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A DFT and AIM analysis of the spin-spin
couplings across the hydrogen bond in the
2-fluorobenzamide and related compounds

Ibon Alkorta,®* José Elguero,? Hans-Heinrich Limbach,?
llja G. Shenderovich,® and Tammo Winkler¢

In 1975 a large number of coupling constants were measured in 2-fluorobenzamide labeled with '*N. Some of them were
assigned to couplings through intramolecular N-H- - -F hydrogen bonds (HBs). These couplings change dramatically when
CDCl; is replaced by DMSO-dg. In this theoretical paper we provide density functional theory (DFT) calculations that justify
the existence of a weak HB in the absence of solvent, while solvents that act as HB acceptors break down the intramolecular
hydrogen bond (IMHB) of 2-fluorobenzamide. Atoms in molecules (AIM) analyses and Steiner-Limbach plots were used to

analyze the structure of the compounds. Copyright (© 2009 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

In 1974-1975, Fritz, Winkler and, in part Kiing, published two
papers describing the 'H nuclear magnetic resonance (NMR)
spectroscopy of 2-fluorobenzamide 1.1 Particularly important
is the second one because the molecule was '°N labeled (1b),
thus allowing the measurement of many of its NMR properties
(Table 1). The spectra were recorded at 100, 250 and 360 MHz and
neither values nor assignments can be questioned. We should
note that the important antibiotic PC190723 (2)3~°! shares part of
the skeleton of 1.
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In 1993, Rae, Weigold, Contreras and Biekofsky® studied 1
(without being aware of the previous results!'?) as well as its
N-methyl 3 and N,N-dimethyl derivatives by 'H, 13C, >N and '°F
NMR spectroscopies (Table 2).

These authors!® established experimentally that the couplings
were not through the bonds but through space involving an

intramolecular N-H- - -F hydrogen bond. The main argument
was that 2-fluorobenzamide (1) and its N-methyl derivative (3)
show spin-spin couplings between the aromatic fluorine and
the nitrogen and carbon of the amide group, which are absent
in the corresponding N,N-dimethylamide. But other possibilities
remain such as a conformational change in the conformation of
the N,N-dimethyl derivative.

In 1996 Forlanil”! published a review on hydrogen bonding
involving amino derivatives where the work of Rae et al.l®! was
cited but not those of Fritz and Winkler.'"? Later on, some of
us published ‘A review with comprehensive data on experimental
indirect scalar NMR spin-spin coupling constants across hydrogen
bonds'® where again!® was cited but not.""?

Two other things are relevant in this context. Schlosser et al.*!
published in 1997 a paper on «-fluorocarboxamides, including
1 (citing again Ref. [6] but not Refs [1,2]) in where they stated
that ... assuming strong intramolecular hydrogen bonding in
two former cases (1 and 3). We consider this interpretation
unwarranted’ [note that never did Rae et al.!®! suggested that the
intramolecular hydrogen bond (IMHB) was strong]. The second
aspect is related to a series of papers by Limbach etal.l®'%
concerning the 2"J(F-H---N) couplings (about —97 Hz), which
are complementary to those studied here. Note that when the
proton is transferred, in the first case a very unstable situation
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Table 1. Chemical shifts (8, ppm) and coupling constants (Hz) of compound 1b!?!

Solvent Weight SNHc SNHt TJNHc TJNHt 2JHcHt INF JFHC JFHt
CDCls 5% 6.75 6.74 —89.0 —90.5 3.0 —-7.0 +2.5 —-115
CDCl3 1% 6.16 6.71
DMSO-dg 5% 7.65 7.71 —88.5 —89.8 20 —3.2 <|1] 24
Table 2. Chemical shifts (8, ppm) and coupling constants (Hz) of compounds 1 and 3¢/
Compound Solvent 81°N 813C(CO) 819F INF 3JCF(CO) JCF(ipso)
1 CDCl3 —276.0 165.10 —113.24 —7.3¢ —2.5¢ —248.4°¢
32 CDCl3 —275.9 163.88 —114.46 —74¢ —3.3¢ —246.0¢
32 CCly —272.7 - —114.96 —6.7¢ —2.9¢ —246.0¢
3 Acetone-dg —270.6 - —114.14 —4.9¢ b —247.5¢
3 DMSO-dg —267.0 - —113.90 —2.8¢ b —248.7¢
2 A 6J(F,CHs) coupling of 1.2 Hz with the CH3 was measured.
b Not resolved.
¢ We have changed the sign of these couplings to be consistent with the calculations (see Table 6)
(N™--- H-FT) results while in the second one, the F~--- H- N¥, He H H
is stable when solvated. This could be related to the large difference F N7 "0~y H H“\\\O\ CI:"/H
in 2hJFN. N H F N7 Y H
We decided to study theoretically compound 1 to see if its o ~ \\\‘H’C\"H
chemical shifts, coupling constants and solvent effects could be 0 H
reproduced and to explore whether there is an IMHB or not. We 1.H.0
. M2 1.acetone
have extended the calculations to other compounds, the para
derivative 4, an inverse structure, 2-aminobenzoyl fluoride (5), and HH HH
to simplified models of 1, 6 and 7, and of 5, 8 and 9, as well as 3 C’\
to 8-fluoronaphthalen-1-amine 10, presenting similar motives; we wH Y H
changed the name of the amino hydrogen atoms from trans/cis to F O| O
proximal/distal to cover all cases. @)\N'H
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Computational Details

We have calculated three complexes corresponding to different
modes of solvation of 1.

The geometry of the systems have been fully optimized at the
B3LYP/6-311-++G** levell'"'2! with the Gaussian 03 facilities.!'™!
Frequency calculations have been carried out to confirm that
the optimized structures correspond to energy minima. Absolute
shieldings were calculated at the GIAO//B3LYP/6-311++G**
level,l" which we are currently using in this kind of studies.'*'!
Coupling constants were calculated at the B3LYP/6-311++G**
level. The electron density has been analyzed using the Atoms in
Molecules (AIM) methodology!'®! with the AIMPAC and AIM2000
programs.['7:18]

Results and Discussion
Geometries and IR vibrations

We report on Table 3 the geometries of the F---
fragments.

One acetone molecule or one water molecule has little effect
on the IMHB, while the second acetone molecule succeeds in
breaking it down, producing a rotation of the amide group out of

Hp—~N-Hg

www.interscience.wiley.com/journal/mrc
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Table 3. Geometries (distancesin A, angles in °)

Compound dF---Hp dH,-N dN-Hgy Angle FHyN
1 1.987 1.006 1.008 127.9
4 - 1.007 1.009 -

5 1.950 1.005 1.005 124.2
6 2.103 1.006 1.008 125.8
7 - 1.005 1.008 -
8 2.032 1.009 1.004 120.8
9 - 1.005 1.007 -
10 1.988 1.005 1.007 124.8
1-1 x H,0 1.994 1.006 1.016 128.2
1-1 x acetone 1.993 1.005 1.018 129.0
1- 2 x acetone 2.596 1.014 1.018 93.3

Table 4. NH, stretching vibrations (cm~")
vs from Bellamy-Williams

Compd. Vs Vas relationship!'”! diff.
1 3597 3731 3614 17
4 3585 3709 3595 10
5 3614 3734 3616 2
6 3595 3728 3611 16
7 3602 3732 3615 13
8 3595 3731 3614 19
9 3611 3733 3616 5
10 3604 3718 3602 -2
1-H,0 3486 3698 3585 99
1- acetone 3448 3692 3580 132
1- 2 x acetone 3441 3547 3453 12

the plane formed with the aromatic ring by 51.5°. Note also the
importance of the benzene rings to constrain the IMHB to adopt a
favorable geometry; compare the dF- - -H, of 1/6 and 5/8 as well
as the case of 10.

The Bellamy-Williams relationship, displayed below, allows to
analyze the properties of the NH.

Vs = 0.876 vgs + 345.5 (cm ™) (1)

An examination of Table 4 shows that one water or acetone
molecule strongly perturbates the stretching vibrations of the
NH, group while two acetone molecules do not. The rest of
compounds show small differences that are unrelated to the
presence of IMHBs. This explains why Schlosser™™ does not see
hydrogen bonds (HBs) in infrared for 1.

Chemical shifts

We will limit our discussion to compound 1 and its complexes
1-H;0, 1-acetoneand 1- 2 x acetoneand only totheF- - -H,-N-Hy
fragment (Table 5). We have transformed the absolute shields
(o, ppm) into chemical shifts (5, ppm) using the following
equations: 8'"H = 31.0 — 0.97 ¢ 'H; §'3C = 175.7 — 0.963 ¢ '3C;
81°N = —154—0.980'°N; 8"9F = 128.6 —0.84 ¢ 1PF.1415201 At the
same level of calculation, the absolute shieldings of the references
are: 31.97 ("H TMS), 184.75 (1*C TMS), —154.43 (>N MeNO,) and
153.70 ("°F CFCl3).

Table 5. Calculated chemical shifts (§, ppm) of compound 1
Compound SNHg  8NHp 515N 513¢(COo) SF
1 4.88 6.39 —297.1 158.9 —1133
1-H,0 7.46 6.56 —289.1 162.4 —113.5
1- acetone 8.66 6.54 —287.9 160.3 —113.7
1.2 x acetone 8.26 8.01 —282.4 160.3 —109.9
Table 6. Calculated coupling constants (Hz); in the case of nitrogen
they correspond to '°N

Compound JFHq JFHp 2JHgH, INF

1 +4.1 thy=—12.7 +5.0 hy—=_7.4
4 —0.2 —0.4 +24 0.0

5 +72  hy=-149 +3.6 hy=_126
6 +1.9 —6.8 +4.8 —4.8

7 —0.5 —1.2 +3.9 +0.4

8 +1.1 Thy=-108 +5.4 2hy)=_10.1
9 —1.2 —6.9 +4.4 -

10 +50 Thy=-117 +0.7 2hy=_10.1
1-1 x H,O +4.0 —123 +4.5 2hy—_8.0
1- 1 x acetone +3.6 —12.2 +3.5 —7.0

1- 2 x acetone +0.2 +0.1 +2.8 +0.2
Compound 1NHy 1NH, 3JCF(CO) 1JCF
1 —87.1 —89.1 —3.2 —299.0
4 —84.3 (cis) —82.7 (trans) - —314.7
5 —90.9 —86.9 - —379.7
6 —88.9 —87.8 0.4 —326.5
7 —89.5 —86.1 +16.3 —342.7
8 —91.6 —92.0 —10.1 —365.2
9 —93.2 —89.2 - —3749
10 —80.4 —84.6 - —299.8
1-H,0 —89.0 —88.3 —3.2 —301.3
1. acetone —88.7 —86.4 —-34 —299.8
1- 2 x acetone —86.0 —86.8 —-14 —315.3

The experimental chemical shifts are reasonably well repro-
duced except §NH4 (8NH.) (Tables 1 and 5) because the exper-
imental value includes the effect of intermolecular HBs). More
important, the sign of the solvent effects — solvent induced chem-
ical shifts — is always described correctly by the calculations. For
instance, the fact that the chemical shift of the proximal proton
is less sensitive to dilution than that of the distal one (in CDCls)
and that both protons become almost identical in DMSO-dg (here
simulated by two acetone molecules) is also described by the
calculations.

Coupling constants

We reported the calculated coupling constants in Table 6.

The agreement with the experimental data is reasonably good
(compare Tables 1 and 2 with 6), taking into account that the
values in CDCl; are compared with the isolated molecule and
those in DMSO-dg with the complex 1- 2 x acetone (Eqn 2).

Experimental J (Hz) = (0.84 4 0.02) Calculated J (Hz),
n =18, r* =0.992 @)

Magn. Reson. Chem. 2009, 47, 585-592
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The calculated 'JCF are very sensitive to the nature of the
carbon to which is linked (CH, CAr, CO) and to the C-F distance
(see Supporting information). The 11 values of Table 6 can be
adjusted to a multiple regression with an r2 = 0.992 (Eqn 3).

1JCF (Hz) = —(1412 £ 162) + (20.4 + 3.0) CAr
—(79.6 £6.9)CO + (8.0 £ 1.2) dCF(A) x 10>  (3)

Since 'JCF are always negative, this equation refers to the
algebraic values showing that compared with CH, an aromatic
ring increases the 'JCF coupling by 20.4 Hz and a CO decreases
it by 79.6 Hz. When the CF distance increases by a hundredth of
A (for instance from 1.351 A to 1.361 A), the coupling increases
8.0 Hz. The IMHB affects dCF and this in turn modifies ' JCF.

Atoms in molecules analysis

The topological analysis of the electron density using the AIM
methodology shows the presence of a bond critical point between
F and Hp, (Figure 1 and Table 7).12'-24

No previous relationships between coupling constants through
HBs and the corresponding values of pgcp have been reported,
although these are two important ways to characterize HBs.
However, relationships between couplings and the value of the
bond critical pointin fluorine - fluorine through-space interactions
have been found.[2%2>2%] Besides, Iranian authors described in two

!

®

Figure 1. Bond critical points in compound 1 (the value for the HB is
pecp X 102 = 2.17).

Table 7. Results of the AIM calculations together with 2" JNF
Compound  pgcp x 102 N---F  Laplacian x 102 N---F  2"JNF (Hz)
1 2.17 9.24 —74
5 241 10.56 —12.6
6 1.69 6.93 —4.8
8 2.05 8.65 —10.1
10 2.21 9.54 —10.1
1-H,0O 2.14 9.09 —-8.0
1- acetone 2.14 9.08 —7.0
HCN- - -HF 3.14 10.65 —22.2
N=N- - -HF 1.64 6.74 —33
HsN- - -HF 5.53 11.20 —36.7

papers calculated [MP2/6-3114+4G(d,p)] pece?”! and calculated
B3LYP/6-311++G(d,p) ZJxr values?® for complexes of para
11 and meta substituted pyridines 12 with hydrogen fluoride,
although they do not compare them nor their report ' Jry; and " Jy.
Using their 26 values, we have built up Figure 2. The regression
line corresponds to Eqn 4.

2hj e = (18.8 4+ 1.8) — (14.3 £ 0.4) pgep x 102, 12 = 0.984 (4)

R

A N
~ ~

N 11 N 12

; ;

| |

F F

That is, when pgcp increases, 2" Jyr decreases.

The point corresponding to 1 (2"JNF = —7.4 and pgcp x 102 =
2.17) is close to the weakest of pyridine/HF complexes (12,
R = NHs*, 2"JNF = —20.9 and pgep x 102 = 2.56) showing
that 1 presents a very weak HB but consistent with its coupling
constant. Figure 2 shows that 2"Jyr depends only on the pgcp of
the hydrogen bond and not on the F-H- - -N or N-H- - -F character
of the bond (the latter has already been proposed in Ref. 10b).

We have calculated 'Jry and 'y for the compounds of Table 7
plus three pyridine/HF complexes: 11a,R = H, 11b,R = O™ and
11¢,R = NH3 ™" (Table 8).

The data of Table 8 can be compared in several ways. For
instance, in Figure 3 are reported the plots corresponding to the
coupling constants and to the ps:

Figure 3 (left) shows that along the N- - -H- - -F hydrogen bond,
both coupling constants (FH and NH) change smoothly from 'J to

0 AN 1 1 1 1 1 1 1

A p1012
B This work

-20 1

-40 -

-60 4

[2hJ NF] (Hz)

-80 1

-100

-120

1 2 3 4 5 6 7 8 9
pBCP (10 A2)

Figure2.Plot of 2"Jys (Hz) versus ppcp (10%). Triangles, 26

pyridines/HF?7.28]; squares, 10 values of Table 7.
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Table 8. Results of the AIM calculations together with spin-spin
coupling constants
pacp X 102 pecp % 102

Compound HB covalent 'JFH (Hz) TJNH (Hz)
1 217 34.09 —12.7 —89.1

5 241 34.19 —-14.9 —86.9
6 1.69 34.04 —6.8 —87.8

8 2.05 33.90 -10.8 —92.0
10 2.21 34.28 —-11.7 —84.6
1-H,0 2.14 34.14 —123 —88.3
1- acetone 2.14 34.17 —-12.2 —86.4
11a 6.04 31.31 292.1 —0.5
11b 11.05 23.78 116.2 —16.5
11c 4.15 34.28 332.1 2.4
HCN- - -HF 3.14 34.80 364.8 34
N=N- - -HF 1.64 36.33 364.9 24
H3N- - -HF 5.53 31.76 298.0 1.6

hJ. Figure 3 (right) is a similar representation but now concerning
bond critical points. In both figures, compound 11b occupy a
central position suggesting where similar compounds can be
found. The fact that both figures are quite different is related to
the complex relationships between J and pgcp.2?

pFH = (37.6£0.4)—(1.04+0.02)pNH, n =13, =0.998 (5)

Steiner-Limbach analysis

It has been known for some time that coupling constants
across hydrogen bonds are correlated with the hydrogen bond
geometries. In order to describe this correlation, one of us has
used Pauling’s valence bond orders.2%3%

p1 = exp{—(r — r})/b1}, p2 = exp{—(r; — r3)/b2},
withp; +p2 =1 (6)

InEqn (6), r{ corresponds to the distance in free AHand r in free
HB. by and b, are empirical parameters describing the decrease of
the valence bond order with increasing distances. Instead of the
average distances ry and r, their combinations g1 = 1/2(ry — r3)
and g, = ry + r; have been shown to be very useful. In the case of
linear hydrogen bonds where the average hydrogen bond angle «

400 . . . . . . . . . .

350 4 K
300 - F-H-N| &

250 A
200 A
150 A
100 -

JFH

-50 T

-20 0

-40
JNH

-100 -80 -60

isabout 180°, g1 corresponds to the deviation of hydrogen nucleus
from the hydrogen bond center and g, to the A. - -B distance.

Equation (6) predicts that this distance decreases when the
proton is shifted from A towards the hydrogen bond center, and
then increases again when the proton has crossed the center
as illustrated in Figure 4(a). The solid line was calculated using
the distance parameters listed in Table 9. These parameters were
established by some of us previously by ab initio calculations
of FH---NHs3, where H was shifted from F to N by increasing
the strength of a homogeneous electric field.2" We note that
all hydrogen bond geometries of the systems calculated in this
work, represented by open squares are well located on the same
solid correlation line. The open circles refer to the geometries of
complexes of 2,4,6-trimethylpyridine (collidine) complexes with
HF in CDF3/CDF,Cl mixtures,!'%32! and of fluorobenzamide!? in
DMSO-ds and CDCl; derived from the experimental coupling
constants as described below.

The solid linesin Figure 4(b)-(d) represent the correlation curves
VJen = f(g1), "Jun = f(g1) and 2Jgn = f(g1). Roughly, for a hydrogen
bond AHB, when the A-H distance is increased and H shifted
towards B, the coupling constant 'Jay decreases. After H has
passed the H-bond center, this coupling constant is often labeled
as " Jan. The coupling goes then to zero, changes sign and only
at large A---H distances the coupling really vanishes.?>33 This
feature is well pronounced for F- - -H, whereas the effect is much
smaller for H- - -N. On the other hand, 2Jag = f(g;) exhibits a typical
bell-shaped curve with a maximum around g; = 0, where the
values vanish at large A- - -B distances.

The solid lines were calculated using the following equations
proposed previously.[102"!

<
5
u

|

S

— UFH PrH — 2m+nAJFHNPFHmPHNn
Uin = "Jnn PN — 2™ Adnnepen” PN

2 2, “9m+n n
Jen = “Jen 2" pRHPHN

ClC

The parameters of these equations used in Figure 4 are included
in Table 9 while in Table 10 are reported the data points used to
construct Figures 4 and 5.

These parameters are still tentative as they depend on the body
of data points available. As a number of new data points are
included here the parameters differ somewhat from those used
previously only for the collidine—HF complexes.['%! Nevertheless,
the calculated solid lines fitthe experimental data pointsin Figure 4
in a very satisfactory way, in view of the fact that only hydrogen

40 . . . . . .
35 4 QQ%S\ L
30 -

25

20 A

p FH

15 A
10 A
5.

p NH

Figure 3. Left side: Plot of " Jpy (Hz) versus "y (Hz). Right side: Plot of pgcp (FH) versus pgcp (NH) [the straight line corresponds to (Eqn 5)].
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Table 9. Parameters of the FHN-hydrogen bond correlations in Figures 4 and 5
bFH I’;H bHN I’;N ]J;H AJFHN m n ]J;N AJNHF m n ZJ;N m n
0.36 0.8972 0.3852 0.992? 540° 160° 1P 22 —o5¢ 15¢ 2.4¢ 1 —110¢ 1.59 1.59¢

Distances in A, coupling constants in Hz.
@ Equation (6).
b Equation (7).
¢ Equation (8)

bond geometries are taken into account but no other chemical
and structural effects.

Jgy represents the coupling constant of free HF at the
equilibrium configuration. Here, we calculated at the B3LYP/6-
3114++4G** level a value of 351.7 Hz. At higher levels of calculation,
values of upto 510 Hzhave been calculated.3*3% The experimental
value at the equilibrium configuration is 540 Hz.2%! We adopted
here the latter value. This means, however, also that all ' Jgy values
calculated at the B3LYP/6-311-++G** level are too small, and have,
thus to be scaled in an appropriate way, which is most important
for the large values at g; < 0. At first sight, a scaling factor of
540/350 seemed to be appropriate. However, this factor was too
large, and in order to place the calculated data points in Figure 4(b)
on the solid correlation line we had to use a factor of 540/400.

The parameter AJpyn represents the excess decrease of 'Jpy
as compared to 'Jg,/2 at a FH bond order of 1/2. This value
determines where 'Jry goes to zero as well as the maximum
negative value when H has passed the H-bond center.

The value of U;N was estimated as follows. First, calculations
of isolated protonated pyridines at the B3LYP/6-311++4G** level
gave values between —91 and —94 Hz. Therefore, we adopted
a value of —95 Hz. We note that this value is valid only for sp?
hybridized nitrogen atoms, as the collidine-HF complexes as
well as fluorobenzamide. However, it is larger for sp-hybridized
nitrogen atoms!?® such as NCN---HF, N=N---HF and for sp?
nitrogen atoms such as H3N- - -HF. However, in these complexes H
was calculated to be close to fluorine, and the different correlation

d Equation (9).
. ) . lines "Jun = f(g;) of the different types of nitrogen atoms coincide
Table 10. Data points used to construct Figures 4 and 5 (without the in thi HN 2 (qé) f th yp . 9 i0 of BN, e i
collidine HF complaxes) int is region. Because o the gyromagnetic I’?th o , JuN s
negative for small NH distances. However, as in the FH case but
Compound o N JrH e Inr a a2 to a smaller extent, we find here a sign change at larger N- - -H
] 1087 1006 —127 —891 —74 04905 2.993 dlstancewhlch is \gvell reproduced.byth.ev:?\IueofAJNHF.
The correlation “Jgy = f(g1) depicted in Figure 4(d) is well repro-
5 1.95 1.005 —149 —-869 —12.6 0.4725 2.955 . .
duced by Eqn (4). Here, the problem was to estimate the maximum
6 2103 1.006 —68 —87.8 —48  0.5485 3.109 5 . [10b]
value ~2J; for the shortest hydrogen bond. Previously, we
8 2.032 1.009 —10.8 —92 —10.1 0.5115 3.041 . 2 .
had taken the experimental value of ~“Jgy = 96 Hz found for colli-
10 1.988 1.005 —11.7 —84.6 —10.1 0.4915 2.993 . . . L .
dine—HF as maximum value. Here, the calculations indicate slightly
2-H0 1994 1006 —12.3 —883  —80 0494 3 larger values for substituted pyridine- - -HF complexes which lead
2-acetone 1993 1005 —12.2 —864  —7.0 0494 2998 usgto increase ~2J2, to 110FI)-|yz in order to sat'iosf the equation
1a 0965 1639 2921 —05 —5216 ~0337 2604 1 soondin tanI?‘data in Figure 4(d). The smalleyrex er?mental
11b 1.049 1409 1162 =165 —10082 ~0.18 2458 valuesian bezx Iainedintern?sof uar;tumzero ointSibrationaI
11c 0.941 1.777 3321 24 -—-2683 —0418 2718 effects as pro Ozed revious! fOI’qNHNBﬂ and (.E))HNBB] systems
HCN-HF 0936 1837 3648 34 —2224 04505 2773 | o fpth pwidthpftvhl L; 3’ intvibration of the or zn e
NN-HF 0926 2075 3649 24 —329 —05745 3.001 reclaﬁse?di f o ‘: | feeri(:]':ﬁ o na ﬁ rct)h jrp O:b' nj
H3N - HF 0961 1.674 2980 1.6 —36.73 —0.3565 2.635 e th St; ¢ S?I'E .agd.t es[;]gs ort hydrogen bo
2.2xacetone 259 1014 01 —868 02 0791 361 regime than the equilibrium distances. ,
Finally, we have adapted slightly the exponentsin Eqns (2) to (4).
1b CDCl3 2 1 —11.5 —90.5 —7.0 0.5 3 Th tsinfl the f fth lation li Thisi
1b DMSO 5 : 04 898 -32 06 30 ese exponents influence the form of the correlation lines. This is

especially evident in the case of 2Jry = f(g1), where an increase of
m and n leads to a narrowing of the bell-shaped correlation curve.

In order to estimate the hydrogen bond geometries of the sys-
tems for which coupling constants were obtained experimentally
we proceeded as described before.['”) We searched optically for
the best value of g; where the set of experimental values 'Jgy,
Jun and 2Jgy represented by the open circles satisfied the solid
hydrogen bond correlation lines. In this way, we determined also
the value of g; and hence the values of ry = rgy and r; = ryn.
For the collidine-HF complexes these values were the same as
reported previously.'®! For fluorobenzamide in CDCl; we find
the values of riy = 2.0A and ryy = 1.0 A which compare well
with the calculated values of 1.987 A and 1.006 A. These results
demonstrate the power of the analysis in Figure 4.

In Figure 5 we have prepared a graph where 'Jpy and 2Jgy
are plotted as a function of "Jyn. As was discussed before,!?!
such a plot can be useful for the experimentalist when calculated
coupling constants are not yet available. The solid lines were
calculated using Eqns (2) to (4); they reproduce the calculated and
experimental data in a very satisfactory way. The non-monotonous
solid lines illustrate well the sign changes of both ' Jy.

Conclusions

The main conclusions of the present study are:

(i) AlongtheN-: - -H---Fhydrogenbond thereisacontinuity of sit-
uationsfromthe proton close to the Natomto the proton close
to the F atom, although the central positions are empty (no
molecules with the proton in the middle or near the middle).
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Couplings in 2-fluorobenzamide
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Figure 4. FHN hydrogen bond correlations. (a) Geometric correlation g as
a function of g;. (b), (c) and (d) correlations of the coupling constants ' Jy,
Jun and 2Jpy as a function of g;. The solid lines are calculated according
to the valence bond model as described in the text.

(i) Compound 1 presents an IMHB in chloroform that disappears
in DMSO due to the formation of intermolecular HBs with the
solvent.

(iii) Other compounds, such as 5 and 10 should show 2"Jy¢
couplings.

(iv) Bader analysis provides a useful description of HBs that
match NMR spin-spin coupling constants.

(v) Figures4 and 5 illustrate the use of NMR hydrogen bond
correlations, which allow one to estimate average hydrogen
bond geometries in solution.
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