLi is also greater thaPJc—; for neutral NCH:HLI. It should

be noted, however, that when comparing coupling constants
involving different atoms, it is the reduced coupling constants

20 120 150 180 210 240 270
Angle (°)

Figure 10. Variation of 3Jc_; with changes in B-Hp—Li and
Hp—Ha—C angles, illustrated for LINCk:HpLi. @ <H,—Hp—Li; ¢
<Hp—H.—C.

whereR is the G-Li distance in A. This curve should be useful
for the determination of €Li distances in complexes that have
linear C-H---H—Li dihydrogen bonds.

The variation of4)c_; as the G-H-+-H—Li dihydrogen bond
is distorted from linearity has also been investigated, again using
LICNH™:HLi. There are four different rotations which remove

3dk_y, that should be used. However, general statements made®"® Of the four atoms involved in the dihydrogen bond from

about relationships betweéfly_y for different X and M are
valid for 38Ky _y;, although these quantities may differ in sign.
Since it is®dJy_y that is measured experimentalf§ijx_y values
will be discussed below.

Table 2 presents XM distances, the Fermi-contact term,
3dJy_m and 39Ky_y for the equilibrium structures of all
complexes investigated in this study, and for the optimized linear
structures of CNH:HLi and CNH:HNa. The listing of the first
seven complexes that have-8---H—Li dihydrogen bonds is
in order of increasing €Li distance, and decreasirf§lc—;.

The curves showing the distance dependence of the Fermi-

contact term and¥c_; are superimposable, as seen in Figure
9. The equation of thédJc_; curve is

3. = (52R? — 491R, + 1163)Hz withn = 7,1’ =
0.996 (3)

the linear C-Hg+-Hyp—Li arrangement. Two rotations remove
either C or Li from the dihydrogen-bonding axis, keeping the
H---H distance fixed at its equilibrium value, and decreasing
the C-Li distance. The first is accomplished by rotating
LINCH,t about an axis through Hand perpendicular to the
Ha—Hp—Li line, and is measured by the,HH,—C angle. The
second involves rotation of LiFabout an axis throughg-and
perpendicular to the €H,—Hy, line. This rotation is measured
by the H—Hp—Li angle. The effects of these two rotations are
shown graphically in Figure 10. Small perturbations which cause
either C or Li to move slightly off the dihydrogen bonding axis
produce only small changes #Jc_.;, but these occur in
opposite directions. A 30rotation that removes C from the
axis increased4Jc_(; by 1.09 Hz, whereas a 30otation that
removes Li decreasé)c_; by the same amount. The curve

for 3dJc_; exhibits a maximum value when theHH,—C angle
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Figure 11. Variation of %Jc_; with changes in H-C—Li and Figure 13. 34Jo_;; and the Fermi-contact term as a function of O
Hp—Li—C angles, illustrated for LINCkI:HyLi. B <H,—Li— C; ¢ distance in HOH:HLi® = 34y ; ¢ = FC.
<H,—C-Li.
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N-M (A) Figure 14. 34Jo_na the Fermi-contact and PSO terms as a function of
Figure 12. 34y_y as a function of N-M distance for CNH:HLiand ~ O—Na distance in HOH:HNall = 3Uo_a; ¢ = FC; A = PSO.
CNH:HNa. B CNH:HNa; ¢ CNH:HLi. have negative signs. The absolute values of these coupling
i . constants decrease with increasing distance. Consistent with the
is about 115 (245), and then decreases rapidJc-.; also relationship betweeffJc_i; and3dJc_y,, the absolute value of
decreases rapidly with increasing-Hy-Li angle. 3dJy_na is always greater tha#tdy_.; at distances surrounding

The linearity of the dihydrogen bond may also be destroyed the equilibrium distances.
by removing one of the two hydrogens from this bond while  Figure 13 presents the distance dependence of the three-bond
keeping the remaining H, C, and Li atoms collinear, and the 170—7Lj Fermi-contact term and the total spispin coupling
C—Li distance fixed at its equilibrium value. This may be constantJo_,; across the dihydrogen bond in HOH:HLi. In
accomplished either by a rotation of LINCHabout an axis HOH:HLi the PSO, DSO, and SD terms are negligible. As
through C and perpendicular to the-€ip—Li line, with the evident from Figure 133dJo_; is negative at short OLi
rotation measured by the,HC—Li angle, or by a rotation of  djistances, changes sign at a distance near the equilibrium
LiH about an axis through Li and perpendicular to the distance, and continues to increase with increasingLiO
Li—Hs—C line, measured by theHLi—C angle. Changes in  distance. At an ©Li distance of approximately 2.3 RdJo_;
34Jc-1i as a function of these two angles are shown graphically has its maximum value and then begins to decrease asthé O
in Figure 11. Removing either one of the hydrogens from the distance increases. This behavior ¥o_.; is unique with

dihydrogen-bonding axis leads to a rapid decreas#JXf i, respect to the distance dependence of one- and three-bond
despite the fact that the€Li distance is unchanged. A 30  couplings across dihydrogen bonds observed in this study. It is
change in the i-C—Li and H,—Li—C angles decreasé¥c; also unique in the sense that two-, three-, and four-bond coupling

by 8.49 and 14.67 Hz, respectively. Thus, three-bond couplings constants across conventional hydrogen bonds always decrease
across a dihydrogen bond are most effective when the (in an absolute sense) with increasing hydrogen bond distance.
X—H---H—M arrangement is linear. A similar observation was Although we do not have a rigorous explanation for this
made in a previous study of three-bonet-R couplings across  hehavior, it must certainly be related to the fact that this coupling
conventional N-H---O—P hydrogen bonds, which are also very does not occur through the dihydrogen bond. The equilibrium
sensitive to a linear arrangement of N, H, O, and P at®#5.  structure of this complex has very nonlinear-B,—Hp and

The distance dependence of three-boHftl—7Li and H.—Hp—Li arrangements, and a relatively short-Oi distance
15N —23Na spin-spin coupling constant$4y—; and39Jy_ya) which allows for direct interaction between these two atoms.
for CNH:HLi and CNH:HNa are shown in Figure 12. As is the The distance dependence of the PSO and Fermi-contact terms
case for3dc_;; and3dJc_n,, PSO, DSO, and SD terms are and3d)o_n, for HOH:HNa are presented graphically in Figure
negligible, and the Fermi-contact term approxim&fg_y to 14. The DSO and SD terms are negligible, but at sheriNa
within 0.1 Hz. The Fermi-contact term and therefore téf&|_y distances, the PSO term is significant, with the result that the
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distance increases, the PSO term becomes less important, an@906 and BQU-2000-0245). The support of these agencies and
the FC and®@Jo_n, curves approach each other. Once again, the continuing support of the Ohio Supercomputer Center are
3dJo_na IS Negative at short distances, changes sign, and gratefully acknowledged. J.E.D.B. thanks the BBVA Foundation
continues to increase as the-Qa distance increases. At a for a Visiting Fellowship at the Universidad Automa de
distance of about 2.5 AdJo_ya has its maximum value and  Madrid.
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