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Abstract: Ab initio calculations of the scalar coupling constahisy—ty = Jyn and2dsy...:sy = Jyn of the

N—H---N hydrogen bonds in the anion £N---L---5N=C]~ (1), L = H, D, and of the cyclic hydrogen-
bonded formamidine dimer (HCNHNJ$ (2) have been performed using the density functional formalism as

a function of the hydrogen bond and molecular geometries. The coupling constants are discussed in comparison
with the experimental and calculated constddts_1y = Jry and 22919 = Jer reported previously as first

set of examples of scalar couplings across hydrogen bonds for the hydrogen-bonded clusters gf [AtHF)

= 1-4 by Shenderovich, I. G.; Smirnov, S. N.; Denisov, G. S.; Gindin, V. A.; Golubev, N. S.; Dunger, A;;
Reibke, R.; Kirpekar, S.; Malkina, O. L.; Limbach, H. Ber. Bunsen-Ges. Phys. Chef®98 102 422.

Using the valence bond order model, which has been successfully applied previously to explain hydrogen
bond correlations in crystallography and solid-state NMR of hydrogen-bonded systems, the coupling constants
are related to the hydrogen bond geometries and NMR chemical shifts. In terms of this model, there is no
principal difference between FHF- and NHN hydrogen-bonded systems. Whereas the coupling constant values
calculated using the DFT method for the fluorine case only reproduce the experimental trends, the agreement
between theory and experiment is much better in the nitrogen cases, which allows one to determine the hydrogen
bond geometries including the hydrogen bond angle from a full set of experimental coupling constants. It is
found that the coupling constanigs in A—H---B are proportional to the product of valence bond orders
(panpHB)™, Wherem is an empirical parameter equal to 2 in the case of fluorine bridge atoms and close to 1

in the case of nitrogen bridge atoms. The coupling constagtsdepend on two terms, a positive term
proportional topan and a negative term proportionalas(pxs)? leading to vanishing or even negative values

of Jan at larger A--H distances; in this region the constadig are larger than the absolute valueslgf. As

a consequence, vanishing couplings between a hydrogen-bonded proton to a heavy nucleus across the hydrogen
bond cannot be taken as an indication for a noncovalent character of this hydrogen bond. The exisignce of

is taken as a strong evidence for the covalent character of the hydrogen bonds studied. This is corroborated by
a analysis of the molecular orbitals df)(and their individual contributions to the coupling constants.

Introduction bond order concept of Paulirfgn this concept the chemical
bond between A and H in a diatomic molecule AH or between
H and B in HB can be characterized by empirical valence bond
orderspan andpug Which decay exponentially with the bond
distancegan andryg

Hydrogen bonding is an important phenomenon in chemistry
and biology. In the past, its origin has mostly been attributed
to electrostatic interactions between a proton donor AH and an
acceptor B forming the bridge AH---B.> On the other hand,
several experimental observations have recently provided .
evidence for a covalent character of the hycrogen bond. (01 Pl L5, A%, Chem, Sedot o8 542 ©) o, 1.0,

The first evidence refers to correlations of hydrogen bond | ondon1975 B 272 99.

geometries® which have been explained in terms of the valence  (3) (a) Truhlar, D. GJ. Am. Chem. Sod972 94, 7854. (b) Agmon, N.
Chem. Phys. Lettl977 45, 343.
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Pay = Xl —(F s — Far /Do) liquid-state NMR using deuterated gases as NMR solv&hts,
or in the case of large biomolecules under normal condit!8ns.
Pre = X[ —(Tpe — Mg )/bgt (1) An important outcome of these studies was that complexes

of the type A-H---B can exhibit scalar two-bond couplings
ran® and ryg® are the equilibrium bond distances where the 23, . = Jug which are larger than the corresponding one-bond
valence bond orders are unity, abgy andbyg represent the coupling constant&Jay and Wy, in contrast to any chemical
parameters describing the bond order decrease. In the case of gyyition. Examples were FH--F ~ hydrogen bonds in clusters
hydrogen-bonded complex AH:--B the same hydrogen is  of the type [F(HF)] -, n = 2—3 dissolved in liquefied Freon
boun_d both_ to A an_d to B, but the total valency of hydrogen mixtures8 where|2Jge| 3> |Leyl. This phenomenon was shown
remains unity, that is to arise from a sign change &=y when the F+H distance
. was increased. This sign change was reproduced by quantum
Pan + Pup =1 (2) chemical calculatiorfausing density functional theory implanted
) o _ . in the deMon-NMR codé! Thus, absence of coupling of a
Equation 2 implies that there is no qualitative but only a o160 across the hydrogen bond can no longer be taken as an
quantitative difference between the usual “covalent”bondAH iy gication for the absence of common molecular orbitals
exhibiting a larger (but nevertheless smaller than 1) valence paiveen A and B. In the meantime, scalar heavy atom hydrogen
bond order-and the hydrogen bond HB exhibiting the smaller 1, couplings were also observed for a compleflabeled
valence bond order. Thus, in principle, both bonds can be 2,4,6-trimethylpyridine with HF dissolved in deuterated Fre¥ns,
regarded either as “covalent” bonds or as “hydrogen” bonds. If | hare a very large value gty = 95 Hz contrasted with small
one uses broken Iines in order to indicate partial bonds, one, o ag of Jery. This observation indicates that the two-bond
should then symbolize a hydrogen-bonded complex-ag#+ 5 5jings do not simply scale with the associated gyromagnetic
B rather than as AH-+B. A second consequence of €q 2is o ments. A series of new scalar couplings across hydrogen
that for any stationary state the two bond distangasandrig bonds were observed in biological macromolecdfésnainly
of a hydrogen bond cannot be varied independently. This 4 o to the work of Dingley and Grzesié® where the slow
correlation has been used in tracing reaction pathways of prOtO”'hydrogen bond exchange regime is more easily realized than
transfer reactiof,but it has been verified by neutron crystal- in small complexes. Thus, evidence for internucleofidey
lography only recentfy for a number of .hydrogen.-bonded couplings in'>N labeled nucleic acid base pairs was provided
systems. Some of us have reproduced this correlation recentlywhich were of the order of 7 to 8 Hz. This result was confirmed
by numerical quantum mechanical calculations for the case of by Pervushin et a0 who reported in addition couplings

the anion [G='*N-+-H---*N=C] ~ (1) and by solid-state NMbR between protons ardN across the hydrogen bonds, similar to
for the same anion as a Ilgand between two Cr@@ldueéf" . the H+N couplings observed for ©H-+:N hydrogen bond&
furthermore, the correlation was found to be fulfilled also in The goal of this paper is to studv how the novel couplinas
the case of hydrogen-bonded complexes between simple aCidSacrossgh drogen b%n%ls are relateyd with the hvdro eg bgnd
and ammoni&¢ These findings incited some of us to link various eometrigs Vge will show that the valence bond zrde? concent
other hydrogen bond properties such as geometric H/D iSOtOpeigs an efficie.nt tool to construct this link between the world ofp
effects, zero-point energy changes and chemical shifts to theh drogen bond aeometries and scalar couplings. Thus. the
valence bond orders established crystallographicallynfor- y gt ic hvd 9 bond lati i F;] gs. | '
tunately, direct quantum mechanical calculations of valence geomlet_rlc yf rogtlen on l_correFa "iﬂ? will show u%aso asd
bond orders corresponding to the empirical values are not easy corretations ot scalar couplings. For thiS purpose we have use

Using the atom in molecules technology, Bader has shown thatLhoengeC'\élonl'.E'MS]R Cgﬂz \;n ngj?rr]éo ;::Igglztlga’tpeetl)ln;- 3.1% two
the valence bond orders are related to the electron density in> ", uplingsiin AN I previou wetl-stud
the bond critical point&? anion [G=N:-+H--*N=C] ~ (1) as a funcpon of thPT hydroger_1

A second type of evidence for the covalent character of the bond geometry. These results will be discussed in comparison

hydmgen bonds was prowdgd re_cently py Isaacs_ étwhp (8) Shenderovich, I. G.; Smirnov, S. N.; Denisov, G. S.; Gindin, V. A.;
measured the Compton profile anisotropies of ordinary ice by Golubev, N. S.; Dunger, A.; Reibke, R.; Kirpekar, S.; Malkina, O. L.;
X-ray methods. The results were not in agreement with an Limbach, H. H.Ber. Bunsen-Ges. Phys. Cheh®99§ 102 422.

; ; (9) (@) Golubev, N. S.; Shenderovich, I. G.; Smirnov, S. N.; Denisov,
electrostatic character of the hydrogen bond but only with a %\ P o 5 iepe oe ™50 mang0g 5, 492. (b) Smirmov, S,
covalent character, that is, the presence of molecular orbitalsy : Benedict, H.: Golubev, N. S.: Denisov, G. S.: Kreevoy, M. M.; Schowen,

extending across the hydrogen bond. Such extended orbitalsR. L.; Limbach, H. H.Can J. Chem1999 77, 943. (c) Smirnov, S. N.;

imply correlated changes of the phase of the corresponding waveGolubev, N. S.; Denisov, G. S.; Benedict, H.; Schah-Mohammedi, P.;
f p)t/' in both tg f the h z bonded P . 9 Limbach, H. H.J. Am. Chem. S0d.996 118 4094. (d) Golubev, N. S.;
unction 'n_ 0 par S Or the hydrogen- Or_] e SpeC|es._ Smirnov, S. N.; Gindin, V. A,; Denisov, G. S.; Benedict, H.; Limbach, H.

The topic of this paper concerns the third type of evidence H. J. Am. Chem. Sod 994 116, 12055. (e) Golubev, N. S.; Denisov, G.
to look in a new way at hydrogen-bonded systems, that is, the S.; Smirnov, S. N.; Shchepkin, D. N.; Limbach, H.#.Phys. Chen996

; e : 6 73.
recent discovery of scalar nuclear spspin coupling across (10) () Borman, SChem. Eng. New$999 77, 36. (b) Dingley, A. J.,

hydrogen_ bonds_. These COUP"UQS were previously ConSiq_eredGrzesiek, SJ. Am. Chem. S0d.998 120, 8293. (c) Pervushin, K.; Ono,
as nonexistent, in agreement with the idea that only nuclei in a A.; Fernadez, C.; Szyperski, T.; Kainosho, M.; Wich, K. Proc. Natl.

i_Acad. Sci. U.S.A1998 95, 14147.
stable molecular frame held together by covalent bonds experi (11) (a) deMon-NMR program: Salahub, D. R.. Fournier, R.. Miynarski

ence this type of interaction. By contrast, hydrOge_n bonds P.; Papai, |.; St-Amant, A.; Ushio, J. IDensity Functional Methods in
between small molecules are broken and formed rapidly under Chemistry Labanowski, J., Andzelm, J., Eds.; Springer, New York, 1991;
usual conditions. Therefore, it was a surprise to recognize thatStAmant, A.; Salahub, D. RChem. Phys. Let.99Q 169, 387. (b) Malkin,

. - Py V. G.; Malkina, O. L.; Casida, M. E.; Salahub, D. R. Am. Chem. Soc.
such couplings can be observed provided that the lifetime of 159, 1 5808, (c) Malkin, V. G.: Malkina, O. L.. Eriksson, L. A.; Salahub,

the hydrogen bonds is sufficiently lofg!® This regime has D. R.; Modern Density Functional Theory: A Tool for Chemis®gminario,

been achieved for small model systems by Iow-temperature J. M., Politzer, P., Eds.; Elsevier: Amsterdam, 1995; Vol.2. (d) Malkin, V.

G.; Malkina, O. L.; Salahub, D. RChem. Phys. Lettl994 221, 91. (e)
(7) Isaacs, E. D.; Shukla, A.; Platzman, P. M.; Hamann, D. R.; Barbiellini, Malkina, O. L.; Salahub, D. R.; Malkin, V. Gl. Chem. Phys1996 105,

B.; Tulk, C. A. Phys. Re. Lett. 1999 82, 600. 8793.
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with those obtained for the clusters [F(HF), n = 2—3 studied
previously® In addition we have calculated the coupling
constants for the formamidine dim@rwhich is the simplest
model for nucleic acid base pairs. The structure and tautomerism
of 2 and its derivatives has been studied by liquid- and solid-
state NMR?2 and by ab initio calculation®¥ Finally, we will
present a detailed analysis of the various molecular orbitals of
1 from which it follows that the common molecular orbitals

across the hydrogen bonds are responsible for the associated

scalar couplings.

Computational Methods

Ab initio calculations of optimized geometries were performed using
the GAUSSIAN 94 prograit at the MP2/6-3%+G(d,p) level. The
calculations of the scalar spirspin coupling constants and chemical
shifts were done within the framework of density functional theory
(DFT) using the deMon-NMR codé.Perdew and Wang excharife
with Perdew correlatiofi® functionals and IGLO-III basis s&t were
implied.

Data Analysis. As mentioned above, one can associate to any
hydrogen-bonded system-Ad---B two distances s andryg corre-
sponding to the bond ordepsy andpus, and an hydrogen bond angle
¢ as indicated in Scheme 1. In the following, we will find it convenient
to define additionally the coordinateg and g, according to

G = Yofan = The)s G =Tan + Mg 3)
In the case of a linear hydrogen boggdcorresponds directly to the
distance of the proton with respect to the hydrogen bond centegand
to the heavy atom A-B distance, as indicated in Scheme 2.

By combining eqgs +3, the following relation can been derived
for the symmetric case where the heavy acceptor atoms in A and B are
identical, that isyan® = rug® = ro andbay = bug = b, from which it
follows that

G ="Tpy +ryg=2r°+2q, + 2bIn[l + exp{ —2q,/b}] (4)
In Figure 1a we have plottegh as a function ofy; in arbitrary units.

When the proton is near Ay is negative andj, large. In this region
the bond ordepan is close to 1 anchys close to 0 as indicated in

(12) (a) Meschede, L.; Gerritzen, D.; Limbach, H.Ber. Bunsen-Ges.
Phys. Chem1988 92, 5669. (b) Limbach, H. H.; Meschede, L.; Scherer,
G. Z. Naturforsch.1989 44a 459. (c) Meschede L.; Limbach, H. H.
Phys. Chem1991, 95, 10267. (d) Manle F.; Wawer, |.; Limbach, H. H.
Chem. Phys. Letl.996 256, 657. (e) Anulewicz, R.; Wawer, |.; Krygowski,

T. M.; Mannle, F.; Limbach, H. HJ. Am. Chem. S0d.997 119, 12223.

(13) (a) Svensson, P.; Bergmann, N. A.; AhlbergZ PNaturforsch1989
443 473. (b) Nguyen, K. A.; Gordon, M. S.; Truhlar, D. G. Am Chem,
Soc.1997, 113 1596.

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision D.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(15) (a) Perdew, J. P.; Wang, Phys. Re. 1986 B 33, 8800. (b) Perdew,

J. P.Phys. Re. 1988 A 38 3098. (c) Kutzelnigg, W.; Fleischer, U.;
Schindler, M.NMR-Basic Principles and ProgresSpringer, Heidelberg,
199Q 23, 165.
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Figure 1. (a) Correlation between the sum = raq + rys of a
hydrogen-bonded system-Ad---B defined in Scheme 2 and the
deviationg; = Y5(r; — r») of the proton from the hydrogen bond center
according to eq 4. (b) Bond order terms as a functiog.oFor further
description see text.

Figure 1b. When the proton is shifted toward the hydrogen bond center
the A---B distance decreases. exhibits a minimum ag, = 0. At this
point the two bond ordengas = pus = 2. When the proton is shifted
toward B the A--B distance increases again. We note that the product
PanpHs IS zero in the two limiting cases but exhibits a maximum at
o = 0, as indicated in Figure 1b. We have included also the term
—panprs? in Figure 1b which we will need below.

In ref 5b it was shown that various hydrogen bond properties can
be expanded in terms of derivatives of the correlatipn= f(qy).
Recently?® some of us showed that certain quantities are conveniently
expressed directly as a function of the valence bond orders. For example,
the >N chemical shift of a base B such as pyridine in-KA---B—
where A= RO and B= pyridine—was found to be related to the
valence bond ordepug by

05 =0g" — (05" — Oug")Pus (%)
where the parameteds” anddyg® are the values for the free base and
for the free donor HB characterized hys°. For the'H chemical shifts
of the hydrogen bond proton the equation

O(*H)= An(3PanPue)" + Oan’ Pan + g’ Pus (6)

was reported where the data could well be adapted by settimgr

1. In the following, we will take m as an adaptable parameteris

the excess chemical shift of the quasisymmetric complexdaptiand
Ong® are the limiting chemical shifts corresponding to the distances
ran® andrpg®. As mentioned previousB°®it is clear that the above
equations imply a correlation betweé('H) and6(**N), which is the
manifestation in the world of NMR parameters of the geometric
correlationsray with ryg (or qu with g). The 15N—H chemical shift
correlation was verified also experimentally for the case of complexes
of pyridine with various acids dissolved in Fredhs.

In the following we apply the valence bond concept to the problem
of scalar couplings in hydrogen-bonded systems. In diatomic molecules
such as HD, Hush et &t.has shown theoretically that the scalar nuclear
coupling is directly proportional to the bond order. If more than two
atoms are involved the situation is more complicated. For example,
when the HD-molecule is inserted into a transition metal compld4 L

(16) (a) Craw, J. S.; Bacskay, G. B.; Hush, N.J5.Am. Chem. Soc.
1994 116 5937. (b) Bacskay, G. B.; Bytheway, |.; Hush, N. 5.Am.
Chem. Soc1996 118 3753. (c) Hush, N. SI. Am. Chem. S0d997, 119,
1717.
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giving a dihydride l,MHD, the positive one-bond coupling between
H and D becomes gradually a negative two-bond coupgfing.

Here, we assume that the heavy atom coupliag through a
hydrogen bridge A-H--+B is proportional to then™ power of the bond
order product

g = ‘JABO(ﬁ)(L"pAH pHB)mr
Jns’(9) = J,5°(180)[1+ c(¥—180Y] (7)

Jas®(?) corresponds to the value of the couplingoat = prs = 0.5,
that is, in the symmetric case to the maximum coupling. Later we will
show thatJag®(®?) depends on the hydrogen bond anglevhere we
assume a quadratic dependence described by a paramnetes the
same empirical parameter as in eq 6.

We express the coupling constaiat as the sum of a term linear to
the valence bond ordesy and the nonlinear second-order term depicted

in Figure 1b, that is The parameters in eq 8 do not seem to depend on

Jart = Jan Pan T 8AIanPan pH82 (8)

the hydrogen bond angte The parametehJay represents the deviation

of Jan from Jap®2 at the symmetric point whengay = pug = Y. It

will be shown later thatAJan is negative. The consequence of the
negative sign will be that at certain distances the two terms in eq 8
cancel each other leading Ja4 = 0, whereas the coupling constant
Jas Will remain nonzero.

To determine the parameters of the above equations from the
experimental and calculated data we wrote an appropriate computer

program. In a first stage of the calculations an arbitrary sef glues
was defined from which we calculateg, thenray andryg and the
corresponding bond ordemy andrys using the values ofaq° and
bar® determined previousl§ The parametens), Jag®, Jan® Adan, An,
Oan® = Ops® were then obtained by eye-fitting of the functions of interest
to the corresponding data sets.

Results and Discussion

19F—H--+1% Hydrogen-Bonded Systemsln ref 8 some of

us had reported the low-temperature NMR spectra of hydrogen-

bonded clusters [F(HF) ~, n = 1—4 using N-tetrabutylammo-
nium as counterion and CRIEDF,CI as solvent. As the slow

Benedict et al.
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Figure 2. Experimental and calculated properties of fluoridd
complexes as a function of the deviatign = Y(rrn — rue) of the

hydrogen bond exchange regime could be reached the individualproton from the hydrogen bond centeg. is positive for the central

complexes withn = 1—3 could be characterized by théid
and1°F chemical shifts and couplings constants; the complex
with n = 4 was partially characterized. The relative sign of the
coupling constants was obtained by interpretation of the
differential widths of various multiplet lines. Ab initio calcula-
tions at the MP2/6-3tG(p,d) level were carried out leading
to the calculated structures with the following symmetries of
[F(HF))] =, n = 1—4 asDch, Cyz, Dan, and Ty, in agreement
with the average solution symmetries obtained by NMR. Within
the margin of error, the hydrogen bonds were linear. In addition,

and negative for the terminal fluorine nuclei and obtained using ab
initio calculations at the MP2/6-31G(d,p) level (Table 1). (a)
Calculated F-F distancesq; = req + rue. (b) Experimental and
calculated coupling constansy and (c)Jer (d) Experimental and
calculated'H NMR chemical shifts. The data are taken from ref 8.
The solid lines are calculated according to the valence bond model as
described in the text.

the F--F distance is large but decreases when the proton is
shifted into the hydrogen bond center and increases again when
the proton is shifted across the center. The shortest distance of

chemical shifts and coupling constants of these complexes wereapout 2.3 A is reached in the symmetric bifluoride anion where

calculated using the deMon-NMR code.

the F--H distances are 1.15 A.

The hydrogen bond geometries of the complexes can be Figure 2, b and ¢, shows graphs of the coupling constants
characterized by the graph of Figure 2a where we have plotted ., and Je¢ as a function ofy,. If we refer to a given fluorine

the F--F distances, that i), = reg + ryr as a function of the
deviationq; = Y5(rey — rur) of the proton from the hydrogen
bond center. We define this deviation to be positive for the
central fluorine and negative for the terminal fluorine nuclei.
Therefore, the complexes [F(H)™ provide a kind of reaction
pathway for the transfer of the proton from one fluorine to the
other.

The solid line represents the correlation curve eq 4, using

atom, its coupling with the hydrogen bond protdu, is large
when the distance is small; the couplifig across the hydrogen
bond is small. When the ‘FH distance is increasedlgn
decreases because of the decrease of théd Fbond order
corresponding to the first term in eq 8 as depicted by the dotted
curve in Figure 2b; howevedgr increases, exhibits a maximum

at the shortest +F distance af; = 0 and decreases again. At
larger distances the negative second-order term in eq 8 becomes

the parameters of Table 1. When the proton is on the left fluorine so |arge thatJry goes through zero and becomes negative;

(17) Grindemann, S.; Limbach, H. H.; Buntkowsky, G.; Sabo-Etienne,
S.; Chaudret, BJ. Phys. Chem. AL999 103 4752.

eventually at very large ‘=H distances all couplings again
approach zero. It is very important to note that in the region of
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Table 1. Parameters of Hydrogen Bond Correlation and Scalar Coupling Constants in &FNHN~- Hydrogen Bonds

Ran® 9 ban Jag®
compound A B A (deg) A) m c Onr® AH N Adpn (180)
[F(HF)] 19F 0.897 180 0.36 2 - 7 10.3 600  —162.5 220
1 15N 0.99 180-150 0.404 1 0.001 -4 16.25 123 —-17.5 24.3
2 15N 0.99 175.4 0.404 1 0.001 - - 93 —=17.5 24.3

aDetermined from Figure 2&.From ref 5b. For the definition of the parameters see eg8. Loupling constants in Hz, chemical shiftsn
ppm.
the sign change algy, the heavy atom couplingsr is much 9 600
larger thanJey. Without the negative term the result would be
different as indicated by the dotted line in Figure 2b.

The absence of scalar coupling of the proton across the 400+
hydrogen bond is, therefore, not caused by a purely electrostatic
character of the hydrogen bond which manifests its covalent
character in the largé:r values. We note that the values are of 200

the order of the geminal FCF couplings in saturated fluorocar-
bons (166-290 Hz), and even larger than the value of 95 Hz
found for the fluorine-bridged anion, {B—F—BF3] ~.18 0

In Figure 2, b and c, we have also included values calculated
using the deMon-NMR code (in Figure 2c, a shift of 210 Hz
was added to each calculated value for better comparison with
experiment). Overall, the calculated values follow the experi-
mental trend, especially the sign changegfatq, = 0.133 A
which corresponds tq, = 2.344 A and hence a-FH distance 200+
of 1.305 A. We note that the calculated values Jof; are
systematically smaller than the experimental values, where the
offset is about 100 Hz at short+H distances. As it was pointed 1001
out in previous publication&!d this offset becomes smaller as
the distances are increased. The calculations confirm the
existence of large values &g, but they are about 210 Hz away
from the experimental values. Moreover, the value for the
symmetric anion is smaller than expected by extrapolation. This
type of coupling apparently constitutes the most difficult ] 12 16
problem for calculation by the DFT method. We note that the S(WH)/ m
CAS method (complete active space multiconfiguration method) PP
reproduced well the experimental valueJpfy = 124 Hz with Figure 3. (a) Plot of the experimental coupling constadis and Jrr
133 Hz for the bifluoride anion, but the calculated value of as afunction ofle. (b) Jer as a function oB(*H). The data are taken
Jee = 385 Hz value seems to be too Iar‘gﬁherefore, further from ref 8. The s_olid Ijnes are calculated according to the valence bond
theoretical studies are necessary to reproduce by theory themOdeI as described in the text.
experimental data. Note that the anharmonicity of the potential
of the proton motion and hence vibrational averaging might also
play a role which were not taken into account here.

In Figure 3a the coupling constarlig; andJer are depicted
as a function of the other hydrogefiuorine coupling constants
Jur. This graph exhibits a very characteristic pattern and is useful
as it does not rely on additional experimental or calculated

values of the hydrogen bond geometry. Figure 3b shows thatsolid-state NMR for the anion as ligand between two Cr(£0)
there is an almost linear relation betwé.dm and the proton moieties® In the case of large GLi™ distances the proton was
chemical shifts3(*H) found to move in a low-barrier hydrogen bond where the barrier

was smaller than the zero-point energies of the proton and the
fdeuteron. At shorter G:Li" distances the proton moved away
to the nitrogen which was more distant to the lion. In these
cases the proton motion took place in asymmetric single-well
potentials exhibiting well-characterized geometries. H/D-isotope
effects and zero-point energies were calculated and correlated
with the hydrogen bond geometrigsA very important result

as that a hydrogen bond correlation betwgeanddq, of the
ype of eq 4 was realized as represented by the solid line in
Figure 4a and the parametdrs= 0.404 A andryy® = 0.99 A
published previousI§? Again, this correlation indicates that the
NN distance contracts when the proton is shifted toward the
hydrogen bond center, where the shortest NN-distance is 2.54
A realized in the symmetric complex gt = 0. Thus, in the
(18) Hartman, J. S.; Stilbs, B. Chem. Soc., Chem. Commi875 566. further calculations carried out in this study we could restrict

Jrr/Hz Jrp/Hz

lon

JrF /Hz

bonds are also reliable for NHN-hydrogen bonds we performed
deMon-NMR calculations on the=€N--+H---N=C ~ anion. The
equilibrium geometries and various hydrogen bond properties
were already calculated previoushs a function of the distance

to a Li* cation. The hydrogen bond was found to be linear, and
the data were compared to those obtained experimentally by

Let us now discuss the solid lines in Figures 2, b and ¢, and
3 which were calculated using eqs 7 and 8, the parameters o
the correlation curve of Figure 1a, and the constants listed in
Table 1. The agreement between the solid lines and the
experimental data points is very satisfactory, using a value of
m= 2 in eqgs 6 and 7, although the body of data is not yet large
enough to really confirm the validity of these equations from a
guantitative standpoint. At present, these equations also canno
yet be confirmed by the deMon-NMR calculations. Nevertheless,
from the solid lines in Figures 2c and 3 we estimate by
extrapolationJg¢ of the bifluoride ion to be about 220 Hz.

The C=N-:-H---N=C ~ Anion. To know whether the results
obtained experimentally and theoretically for the FHF-hydrogen
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Figure 4. Calculated properties of FE¥N---H---15N=C]~ (1) as a
function ofg;. The calculated lines were fitted to the data points using
the equations as described in the text. (a) Calculated vajue$ 1
near Li" according to ref 5. (b) Calculated single bond coupling&y.

(c) Calculated two bond couplingkin. The solid line was calculated
according to eq 7 usingn = 0.9 and the dotted line using = 1. (d)
Calculated'H chemical shifts according to ref 5.

ourselves to geometries which fulfilled the correlation, which

Benedict et al.
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Figure 5. Calculated properties of fE°N---H---15N=C]~ (1). The
calculated lines were fitted to the data points using the equations as
described in the text. (a) Calculated coupling constagisandJun as

a function ofJun. (b) Jun as a function oB(*H). The calculated chemical
shift data points are taken from ref 5.

The calculated values are very well reproduced by egs 7 and
8, indicating the validity of these equations. Within the margin
of error, the coupling constantyy do not depend on the
hydrogen bond angl®, in contrast to the values alyy. In
Figure 4c, for the sake of clarity, we multiplied all calculated
values ofJyy by the factor [1+ c(¢ — 180t in eq 7, by
setting the parametec = 0.001. As a result, all coupling
constantslyy are now placed on the theoretical curve calculated
according to eq 7 fory = 180C°. We find that setting the
parameterm = 1 reproduces the data in a satisfactory way
(dashed line) althougin = 0.9 fits the data much better (solid
line). As a result, when botbyy andJyny can be measured, it
is possible to obtain the hydrogen bond geometry, including
the hydrogen bond angle, assuming the validity of the hydrogen
bond correlation eq 7.

The value oflyy° = 123 Hz obtained by the data fitting is in
very good agreement with value of 135 Hz found for&=
IN—H*.2® Therefore, the deMon-NMR code works much better
for couplings with nitrogen than with fluorine as it has been
expectediceWe have to note possible problems in calculation
of the dependence of the spispin coupling on the gradually
increased bond length. For some distances close to the bond-
breaking area the HOMO©EnDashLUMO gap might become
very small, and the perturbation theory used in the calculations
would not work any more. However, such artifacts can easily
be detected and excluded.

We have included the dependence of tHechemical shifts
O0(*H) of the hydrogen bond proton in Figure 4d. The solid line
was calculated using eq 6 by adapting the parametgrs=

simplified the calculations substantially. However, we addition- 16-25 Ppm andan® = dng® = —4 ppm. The agreement between

ally changed the hydrogen bond anglefrom 180 to 150,
assuming again the validity of the correlation of eq 4.

the values from the valence bond model and the theoretical
values is excellent. Thus, both the valukg and thed(*H)

The results of all present calculations are depicted in Figures dépend on the same valence order product depicted in Figure

4—6. The solid lines were calculated according to eg®knd
the parameters included in Table 1. The valuedwgfandJyn
are displayed in Figure 4, b and c, as a function gpf
Qualitatively, we observe a similar behavior of all coupling
constants as already discussed for the FHEase. Thelyy

values increase from small zero to a maximum of 24.2 Hz at

1 = 0 and then decrease again. When the-N distance is
increased and the-NH bond order decreasedyy values also

1b, as proposed in egs 6 and 7. As a result it follows as in the
fluorine case that there should be a linear relation between the
two quantities. This is indeed the case as depicted in Figure
5b, where the solid line was calculated from the parameters
determined in Figure 4.
Finally, we have plottedyy andJyy as a function oflyy in

Figure 5a. The calculated lines in Figure 5a reproduce the data
in an excellent way. We note that in the case of a series of

decrease. At larger distances the two-bond term in eq 8 become$ystems characterized by different equilibrium constants between

slightly larger than the one-bond term leading to slightly
negative values alyy; again, the absence of the negative term

two limiting tautomeric forms a plot ofyy as a function of

(19) Martin, G.; Martin, M. L.; Gouesnard, J. RMR Basic Principles

leads to the dotted line in Figure 4b. However, experimentally 5nq ProgressSpringer: Heidelberg, Germany, 1989; Vol. 28\ NMR

one would probably only see a vanishing coupling constant.

Spectroscopy
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Figure 7. Calculated properties of the cyclic formamidine dim&rs
Included are the geometries calculated by Truhlar & aif the ground
state C) and of the symmetric structui®,, corresponding to a hill-
top. (a) Calculated distances and (b) calculated coupling constants.
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sponding to a hill-top as calculated by Truhlar et3IThe

8 geometries of Figure 7a reproduce very well the results of

41 Truhlar. As indicated in Figure 7b, for the ground state, the

calculated one-bond coupling constait; of the NH group

exhibiting the short distance is84 Hz which is in excellent

-4 . . . i agreement with the values betwee®5 and 90 Hz reported
350 300 250 200 150 for formamidines? nucleic acid base paiand related NH

§ (°N)/ppm

Figure 6. Calculated properties of EE5N--H---5N=C]~ (1). Cal-
culated (a) distancesw, (b) —Jwn and (c) 5(*H) as a function of

groups exhibiting an $character. The intramolecular constant
Jun is of the order of 5.5 Hz and smaller than the corresponding
coupling constant across the hydrogen bond. This value

5(15N). The solid lines were calculated using the valence bond model reproduces well the values of about 7 Hz found for experimen-
as described in the text. The calculated chemical shift data points aretally for nucleic acid base pait8” Moreover, this value is larger
taken from ref 5. than the one-bond couplingy...n| across the hydrogen bond
as found in the FH---F case. This latter constant is found to
be positive-that is, of opposite sign as compared to the large
constant-which is not surprising in view of the fluorine case.
As discussed above, the small value is connected with the

Jun should lead to a straight line with a slope-ef as proposed
in ref 9a. Thus, a graph of the kind shown in Figure 5 will be
an important criterion in the future in order to determine whether
a system of interest can be described better in terms of an i
equilibrium between two tautomeric forms or in terms of a series S€cond-order term in eq 8. S _
of low-barrier hydrogen bonds. From Figure 8a we note that both configurations fulfill well

In Figure 6a we have depicted some interesting properties asthe universal NHN-hydrogen bond correlation curve taken from
a function of théN chemical shifts)(5N) calculated previousl ref 5. For the grounq state we could expect FhIS result, but not
using the Hartree Fock IGLO codéfor 1. Figure 6a depicts ngcessanly for the hill-tof®2, or other nonstationary states. In
a plot of the distancey as a function oB(:5N). Here, we use ~ Figure 8, b and ¢, we have assembled the coupling constants
eq 5 in order to accommodate the data, which represents aln+ and Jun as a function ofgy. The calculated solid line in
considerable simplification as compared to the equations Figure 8b was calculated using eq 8 by adapfiag® to 93 Hz
reported in ref 5. By eye-fitting we obtain the parameters as expected for $mitrogen atoms. The paramet&dyy which
On® = 348 ppm,dm® = 158 ppm with reference to solid IS crucial for the H--N coupling across the hydrogen bond was
ammonium chloride. Figure 6b shows how the coupling constant kept constantJag®(174.4) = 24.3[1 + 0.001¢ — 180y] =
Jnr depends o (*5N), and we have included again as a dotted 25-1 Hz.
line the results without the second term in eq 8. In Figure 6¢c  As in the case ofl, the coupling constantdyy are well
we plot §(*H) as a function of9(5N). The calculated curves  reproduced by eq 7 by introducing the hydrogen bond angle of
using the parameters of Figure 4 reproduce the data in an? = 174.£, ¢ = 0.001, and the value dhg°(180°) = 24.2 Hz

excellent way.
The Cyclic Formamidine Dimer: A Model for Nucleic

found for 1, leading to a maximum value afg®(174.£8) =
25.1 Hz for the configuration with the shortest NN-distance.

Acid Base Pairs.Finally, we have calculated the scalar coupling Thus, the value adag°(180°) seems to be general, independent

constants for the cyclic formamidine dimerwhich is the

of the nature of the bridge. We remind that the shortest NN-

simplest analogue of nucleic acid base pairs. In these dimersdistance of 2.54 A was found also to be independent of the
double proton transfers take place which have been studiednature of the NHN-bon& These results might be useful in
experimentally? and theoretically3 The results of all present  €lucidating the structures of nucleic acid base pairs from
calculations are assembled in Table 2 and depicted in Figurescoupling constants.

7 and 8. The solid lines were calculated according to e¢d 1 Molecular Orbital Analysis and Coupling Constants of

and the parameters included in Table 1. We have consideredthe [C=N-:-H--*N=C] ~ Anion. In this section we will come
the ground-stateC, and the symmetridD,, structure corre- back to the [&EN---H---N=C] ~ 1 where we would like to
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Table 2. Calculated Geometries and Scalar Coupling Constants in the Cyclic Formamidine R)mer (

r(N3,H1) r(N8,H1) r(N3,N8) r(N3,N7) #(N3,HL,N8)  J(N3,H1)  J(N8HL1  J(N3,N8)  J(N3,N7)
A) A A) A) (deg) (Hz) (Hz) (Hz) (Hz)
C 1.025 1.978 3.000 2.329 174.2 —84.5 1.7 6.9 5.5
Dsh 1.281 1.281 2.560 2.322 174.5 —34.5 —34.5 25.0 35
Additional Data
C r(N3,C5)= 1.356 A r(C5,N7)=1.297 A r(N3,H9)= 1.006 A
r(C5,H11)=1.092 A r(N7,H13)=1.017 A
#(H1,N3,C5)= 119.7, 9(N3,C5,N7)= 122.7, #(H9,N3,C5)= 117.7
#(H11,C5,N7)= 123.%, #(H13,N7,C5)= 109.7, #(H2,N7,C5)= 120.7
»(H1,N3,C5,N7)= —13.9, » (H9,N3,C5,N7)= —166.2, w(H11,C5N7,N3)= 177.0
»(H13,N7,C5,N3)= —177.5, w(H2,N7,C5N3)= 13.#, »(C5,N7,H2,N4)= —33.2
Don r(N3,C5)= 1.323 A,r(N3,H9)= 1.011 A,r(C5,H11)= 1.093 A
#(H1,N3,C5)= 121.4, 9(N3,C5,N7)= 122.7, #(H9,N3,C5)= 114.2, $(H11,C5N7)= 118.6
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Figure 8. (a) Calculated valueg, of the cyclic formamidine dimers
2 as a function ofg;. (b) Calculated single bond couplingsyu. (€)
Calculated two bond couplingkn. The calculated lines were fittedto o a large extent. In a similar way, the contributions of MO8
t'he data points using the eguations as d_escribed in the text. The solidgnd MO13 also cancel each other partially. Therefore, the
line was calculated according to eq 7 using= 0.9, % = 174.4 and couplingsJyy and Jyy are almost exclusively defined by the
the dashed line using = 1. contribution of MO7, and the sum of the contributions of
present how the different molecular orbitalslo€ontribute to MO5 + MO6 and of MO8+ MO13. In the case ofiyy the
the couplings across the hydrogen bonds, as a function of thetwo latter terms are negative, but otherwise of a similar form
hydrogen bond geometry. In Figure 9 we have plotted the as the contribution of MO7. By contrast, in the caseJgf,
energies of the different molecular orbitals calculated using the MO7 plays a dominant role in the symmetric complex, whereas
deMon code, and in Figure 10 the orbitals are graphically in the asymmetric complexes the sum of MO7 and MO8
represented. A detailed list of all coefficients is available in the dominates.

-0.4 0.8
Figure 9. Energies of the 14 occupied molecular orbitals of
[C=N--+H---N=C]" (1) calculated using the deMon code as a function

of the proton-transfer coordinatg.

Standard Supporting Information. There are 14 occupied orbitals.
The four lowest ones in energy, MGMOA4 refer to the core

1s orbitals of carbon and nitrogen. MO®O8 and MO13 and
MO14 correspond tar orbitals, whereas MO9MO11 cor-
respond tor orbitals. Finally, we have plotted in Figure 11 the
contributions of the important MOs to thlgy and Jun.

First, we note that the core orbitals and therbitals do not
contribute to both couplings. Moreover, the contribution of
MO14 is very small and can be neglected. Second, the individual
contributions of MO5 and MOG6 are large but cancel each other

At present, it is difficult to derive a simple picture for the
influence of the various MOs on the coupling constants.
However, one striking fact is evident: MO7, MO8, and MO13
are the orbitals which exhibit non-negligible coefficients of
atoms from both sides of the hydrogen bond, even in the
asymmetric case. All other MOs become more localized when
the proton is shifted to a given nitrogen atom.

The form of MO7 is especially striking. It is formed by a
positive overlap of sp orbitals, one of each nitrogen, and of the
s orbital of hydrogen. It does not exhibit a node in the region
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Figure 10. Graphical representation of the 14 occupied molecular orbitals &fNE-H--*N=C]~ (1) calculated using the deMon code as a

function of the proton-transfer coordinage
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Figure 11. Individual contributions of molecular orbitals of €
N---H---N=C]~ (1) to the coupling constantdyy and Jun calcu-
lated using the deMon code as a function of the proton-transfer
coordinateq;.
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of the hydrogen bond, even if the proton is shifted toward one

The second negative term in eq 8, therefore, might arise from
the combined contribution of MO5, MO6, MOS8, and MO13.
Depending on the relative contributiodgy is then negative,
close to zero, or slightly positive, where the negative contribu-
tion dominated in the FHF case. In the NHN case the accuracy
of the deMon code does not allow us to definitively state the
sign of Jyy in the region where the values are of2 Hz. The
contribution of MO7 toJyn is understandable in view of the
almost direct spatial overlap of the two sp nitrogen orbitals.
Naturally, this overlap is stronger in the symmetric complex
when the distance of the two nitrogen atoms exhibits a
minimum.

Conclusions

We have shown that the empirical valence bond model of
the hydrogen bond can be used in order to derive useful
equations which are able to relate calculated or experimental
scalar coupling constants of hydrogen bond to the geometry of
hydrogen bonds. This model works because of the well-known
correlation between the two distances:*A and H--B of a
hydrogen-bonded system-Ad---B established previously by
neutron diffraction studie%;* NMR and theoretical calcula-
tions> We showed that the deMon-NMR cddefor the
calculation of coupling constants is able to reproduce the
experimental coupling constants MiN—H---15N hydrogen-
bonded systems, whereas in the cas®lefH---1%F hydrogen
bonds only the general trend is verified. A very important result
is that the coupling constadis between the two heavy atom
nuclei in a hydrogen bond AH---B can be larger thaday or
Jus. It arises mainly from a direct positive overlap of the atomic
orbitals of A and B and of H. A molecular orbital analysis
showed that the appearance of coupling constants across the
hydrogen bond is related to common molecular orbitals extend-
ing over both the proton donor and the acceptor. When the
proton is shifted from A toward BJlag increases and exhibits

of the nitrogen atoms. This only decreases the coefficient of a maximum at the shortest possible-/B distance in the
the sp orbital of the more distant nitrogen. These findings are symmetric or quasi-symmetric complex. The maximum coupling
consistent with a covalent character of both the shorter and theconstant is slightly dependent on the hydrogen bond angle and

longer N--H bond. As a consequence, the contribution of MO7
to Jun follows in a monotonic way the NH-bond order, that is,
becomes zero but not negative if the-N¥ distance increases.

on the type of the heavy atoms, but fairly independent of the
chemical nature of the residues, in contrast to the cou@ding
This quantity decreases when the-/l distance is increased,
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but can become negative and vanish only at large-H\ Crick nucleic acid base pairs including correlations between the
distances. This effect arises from negative contributions of coupling constants, proton chemical shifts, and hydrogen bond
certain molecular orbitals. As a conclusion, vanishing scalar geometries. Most correlations were found to be quasi-linear
couplings Jy---B alone are no longer an indication of the within the limited range of hydrogen bond geometry variations
noncovalent character of the hydrogen bond, whereas the valueof nucleic acid base pairs. Furthermore, Perera €traport a
of the Jag coupling give a crucial criterion. value ofJgr = 225 Hz for FHF calculated using improved ab
initio methods. This value is in close agreement with the
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