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Abstract: Ab initio calculations at the equation-of-motion coupled cluster (EOM-CCSD) level of theory have
been carried out to investigate one-bond *C—!H, N—!H, YO—'H, and °F—'H coupling constants in a
systematic study of monomers and hydrogen-bonded complexes. Computed coupling constants (*Jx—)
for monomers are in good agreement with available experimental data. All reduced Fermi-contact terms
and reduced coupling constants (*Kx—n) for monomers and complexes are positive. Plots of 1Kx_y versus
the X—H distance for the 16 monomers and the 64 complexes in which these monomers are proton donors
exhibit significant scatter. However, a linear relationship has been demonstrated for the first time between
coupling constants and X—H distances for different X atoms by plotting the ratios of the coupling constants
for complexes and corresponding monomers versus the ratios of distances for complexes and corresponding
monomers times the square of the Pauling electronegativity. Since the ratio removes the dependence of
coupling constants on the magnetogyric ratios of X, this relationship holds for both *Kx—y and *Jx—p. The
decrease in reduced coupling constants (*Kx-4) as the X—H distance increases is due primarily to the
increased proton-shared character of the hydrogen bond.

Introduction Magnetic Resonance Triplet Wave function Model (NM-
In a recent paper, we reported a systematic investigation of RTWM).® The study of two-bond coupling constants in com-
the signs of two-bond reduced=¥ Fermi-contact terms and ~ Pléxes has led us to investigate the corresponding one-bond

total spin-spin coupling constant8'x-y) for complexes with ~ X-*H coupling constants with %= °C, N, 1’0, and“F for a
X—H—Y hydrogen bonds, for X and/or Y the second-period 9roup of isolated monomers and hydrogen-bonded complexes
elementd3C, 15N, 170, and'9F 1 These complexes are stabilized 1N Which these monomers are the proton donors. The results of
by C—H—N, N—H—N, O—H—N, F~H—N, C—H—0, O—H— that investigation are the subject of this paper.

O, O—H-F, and C-H—F hydrogen bonds. (Complexes with
F—H—F hydrogen bonds are not included in this list, but these
have been discussed in previous studi€skgxcept for the Structures of both the proton-donor monomers and the
reduced FF coupling constant in (HE)all reduced two-bond hydrogen-bonded complexes were obtained in previous studies
spin—spin coupling constant¥Kx_vy are positive. Thus, itis  at second-ordeMgller—Plesset perturbation thedfy'3 with
possible to predict the sign 8fJx_y for a given complex by  the 6-31G(d,p) basis sét 1" [MP2/6-31+G(d,p)]. Coupling
simply noting the signs of the magnetogyric ratios of X and Y. constants were computed using the equation-of-motion coupled
If neither or both X and Y have negative magnetogyric ratios, cluster singles and doubles method (EOM-CCSD) in the CI
2h3, v is positive; if either X or Y has a negative magnetogyric
ratio, 20y is negative. Since the signs and magnitudes of (4) DelBene, J. £ Perera, S. A.; Bartlett, RJJChem. Phys. /2001 105
2hJ, _y for these complexes are determined by the Fermi-contact (5) Del Bene, J. E.; Perera, S. A.; Bartlett, RMagn. Reson. Cher2001,

Methods

39, S109.
term Wh_ICh_ is ar_] order of ma_‘gmtl_'lde greater than any Oth_er (6) Del Bene, J. E.; Perera, S. A.; Bartlett, R. J.fi¥a M.; Mo, O.; Elguero,
term;*"8 insights into the positive signs of the reduced Fermi- J.; Alkorta, I.J. Phys. Chem. /2003 107, 3121.
contact terms and"™Ky_y were obtained from the Nuclear ) E?'A?ﬁ;fé J,‘_ 'JE_"P'?]‘;’,rs‘“jré'hsemA_';\Z%agge{%Réiég@’ Yéfiez, M; Elguero,
. ) . (8) Del Bene, J. E.; Perera, S. A.; Bartlett, R. J.;,Mb; Yafez, M.; Elguero,
T Department of Chemistry, Youngstown State University. J.; Alkorta, 1.J. Phys. Chem. 42003 107, 3222.
* Instituto de QUmica Madica, CSIC. (9) Del Bene, J. E.; Elguero, Chem. Phys. Let2003 382 100.
(1) Del Bene, J. E.; Elguero, Magn. Reson. Chen2004 42, 421. (10) Pople, J. A.; Binkley, J. S.; Seeger, IRt. J. Quantum Chem. Quantum
(2) Del Bene, J. E.; Jordan, M. J. T.; Perera, S. A.; Bartlett, R. Phys. Chem.Sympl976 10, 1.
Chem. A2001, 105 8399. (11) Krishnan, R.; Pople, J. Ant. J. Quantum Chenil978 14, 91.
(3) Del Bene, J. E.; Elguero, J.; Alkorta, |.; fez, M.; Mg, O. J.Chem. Phys. (12) Bartlett, R. J.; Silver, D. MJ. Chem. Phys1975 62, 3258.
2004 120, 3237. (13) Bartlett, R. J.; Purvis, G. Ont. J. Quantum Cheml978 14, 561.
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(configuration interaction) like approximatidf;, 2! correlating
all electrons. For these calculations, the Ahlrf@hgzp basis

Table 1. Computed X—H Distances (A) and Coupling Constants

set was placed on C, N, O, and F atoms, qz2p on the hydrogen-complexes

(YJx—n) and Its Components (Hz), and Experimental 1Jx—4 Values
for Monomers Which May Be Proton Donors in Hydrogen-Bonded

bonded hydrogen, and the Dunning cc-pVDZ b#sion other

: ' R(X-H) PSO  DSO FC SD ey Ny (exptl)
hydrogens. If in a monomer there are two or more equivalent —n
hydrogen atoms which cou_ld be hydrogen-bonde_d, they were e 1067 —-05 04 2514 04 2517 289
treated equivalently by placing the same qz2p basis set on eachCH,F, 1.086 —-0.6 11 1713 0.2 1720 1675
No assumptions have been made concerning the relative HCNH® i-ggi *é-g 8-2 gigg 2-? gigg 320
importance of the various terms which contribute to the total ’ : ’ ’ : ’
; N—H
coupling constants fqr monomers and c_omp!exe_s. Rather, the 1000 —08 —02 —114.4 —04 —115.8
paramagnetic spirorbit (PSO), diamagnetic spirorbit (DSO), pyrole  1.007 -19 -0.4 -90.8 —03 -934 -96.5
Fermi-contact (FC), and spin-dipole (SD) terms have been NHs; 1.011 -2.8 -0.1 -584 —-03 -61.6 —61.2
computed for all but one monomer and for the majority of HCNH™ ~ 1.017 0.4 —0.2 —149.0 0.5 -149.3 -134
hvdrogen-bonded complexes pyridinium 1.017 -91.6 -91.8 —90.5
ydrog P : NH,* 1.022 -15 -01 -734 00 -750 -73.3
The absolute shieldings(ppm) of hydrogen-bonded protons O-H
were calculated for Nt and complexes in which N#t is the H,O 0.963 —11.2 —0.1 —-659 —0.7 -77.9 —96
proton donor using the GIAO (gauge-invariant atomic orbitals) SOCHSW 882; —g-é —82 ﬂgg-g —8113 —183-?7’
iam25 i i 2! . —-3.8 —0. —86.2 —0. —90.
formahsm, at the MP2 level ywth the same basis sgts ysed for HaO" 0980 -56 —01 —1151 01 —120.7
the coupling constant calculations. Structure determinations were EH
done using the Gaussian 9§ suite of progr&?nmdl coupling = 0.926 1840 04 3093 17 4954 529
constants were computed using ACE%’IAll calculations were FHy* 0.969 81.6 —0.2 556.6 —6.6 631.4

performed on the Cray SV1 or the Itanium cluster at the Ohio

Supercomputer Center. aRef 28.5 Ref 29.¢ Reported as not measurable in ref $3Ref 31.¢ Ref

32.fRef 33.9 Estimated from the Fermi-contact terfrRef 34.1 Ref 35.

Results and Discussion experimenta&f-35 1Jy_y, values. It is apparent from the computed

Monomers. The proton donors are grouped in Table 1 under results that the Fermi-contact term is the dominant term
C—H, N—H, O—H, and F-H donors. Included among these contributing to'Jx—n. Moreover, for all C-H, N—H, and O-H
are examples of neutral and cationic donors, and donors withdonors except kO, the FC term is more than an order of
different hybridizations of C, N, O, and F. The-¥i donors magnitude greater than any other term. However, it does appear
comprise the most extensive set, including neutral molecules that the dominance of the FC term decreases in the monomers
that have nitrogen atoms that are sp (HNC}, gpyrrole), or as the number of lone pairs of electrons on X increases. (Pecul,
sp® (NHs) hybridized; and cations that have sp (HCNHsp? Sadlej, and Helgaker have noted in a methodological study that
(pyridinium), or s (NH4*) hybridized nitrogens. Table 1  the performance of DFT deteriorates as the number of electron
reports the monomer XH distances, the computed values of Pairs on the coupled atoms increasésjhus, the FC term for

the PSO, DSO, FC, and SD terms, and computed and C—H coupling approximate$lc to better than 1%; the FC
term approximatedJy—y and 1Jo-H to within 5% except for

H>0, in which case FC underestimates (in an absolute sense)
1Jo-n by 15% due to the contribution of the PSO term. The FC
term is a poor approximation thlr_y in both FH and Fhi*
due to the large positive values of the PSO term.

From Table 1 it can be seen that for the neutraliNdonor
molecules, the NH bond length increases ahiy—y decreases
(in an absolute sense) as the hybridization changes from sp to
sp? to s, however this simple relationship does not hold in
general. For the cationicNH donors, the sp-hybridized donor
HCNHT has the same NH distance as the 3plonor pyri-
dinium, but the computed NH coupling constants are very
different at—149.3 and-91.6 Hz, respectively. These computed
values are in agreement with the experimental valuesi#4

(14) Hehre, W. J.; Ditchfield, R.; Pople, J. B. Chem. Phys1982 56, 2257.

(15) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 238 213.

(16) Spitznagel, G. W.; Clark, T.; Chandrasekhar, J.; Schleyer, P. V. R.
Comput. Chem1982 3, 3633.

(17) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V. R.
Comput. Chem1983 4, 294.

(18) Perera, S. A.; Sekino, H.; Bartlett, R.JJ.Chem. Phys1994 101, 2186.

(19) Perera, S. A.; Nooijen, M.; Bartlett, R.Jl.Chem. Physl996 104, 3290.

(20) Perera, S. A.; Bartlett, R. J. Am. Chem. Sod.995 117, 8476.

(21) Perera, S. A.; Bartlett, R. J. Am. Chem. S0d.996 118 7849.

(22) Schier, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571.

(23) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(24) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1995 103 4572.

(25) Ditchfield, R.Mol. Phys.1974 27, 789. London, F. Phys. Radium1937,

8, 397.
(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, M.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian
98, Rev. A9, Gaussian, Inc. Pittsburgh, Pa, 1998.
ACES Il is a program product of the Quantum Theory Project, University
of Florida. Authors: Stanton, J. F.; Gauss, J.; Watts, J. D.; Nooijen, M.;
Oliphant, N.; Perera, S. A.; Szalay, P. G.; Lauderdale, W. J.; Gwaltney, S.
R.; Beck, S.; Balkova, A.; Bernholdt, D. E.; Baeck,K.; Tozyczko, P.;
Sekino, H.; Huber, C.; Bartlett, R. J. Integral packages included are VMOL
(Almlof, J.; Taylor, P. R.); VPROPS (Taylor, P. R.); ABACUS (Helgaker,
T.; Jensen, H. J. Aa.; Jorgensen, P.; Olsen, J.; Taylor, P. R.). Brillouin-
Wigner perturbation theory was implement by Pittner, J.

(28) Stothers, J. B. Carbon-13 NMR Spectroscopy, Academic Press: New York,
1972, p. 345.

(29) Waser, R.; Diehl, PMagn. Reson. Chenl987, 25, 766.

(30) Sgrensen, T. $Angew. Chem., Int. Ed. Engl998 37, 603.

(31) Berger, S.; Braun, S.; Kalinowski, H.-OIMR Spectroscopy of the Non-
Metallic ElementsJohn Wiley & Sons: Chichester, 1997, p 246.

(32) Berger, S.; Braun, S.; Kalinowski, H.-OIMR Spectroscopy of the Non-
Metallic ElementsJohn Wiley & Sons: Chichester, 1997, p 245.

(33) Berger, S.; Braun, S.; Kalinowski, H.-OIMR Spectroscopy of the Non-
Metallic ElementsJohn Wiley & Sons: Chichester, 1997, p 247.

(34) Berger, S.; Braun, S.; Kalinowski, H.-O. NMR Spectroscopy of the Non-
Metallic Elements, John Wiley & Sons: Chichester, 1997, p 386.

(35) Berger, S.; Braun, S.; Kalinowski, H.-O. NMR Spectroscopy of the Non-
Metallic Elements, John Wiley & Sons: Chichester, 1997, p 587.

(36) Pecul, M.; Sadlej, J.; Helgaker, Them. Phys. LetR003 372, 476.
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o of 50.33! 58.93% and 46.8%* respectively. The difficulty in
00 o describing coupling constants for atoms with lone pairs of
electrons noted in ref 36 is again manifest in the results reported
4o in ref 42.
- on S ot It is significant thatlJx_y for 1N—1H and 1’O—!H appear
] in the lower-left quadrant of Figure 1, indicating that the
% 20 computed and experimental signs of these coupling constants
. o are negativelly_y for 13C—H and!9F—!H appear in the upper
right, corresponding to positive values of both computed and
0 experimental coupling constants. Analysis of the signs of these
WM coupling constants will be presented below.
100 2 o Complexes.Table 2 presents computed-X distances, FC
How terms, andJx—y for the monomers and complexes investigated

-200 -100 0 100 200 300 400 500 600
x4 (calc) (Hz)

Figure 1. Experimental versus computed values of the one-bortHX
spin—spin coupling constantdJx—n).

and—90.5 Hz, respectively, reported by Berger e¥dlationic

in this study. The complexes are grouped according to the nature
of the X—H donor, in the order EH, N—H, O—H, F—H.
Within these four groups, neutral complexes are listed first
according to the hybridization of X (sp, %), and these are
followed by cationic complexes again listed according to the

N—H coupling constants decrease (in an absolute sense) in thehybridization of X. Under a particular proton-donor molecule

order HCNH" (sp) > pyridinium (spg) > NH4" (sp’). For the
cations with G-H bonds the order of decreasing-@l distance
is COH" (sp) > H,COH' (sp?) > H3O™ (sp?), but the order of
decreasing (in an absolute sensk) 4 is COH' (sp) > H3O™
(sp’) > H.COH' (sp).

The experimental values oflx—y for ten X—H donor

or ion, the complexes are listed in order of increasingtX
distance. A cursory examination of Table 2 shows that the FC
term is an excellent approximation #dx_y for complexes in
which X—H is either C-H or N—H. This approximation is not

as good for complexes with-€H as the donor, especially when
the donor molecule is #D. The FC term is a poor approximation

molecules are plotted against the computed values in Figure 1.to 1J-_p, especially for complexes in which the neutral HF

The coupling constants vary over a wide range, fre@00 Hz
to + 500 Hz. The equation of the straight line shown in Figure
lis

13, (exptl) = (1.02+ 0.02)"J,_,, (caled) (1)

molecule is the proton donor.

To compare XH coupling constants in complexes with
different proton donors, coupling constartlk-y have been
converted to reduced coupling constatg_n,*3 and these are
also reported in Table 2. The scattergram (Figure 2) shows
1Kx—n values versus %H distances. There are two very striking

with a correlation coefficient of 0.997. The largest differences Observations that can be made from this figure. The first is that
between computed and experimental values are found forthere appears to be little if any correlation betweenFX

HCNH* (11%) and for HCN and HF (6%). The overall

distances and reduced-¥ coupling constants. The second is

agreement between theory and experiment is really quite good.that all one-bond reduced-H coupling constants’x-) are
(It should be noted that the calculations were carried out at Positive.
equ”ibrium geometries’ whereas the experimenta| data refer to Figure 2 illustrates that there is significant scatter in the values

vibrational ground-state geometries. However, changes-ihl X

of reduced X-H coupling constants as a function of the-M

distances due primarily to zero-point motion associated with distances. Table 2 also illustrates this point. For example, in

the anharmonic XH stretching mode have a relatively small
effect on X—H coupling constant¥-39. Both ab initio and DFT

the complexes with Nkt as the proton donor, the Fermi-contact
term and'Jy—y increase in absolute value in the order NH<

studies of coupling constants involving small molecules have NHs":OC= NH4":FH, even though the NH distances increase

been reported recently:42 These include a very recent
investigation by Wu, Gifenstein, and Crem&rof reduced X-H

in this order. Moreover, the complex NHCO in which the
N—H distance is 1.035 A has a coupling constant that is similar

coupling constants for a series of second- and third-row hydridesto NHs", which has an N-H distance of 1.022 A.

including NH;, H,O, and HF. Their results were obtained using
their CPDFT procedure with the B3LYP and BLYP functionals
and the 6-311G(d,p) basis set. Their computed values fad X

To gain insight into the variation 88—y with X—H distance,
we have examinetlly—y in the NH;™ cation and its complexes
as a function of the NH distance. For the cation N8, 1Jy-n

coupling constants for these three molecules are 41.5 (46.3 withwas computed for the stretched—W bond. The distances

Dunning’s cc-pV5Z basis), 34.3, and 263 {0'°N A=2 m™9),

selected correspond to the—¥ distances in the hydrogen-

respectively. Our EOM-CCSD values in the same units are 50.6, bonded complexes listed in Table 2 that have,;N&ss the proton
47.8, and 43.8, in better agreement with the experimental valuesdonor. Figure 3 presents two graphs: one - for the

(37) Ruden, T. A,; Lutnaes, O. B.; Helgaker, T.; Ruud JKChem. Phys2003
118 9572.

(38) Wigglesworth, R. D.; Raynes, W. T.; Sauer, S. P. A.; Oddersiiedéol.
Phys.1998 94, 851.

(39) Enevoldsen, T.; Oddershede, J.; Sauer, S. Ah&or. Chem. Actd998
100, 275.

(40) Auer, A. A.; Gauss, JI. Chem. Phys2001, 115 1619.

(41) Peralta, J. E.; Scuseria, G. E.; Cheeseman, J. R.; FrischQ¥ledh. Phys.
Lett. 2003 375, 452.

(42) Wu, A.; Grdenstein, J.; Cremer, DI. Phys. Chem. 2003 107, 7043.

15626 J. AM. CHEM. SOC. = VOL. 126, NO. 47, 2004

stretched N-H bond in NH;*, and the other fotJy—n for the
complexes with N as the proton donor. It is apparent that
LIn—n in the isolated cation is nearly constant over the relatively
short range of N-H distances considered, decreasing only
slightly in absolute value as the-MH distance increases from
1.022 to 1.113 A. The near constancy ‘0f—n reflects the

(43) Raynes, W. TMagn. Reson. Cheni992 30, 686.



Relationships among *Jx—, 1Kx—n, and X—H Distances

ARTICLES

Table 2. Computed X—H Distances (A), X—1H Fermi Contact Terms (FC) and Total Coupling Constants [*Jx_y (Hz)], and Reduced

Coupling Constants [*"Kx-n (N A=2 m~3)] for X—H—Y Hydrogen Bonds, with X = 13C, 1N, 7O, and °F

complexes complexes
with C-H *Ke—n with C-H *Ke—n
donors R(C-H) FC e (x10%) donors R(C-H) FC e-n (x10%)
1 NCH 1.067 251.4 251.7 83.3 13 HNCH* 1.079 332.5 332.5 110.1
2 NCH:OC 1.067 252.2 252.5 83.6 14 HNCIOC 1.086 327.4 327.7 108.5
3 NCH:FH 1.069 253.8 254.1 84.1 15 HNCHFH 1.091 324.8 325.3 107.7
4 NCH:NCH 1.072 254.4 254.7 84.3 16 HNCKO 1.100 321.0 321.6 106.5
5 NCH:NHz 1.081 252.7 253.0 83.7 17 HNCENCH 1.129 299.2 300.1 99.3
6 NCH:pyridine 1.082 251.9 25189 834 18 HNCH:CNH (Cw,) 1.146 288.6 289.9 96.0
7 NCH:NC™ 1.110 248.6 249.3 82.5 19 HNCECNH (Deh) 1.376 130.8 132.7 43.9
8 NCH:CN™ (C..,) 1.114 248.0 248.7 82.3 20 OCH" 1.091 345.0 345.6 114.4
9 NCH:CN™ (Deoh) 1.391 99.9 101.3 33.5 21 OCtDC 1.109 330.3 3314 109.7
10 CFH; 1.086 171.3 172.0 56.9 22 OCHCO (Cwy) 1.160 292.6 294.3 97.4
11 RHCH:OCH, 1.083 178.5 178% 59.1 23 OCH:FH 1.121 319.5 320.7 106.2
12 RHCH:OH, 1.084 180.8 181.5 60.1
complexes complexes
with N-H Ky—n with N-=H Ky-n
donors R(N-H) FC LN—h (x10%) donors R(N-H) FC TN- (x10%)
24 CNH 1.000 —114.4 —1158 95.1 38 HCNH:FH 1.046 —136.7 —136.9 112.4
25 CNH:NCH 1.012 -—-1149 -—115.7 95.0 39 (HCNH™ (Do) 1.261 —56.6 —56.9 46.7
26 CNH:NH; 1.035 —109.2 —109.2 89.7 40 Pyridinium 1.017 —91.6 —-91.& 75.2
27 CNH:pyridine 1.040 -107.4 -—107.#8 88.2 41 Pyridinium:FH 1.021 —93.2 —93.2 76.5
28 CNH:NC (Cw,) 1.141 —79.2 —79.5 65.3 42 Pyridinium:NCH 1.035 —92.0 —92.¢% 75.6
29 CNH:NC" (Dcoh) 1.268 —43.1 —43.4 35.6 43 Pyridium:CNH 1.042 —90.7 —90.7 74.5
30 Pyrrole 1.007 —90.8 —93.4 76.7 44 NH4*™ 1.022 —73.4 —75.0 61.6
31 Pyrrole:NCH 1.011 —93.6 —93.6 76.9 45 NH":0C 1.027 —74.4 —75.8 62.3
32 Pyrrole:NH 1.021 —93.7 —93.7 77.0 46 NH:FH 1.029 —74.5 —75.9 62.3
33 NH;3 1.011 —58.4 —61.6 50.6 47 NH":CO 1.035 —=73.7 —75.0 61.6
34 NHs:NH2~ (Cy) 1.052 —63.2 —64.4 52.9 48 NH":NCH 1.049 —-72.7 —73.7 60.5
35 NHz:NH2™ (Cy) 1.304 —22.0 —22.0 18.1 49 NH":CNH 1.057 —-71.2 —-72.1 59.2
36 HCNH* 1.017 —149.0 —1493 122.6 50 NE&t:NH3 (Cs,) 1.113 —60.5 —61.2 50.3
37 HCNH":OC 1.033 —142.0 —1422 116.8 51 Nbt:NH3 (Dag) 1.299 —26.4 —26.5 21.8
complexes complexes
with O-H Koy with O-H Kon
donors R(O-H) FC Yo-n (x10%) donors R(O-H) FC o-H (x10%9)
52 H>0 0.963 —65.9 —77.9 47.8 60 H,COH*™ 0.985 —86.2 —90.3 55.4
53 HOH:NCH 0.967 —70.2 —80.3 49.3 61 RHCOH":FH 1.006 —85.1 —87.7 53.8
54 HOH:OH 0.970 —71.6 —81.0 49.7 62 (HCO)XH™ (Can) 1.205 —27.7 —27.8 17.1
55 HOH:NC" 0.992 —74.2 —80.5 49.4 63 H30™ 0.980 —115.1 —120.7 74.1
56 HOH:OH (Cy) 1.096 —49.5 —51.6 31.7 64 HOH*:FH 1.011 —106.8 —110.1 67.6
57 HOH:OH (Cy) 1.222 —-19.9 —20.1 12.3 65 HOH™:CO 1.039 —97.2 —99.6 61.1
58 COH* 0.997 —180.6 —183.7 112.8 66 EDHT:NCH 1.134 —64.7 —65.1 40.0
59 (COYH™ (Dwoh) 1.197 —68.0 —68.2 41.9 67 HOHTOH, (Cy) 1.194 —47.5 —47.5 29.2
complexes complexes
with F=H Ke—y with F=H Ke—
donors R(F-H) FC r—u (x10%) donors R(F-H) FC e (x10%)
68 FH 0.926 309.3 495.4 43.8 75 FH:NCLi 0.955 356.4 470.1 41.6
69 FH:CO 0.922 353.4 518.6 45.9 76 FH:BH 0.963 3255 431.5 38.2
70 FH:NCH 0.927 370.2 516.7 45.7 77 FHF 1.150 82.1 101.2 9.0
71 FH:OC 0.928 323.9 497.6 44.0 78 FH,* 0.969 556.6 631.4 55.8
72 FH:FH 0.932 338.1 497.8 44.0 79 HEC 1.093 299.4 315.8 27.9
73 FH:OCH 0.943 341.0 476.8 42.2 80 HRtFH (Car) 1.151 186.3 195.3 17.3
74 FH:OH 0.943 349.0 482.8 42.7

a Estimated from the Fermi-contact term.

absence of an explicit distance-dependent term in the Fermi-hydrogen-bonded complexes it is not only the-N distance
contact operatott However,*Jy—n eventually goes to zero as  which is a factor in determiningdy—n, but also the nature of

the N—H distance increases, due to a cancellation of positive the hydrogen bond. It is well-known that formation of an
and negaﬂve contributions to the Fermi-contact term from the X—H-Y hydrogen bond is associated with Charge transfer from
manifold of excited triplet states that couple to the ground $tate. he proton acceptor to the proton donor moiety. In the process,
In contrast,\Jy— for the complexes decreases dramatically s yhe ground-state electron densities of X and Y increase, while
the N-H d|+stance Increases fro’.“ 1.027 A n NHOC t0 1.113 . that of the hydrogen-bonded proton decreases. Since in the sum-
Ain NoH7*, as evident from Figure 3. This suggests that in over-states expression for the Fermi-contact term (and thus
LIn-n), contributions arise from-type excited triplet states that
couple to the ground staté,it can be inferred that the lower

(44) Kirpekar, S.; Jensen, H. J. Aa.; Oddershede&Zhkem. Phys1994 188
171.
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Figure 2. Scattergram showing the values ¥x—_y versus the %H
distance for all monomers and complexes listed in Tabl@:2C—H O:
N—H a: O—H <: F—H.
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Figure 3. One-bond N-H coupling constantsiyy—p) versus the N-H
distance for the stretchedNH bond in NH;™ and for the hydrogen-bonded
N—H bond in complexes with Nkt as the proton dono® NH,"
Hydrogen-bonded complexes with IyHas the proton donor.
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Figure 4. Proton shieldings constants for the stretcheeHNbond in NH;*
and for the hydrogen- bonded hydrogen in complexes withy™N&k the
proton donor® NH," B Hydrogen-bonded complexes with WHas the
proton donor.
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ground-state electron density at the hydrogen-bonded proton isFigure 5. One-bond N-H coupling constants versus-Nd and N-N

responsible at least in part for the decreas®jiny as the N-H

distance increases. As this distance increases, the degree oj%

proton-shared character of the hydrogen bond increases.

distances in CNH:NCH® N—H distance fixed at 1.012 AR =0 A
rresponds to an NN distance of 3.20 A, which decreases by 0.1 A as
increases to 0.80 A. ADR = 0.80, the N-N distance is 2.40 Am
N—N distance fixed at 3.30 A. The \H distance increases from 0.90 A

In support of this explanation, the shielding constants of the atsR=0 A to 1.70 A atéR = 0.80 A.

H atom of the stretched NH bond in the cation Nt and of
the hydrogen-bonded proton in the complexes withsNlds

In this figure, the proton-shared character of the hydrogen

the donor have been computed, and these are plotted as &ond increases adR increases. The top curve is the curve

function of the N-H distance in Figure 4. A behavior similar
to that shown folJy—y in Figure 3 is observed. As the-NH
distance increases from 1.027 to 1.113 A in the isolatedNH
cation, the shielding of the H atom of the stretchedi\bond
changes slightly from 26.8 to 23.7 ppm. In contrast, as th&IN

generated by fixing the NH distance at 1.012 A, and varying
the N—N distance from 2.40 to 3.20 A in steps of 0.10 A. In
Figure 5, the point for CNH:NCH that corresponds to ani
distance of 3.20 A is found &R = 0.00 A. This distance then
decreases in steps of 0.10 A until the-N distance is 2.40 A

distance increases in the complexes the shielding decreases frorhendR = 0.80 A. Thus, a®R increases, the NN distance

25.9 ppm in NH™:OC to 13.4 ppm in BH;". The hydrogen
bond in the equilibriunCs, structure of NH;™ has significant

decreases, the difference between the tweHNdistances
decreases, and the proton-shared character of the hydrogen bond

proton-shared character, and the hydrogen-bonded H atom hagncreases. The net result is a decreasélipy from —115.4

a relatively low electron density.
To further illustrate the point thdtly—y does not explicitly

Hz when the N-N distance is 3.20 A, te-101.1 Hz when the
N—N distance is 2.40 A, even though the-N distance in the

depend on the NH distance but is also influenced by the nature Proton-donor molecule is constant.
of the hydrogen bond, two graphs that show the dependence of The lower curve in Figure 5 shows the variation'd§—y in

1Jn—n on N—N and N-H distances in the complex CNH:NCH
are presented in Figure 5.
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corresponds to an NH distance of 0.90 A, and this distance  *
increases to 1.70 A a8R increases to 0.80 A. As the-\H s
distance increase&)y-n decreases from-116.5 Hz to—72.7
Hz. Once again, the proton-shared character of the hydrogen
bond increases as the-¥ distance increases and the electron
density on the hydrogen-bonded proton decreases. Thus, thesieu
data provide some insight into the scatter observed in Figure 2
whenKx_y is plotted against the XH distance.

Can the reduced coupling constadk—y and the X-H
distances be related? To answer this question, we have plotted *
these data in a variety of ways. One approach involved an s

225 245 265 285 3.05 3.25 345 365 3.85 4.05 425

45

4

25

attempt to minimize the dependencel&—y on the specific Paiing electronegatvy
nature of the proton donor by plotting the ra@/K, versus Figure 6. Slopes #) and interceptsM) for straight lines that relate reduced
RJ/Rm, where K. and K, are the reduced XH coupling X—H coupling constants to XH distances plotted against the Pauling

; : electronegativity of X (C, 2.5; N, 3.0; O, 3.5; F, 4.0) For-8&, N—H,
constants in the complex and corresponding monomer, respec O—H, and F-H donors, the plofs are 8Ky, (complex)*Kx_ (monomer)

tively, andRc and R are the %-H distances in the complex  versusRy_y (complex)Rx_ (monomer).
and monomer, respectively. If these plots are constructed
separately for complexes with-¢4, N—H, O—H, and FH
donors, a linear relationship is found, as described by the
following equations.

0.25

For C—H donors: a3
KJ/K,= —2.10R/R,+ 3.11

n=23:r>=0.97

Slope

For N—H donors:
KJK,= —2.44R/R + 3.46

n=28:r>=0.98

-0.45

05

6 8 10 12 14 16 18

For O-H donors: Fi 7. C ted sl t;"";“""l"‘":"""i";j ed X li tant
— igure 7. Computed slopes that relate reduc coupling constants
KC/Km 2'95RC/R”‘ +3.97 to X—H distances plotted against the square of the Pauling electronegativity
n=16; r2 =0.98 of X, for complexes with G-H, N—H, O—H, and F-H donors. The slopes
relate Rx—n (complex)— Rx—n (monomer)]Rx—y (monomer) to fKx—n
For E=H donors: (complex)— Kx—n (monomer)!Kx—y (monomer).

KJK,,= —3.89 +4.91
K RSB ) between coupling constants and electronegativity are apparent
n=13;r"=0.99 from these daté245-50

There are two interesting observations that can be made from The relationships evident from Figures 6 and 7 led to the
these equations. plot shown in Figure 8, which relates the coupling constants
1. The difference between the intercept and the absolute valuefor 16 different X-H proton donors and 64 hydrogen-bonded

of the slope is essentially the same for the four different proton complexes with these donors to the correspondingHX
donors (1.02 for N°H, O—H, and F-H donors; 1.01 for &H distances. In Figure 8J){ — Jm)/Jn has been plotted against
donors.) Although these coefficients have been obtained statisti-[(Re — Rm)/Rm] x P2, whereP? is the square of the Pauling
cally, they should fit the condition that the sum of the slope electronegativity. A linear relationship is found that has a

and intercept must have a value close to k(gjope—{- intercep[ correlation coefficient of 0.97. This r8|ati0n3hip is dl'amatiC,
= 1) since for the monomer&, = K, andR; = Rn. given the fact that the same raw data exhibit such scatter in

2. As the X atom of the proton-donor species becomes more Figure 2, and the recent statement made in ref 42 that it is almost
electronegative, both the intercepts and the slopes increase. impossible to rationalize trends in measured one-bond-spin

Plots of the slopes and the intercepts of these 4 equationsSPin coupling constantXx - of XHy hydrides by one simple
versus the Pauling electronegativity of X are shown in Figure concept, as has been repeatedly tried in the literature. Moreover,
6. As evident from this figure, both variables can be related to @mong the many interesting features of this plot is the
the Pauling electronegativity through similar second-order replacement of the reduced coupling constdki () by the
curves. We have focused on the slopes, and have further reduce§oupling constant which would be measured experimentally
the monomer dependence by subtracting from the reduced(*Jx-+). This replacement is possible because it is the dimen-
coupling constants and distances of complexes the coupling

i i 45) Hruska, F.; Kotowycz, G.; Schefer, Tan. J. Chem1965 43, 2827.
constants and distances of the corresponding monomer. The§46) Huhsey, J. 3 Chiorm. Phys1066 45, 405,
)
8)

slopes of four curves that relateR(— Rn)/Ry] to [(Ke — Kim)/ (47) Altona, C.; Ippel, J. H.; Westra Hoekzema, A. J. A.; Erkelens, C.;

i ~ _ _ Groesbeek, M.; Donders, L. AMagn. Reson. Chen1989 27, 564.
Km] for complexe; with G H, N H, O—H, and F-H donors i (48) Berger, S.; Braun, S.; Kalinowski, H.-O. NMR Spectroscopy of the Non-
are plotted in Figure 7 against the square of the Pauling Metallic Elements, John Wiley & Sons: Chichester, 1997, pp 897, 922,
i ; : i ; } 940, 947, 951, 962, 968.
e_Iectroneggtlwty. A linear relationship is found, with a corrgla (49) San Fabian. J.; Guilleme, J.‘€ E.J. Magn. Resor199§ 133 255.
tion coefficient of 0.999. Thus, the very well-known correlation (50) Clark, T. M.; Grandinetti, PJ. Solid State NMR00Q 16, 55.
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(Jcomplex-Jmonomer)/Jmonomer

-5 0 5 1

15 2

[(Rcomp-Rmon)/Rmon]*(P**2)

Figure 8. [%Jx-n (complex)— YJx—_y (monomer)]:x—n (Monomer) versus
{[Rx=n (complex)— Rx—n (monomer)]Rx—n (monomer) x P2, whereP?

most from the linear behavior illustrated in Figure 8, points for
three of them lie above the line, while two lie below. As a result,
omitting all anions, or all nonequilibrium structures, or both,
does not improve the correlation coefficient of 0.97 for the entire
set. An analysis of the residuals shows no trend other than the
larger residuals found for complexes in the lower-right corner
of the plot where the confidence intervals for the slope are
greater. These complexes are those with increased proton-shared
character of the hydrogen bond.

As noted above, the second striking feature of Figure 2 is
the fact that all reduced one-bond-Xl coupling constants are
positive, both in the monomers and in the hydrogen-bonded
complexes. Since the FC term dominates in all cases, it is
justified to analyze'Kx—y by analyzing the reduced Fermi-
contact terms, which are also large and positive for albX
bonds. The nuclear magnetic resonance triplet wave function
model (NMRTWMY states that the sign ofKyx_y (more
precisely the sign of the reduced FC term) is a result of
competing positive and negative contributions from excited
triplet o-type states of the appropriate symmetry that couple to

is the square of the Pauling electronegativity. Complexes that deviate mostthe ground state through the Fermi-contact operator. The

from the best-fit straight line are identified according to their number in
Table 2.

sionless ratio K — Km)/Km, which is plotted against |, —
Rm)/Rm] x P2, and the quantityl¢ — Km)/Kn is equal to ¢ —
Jm)Jdm. That is, plotting the ratio removes the dependence of
the coupling constants on the magnetogyric ratios of X and H.

Thus, we have related directly the one-bond coupling constants

1y for complexes with GH, N—H, O—H, and F-H proton

donors. To our knowledge, this is the first time that coupling
constants J) for different pairs of coupled atoms have been
related. Figure 8 includes points for the 16 monomers which

have the coordinates (0,0) on the graph. To evaluate whether

their inclusion skew the data, we replotted the data for the
complexes only. Doing this had an imperceptible effect on the

orientations of the nuclear magnetic moments of the coupled
atoms repond to the phases of the triplet-state wave functions,
such that if the phases at two atoms are the same (both positive
or both negative), then the alignment of the nuclear moments
is parallel, and the sign of the reduced FC term is negative. In
contrast, if the signs of the wave function at two nuclei are
different, then their nuclear magnetic moments have an anti-
parallel alignment, and the sign of the FC term is positive. Since
all FC terms (and thereforéKyx_p) for X—H coupling are
positive, this implies that states with one node (or an odd number
of nodes) intersecting the-XH bond dominate.

Because all reduced one-bond—MK coupling constants
(*Kx—n) in the proton-donor molecules are positive, it is possible

appearance of the plot and did not change the correlationto predict the signs offJx_y by noting the signs of the

coefficient of 0.97.

In Figure 8, the five complexes that deviate most from the
best-fit straight line have been indicated by their numbers in
Table 2. The five are all charged complexes, including one

magnetogyric ratios of X and H. Sinck#d has a positive
magnetogyric ratio, the sign é8x—n depends on the sign of
the magnetogyric ratio of X. This means tAd¢_y and1Je—y
will be positive, whilelJy—y and1Jo-y will be negative. This

cation and four anions. The three complexes identified in the generalization is evident from Figure 1, which shows that points

lower right of the graph a9, 9, and77 are (HNC...H...CNH},
(NC...H..CN), and (F...H...F), respectively. These complexes
have Don Symmetry with symmetric proton-shared hydrogen
bonds. However, only (F...H...F)is an equilibrium structure.
The other two have €H—C hydrogen bonds and are transition

structures for proton transfer between two HNC molecules and

two CN~ anions, respectively. The constrained structures of
these latter two complexes have very longl€distances. Their
deviation from the linear relationship shown in Figure 8 may
be due at least in part to these unusually longHCdistances.
The two points marked in the upper left of the plot in Figure 8

for Wn—n andlJo-y are found in the lower left quadrant of the
plot, while those forJc—y and1J-—y are in the upper right.

In our previous paper, we noted that reduced-two bort/X
spin—spin coupling constants across-X—Y hydrogen bonds
(?"Kx—y) are also positivé,with the exception of'Kr_g in
(HF),. With respect to the lower-energy triplet states, this means
that the dominant states have one node intersecting either the
X—H covalent bond or the H...Y hydrogen bond. Which of these
two is the more important cannot be determined without a
complete sum-over-states calculation, which is not feasfble.

also correspond to anionic complexes. One is the equilibrium Although it is not necessary that the same states that determine

C; structure of the complex N&NH2~ (34) in which NHs is

the proton donor to NE. The second is the equilibrium
structure ofCs symmetry for the complex HOH:NC(55). In
both of these, the proton-donor-N and O-H bond lengths
are only slightly longer than in the corresponding monomers,

the sign of!Kyx_y should also be responsible for determining
the sign of?'Kyx_y in a particular hydrogen-bonded complex,
this is certainly a possibility. The dominant low-energy states
for both could be those that have one node (or an odd number
of nodes) intersecting the XH covalent bond and no nodes

which suggests that these two complexes are stabilized by(or an even number of nodes) intersecting theYHhydrogen
traditional hydrogen bonds. Of the five complexes that deviate bond.
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Conclusions same straight line. For the first time, coupling constants for four

A systematic study of one-bond spiepin coupling constants ~ different pairs of atoms (€H, N—H, O—H, and FH) have
for a series of monomers and hydrogen-bonded complexes had€€n simply related to XH distances and the Pauling elec-
been carried out using the ab initio EOM-CCSD method. The tronegativity of X.
results of this study off{C—1H, 15N—1H, 7O—1H, and*F—'H 4. The five complexes that exhibit the largest deviations from
coupling constants for a set of 16 monomers and 64 hydrogen-the linear relationship described in point 3 are charged com-
bonded complexes in which these monomers are proton donorsplexes, 4 anions, and 1 cation. Three have symmetric proton-

support the following statements. shared hydrogen bonds. Of these, the two that exhibit the
1. There is good agreement between the computed monomergreatest deviation from linearity are constrained transition
coupling constants and available experimental data. structures for proton transfer that have unusually longHC

2. All reduced one-bond spitspin coupling constants  distances.
(*Kx—n) for the monomers and complexes are positive. Since
the magnetogyric ratio dH is positive, this implies thatlc—p
andiJr_y are positive, whilely—y andiJo-y are negative, in
agreement with experimental data. Insight into the positive signs
of the reduced coupling constants can be obtained through the
NMR Triplet Wave function Model (NMRTWM).

3. Itis not possible to relatix— to X—H distances directly,
since a plot of these quantities exhibits significant scatter.
However, by reducing the dependence on the specific monome

e . P
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ratio removes the dependence of coupling constants on the
magnetogyric ratios of X and HKx—y andJx—y produce the ~ JA0401545

5. Detailed analyses of the variation of-¥ coupling
constants and proton chemical shifts in selected monomers and
complexes indicate that it is not simply the-Xl distance that
influences X-H spin—spin coupling constants in complexes.
Rather, as the XH distance increases, the proton-shared
character of the hydrogen bond also increases, and the electron
density on the hydrogen-bonded proton decreases. This leads
rto a decrease in the reduced-K coupling constant.
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