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NMR studies of hydrogen bonding interactions with
secondary amide and urea groups
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ABSTRACT: The cis/trans ratios for six model secondary amides were determined by "H NMR in a range of solvent
systems. The trans to cis equilibrium in chloroform is only slightly affected by addition of the hydrogen bond donor,
trifluorethanol, but the cis rotamer is stabilized by an average of 0.7 kcal mol ™' when acetic acid is used as an
intermolecular donor—acceptor template. Conversely, amide interaction with anionic hydrogen bond acceptors
decreases the percentage of cis rotamer. '>’N NMR spectroscopy was used to determine the effect of hydrogen bonding
on the trans amide structure. The direction and the magnitude of >N complex-induced-shifts indicate that both
hydrogen bond donors and acceptors raise the secondary amide rotational barrier by increasing the C—N bond order.
The relationship of these results to protein structure is discussed. Copyright © 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Surveys of the Protein Structure Data Bank show that
around 0.03% of the secondary amide bonds are assigned
as cis rotamers." These cis amides are usually located
near the functional site in a protein®> and thus play an
important role in protein function. For example, the
binding ability of the saccharide-binding protein con-
canavalin A is controlled by a calcium-induced cis/trans
isomerization.* It is speculated that the cis bond is an
energy source that can be utilized during protein
function.'>
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The fraction of cis amide bonds in proteins is much
lower than the 1.5% cis reported for N-methylacetamide,
a compound that has often been viewed as a model for the
peptide bond.' A recent study showed that the fraction
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of cis amide for dipeptides drops to around 0.4% for
amino acids with C, side chains.® Furthermore, peptide
elongation eliminates the electrostatic stabilization and
lowers the amount of cis rotamer to 0.11%. This is still
almost four times higher than that seen in the data bank
surveys. A possible explanation is that many cis amide
bonds have been misassigned because X-ray refinement
programs automatically refine amides as trans rotamers.
Evidence in favor of this view is the observation that
high-resolution structures (<2.0 A) have 0.04% cis
whereas low-resolution structures (>2.5 A) have 0.01%
cis.! Two other explanations for the scarcity of cis amides
in proteins are: (a) restrictions in conformational space
lower the likelihood of a cis amide; (b) non-covalent
stabilization of trans amide bonds.

There is literature evidence that secondary amide
conformations can be affected by non-covalent interac-
tions. For example, protein structures show a preference
for one of the amino acid residues involved in a cis amide
bond to be an aromatic group, suggesting that aromatic
residues are able to stabilize the cis conformation via C—
H---7 interactions.” With regard to model studies,
Wolfenden and coworkers examined solvent effects and
found that the fraction of cis isomer for N-methforma-
mide and N-methylacetamide hardly changes with
solvent polarity.” On the other hand, protonation of a
formamide carbonyl is known to increase the formamide
cis/trans ratio® and the amount of cis formamide rotamer
is concentration dependent in CDCl; due to hydrogen-
bonded homodimerization.® Cis secondary amides'®™'?
and secondary carbamates'>'* have been observed
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Table 1. Percentage cis rotamer in various solvent systems at 298 K2

% cis [AG(kcal mol~1H)]°

Entry Solvent 1 2 3 4 5 6
1 CDCl; 13 [1.12] 3 [2.05] 52 [-0.05] 27 [0.59] 49 [0.01] 15 [1.02]
2 9:1 CDCl3/CF;CH,0OH 17 [0.94] - 55 [-0.12] 27 [0.59] - -
3 9:1 CDCI3/CH;COOH 34 [0.39] 14 [1.07] 75 [—0.65] 46 [0.09] 70 [-0.50] 39 [0.26]
4 CD;COOD 19 [0.86] 5[1.74] 50 [0] 26 [0.62] 36 [0.33] 23 [0.72]
5 CDCl;, 25 mM TBAA® 8 [1.44] - 22 [0.75] 20 [0.82] - -
6 CDCl3, 25 mM TBAC? 10 [1.30] - 29 [0.53] 20 [0.82] - -

 [amide] = 25 mM, TBAA = tetrabutylammonium acetate, TBAC = tetrabutylammonium chloride.

" AG for trans to cis equilibrium. Error 4 5% of the stated value.

within supramolecular assemblies, but these systems
have not been examined systematically.

The aim of this study is determine the effect that
different hydrogen bonding motifs have on the structure
of a secondary amide bond. The study is in two related
parts. First, we report that the cis/trans ratios for six
model secondary amides increase slightly upon addition
of trifluorethanol, a monotopic hydrogen bond donor, and
increase quite significantly in the presence of acetic acid,
a donor—acceptor diad. Conversely, addition of anionic
hydrogen bond acceptors decreases amide cis/trans
ratios. Second, we provide '’N NMR evidence suggest-
ing that hydrogen bonding to trans secondary amides
increases the barrier to amide C—N rotation. The paper
concludes with a short discussion on the relationship of
these results to protein structure.

RESULTS AND DISCUSSION
Amide cis/trans rotamer ratios

Secondary amides 1-6 were chosen for study because
they have a measurable fraction of cis rotamer in CDCl;
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solution. Since the isomerization rate is slow on the NMR
time scale, the cis/trans ratios can be determined at room
temperature by direct integration. The percentages of cis
rotamer found for solutions of 1-6 in various solvent
systems are listed in Table 1.

The amount of cis rotamer in 9:1 CDCl3/CF3CH,OH is
slightly higher than that observed in CDCIl; alone
(compare entries 1 and 2 in Table 1). This is attributed
to the increased steric hindrance arising in the solvated
complex A shown in Scheme 1. A more significant
increase in amide cis/trans ratio is observed when the
solvent is 9:1 CDCls/CH3;COOH. In this case, the trans to
cis equilibrium for the six amides is moved to the right by
an average of 0.7 kcal mol !, presumably because the cis
rotamer forms the chelated hydrogen bonded complex B.
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Interestingly, lower amounts of cis rotamer are observed
when the solvent is 100% CD3;COOD (Table 1, entry 4).
In this case, the concentration of acetic acid is so high that
polysolvated trans amide complexes such as C are the
predominant supramolecular structure(s).

We determined the effect of anionic hydrogen bond
acceptors on secondary amide conformation by measur-
ing the percentage of cis rotamer for amides 1, 3 and 4 in
the presence of tetrabutylammonium acetate and tetra-
butylammonium chloride (Table 1, entries 5 and 6). In
each case, the anions decreased the percentage of cis,
with acetate inducing the largest decrease. A likely
explanation is that the anion forms a hydrogen bond with
the amide N—H residue, which destabilizes the cis
rotamer (see D in Scheme 1). In the case of formamides 1
and 3, the anion may also stabilize the trans rotamer by
chelating with the aldehyde C—H as shown in E."

Hydrogen bonding and trans amide structure

>N NMR spectroscopy was used to gain additional
insight into the effect of hydrogen bond donors and
acceptors on amide bond structure. Although >N NMR is
commonly employed in biomolecule structure determi-
nation,'®'” it is rarely employed in organic supramol-
ecular chemistry.'®!'® The inherent insensitivity of the
5N nucleus is a disadvantage, and often ISN-enriched
samples are required; however, this means that it is easy
to monitor an isotopically enriched nitrogen compound in
a mixture with other non-enriched compounds.
Specifically, we wished to learn how the structure of a
trans secondary amide is affected by hydrogen bonding.
As noted in the Introduction section, a possible reason for
the scarcity of cis amides in proteins is that the trans
amide is preferentially stabilized by non-covalent inter-
actions. Initially, we examined 5N-enriched acetanilide,
(7) as a model amide that adopts a predominantly trans
conformation. The °N chemical shift for 7 in 9:1 CDCl/
CF;CH,OH occurs 1.8 ppm downfield of the signal in
CDCl;. This agrees with previous reports on the effect of
hydrogen bond donors on amides and indicates that the
C—N bond order increases as shown in zwitterionic
complex F (Scheme 2).?Y The downfield movement in
chemical shift is due to increased delocalization of the
nitrogen lone pair, which results in increased anisotropic
deshielding by the partial C=N double bond.'®%~>
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Figure 1. Downfield change in "N chemical shift (>N A6) in
DMSO-ds at 298 K for host 8 (67 mm) as a function of
increasing amounts of tetrabutylammonium dihydrogen-
phosphate (+) and host 9 (100 mm) with tetrabutylam-
monium acetate (Q) and tetrabutylammonium chloride (@)

Since anionic hydrogen bond acceptors decrease cis/
trans amide ratios (Table 1), it was of particular interest
to determine how anions affect the structure of a trans
amide. Thus, a solution of 7 in CDCIl; was treated with
one molar equivalent of tetrabutylammonium chloride.
This resulted in a 2.8 ppm downfield movement in N
chemical shift, which again suggests an increase in C—N
bond order, this time due to the zwitterionic complex G
in Scheme 2. A factor that complicates the interpretation
of this NMR result is the likelihood that 7 and chloride do
not form a discrete 1:1 hydrogen-bonded complex in
CDCl;. Therefore, we decided to confirm this effect by
using some amide-derived host compounds that are
known to form 1:1 hydrogen-bonded complexes with
anions.

Two '°N-enriched compounds were prepared, the
organometallic bis(anilide) 8*** and the urea 9. Both
compounds are known to form chelated 1:1 host/guest
complexes with anions, and they were used as hosts in
>N NMR titration experiments. Addition of tetrabutyl-
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ammonium dihydrogenphosphate to 8 in DMSO-dg
results in a downfield movement of the amide '°N
resonance (Fig. 1). As expected, the titration isotherm
fitted nicely to a 1:1 binding model and a value of
K,=110M ' was extracted by iterative curve-fitting
methods.”> A downfield movement in ‘>N chemical shift
was also observed when urea derivative 9 was titrated
with tetrabutylammonium acetate and tetrabutylammo-
nium chloride in DMSO-dg (Fig. 1). The binding
constants were calculated to be 18 M~ for chloride and
340 M~ for acetate.

As in the case of 7, the approximate 3 ppm downfield
movement of the amide (and urea) '>N chemical shifts
upon saturation of 8 and 9 with anions indicates that the
C—N bond order increases as shown in complex G.
Martin et al. have established that there is a linear
correlation between C—N rotational activation energy
and '°N chemical shift.?® According to their relationship,
a 3 ppm downfield shift corresponds to a 0.7 kcal mol '
increase in activation energy for C—N rotation. In other
words, forming a hydrogen bond with the NH residue of a
trans secondary amide rigidifies the amide C—N bond.

CONCLUSIONS

For a protein to contain a backbone cis amide bond it
must overcome an approximate 2.8 kcal mol™' energy
difference in favor of the trans rotamer.>*’ Our
investigation of six model secondary amides in chloro-
form solution consistently shows that the trans to cis
equilibrium is only slightly affected by the hydrogen
bond donor, trifluorethanol, but it is moved to the right by
an average of 0.7 kcal mol~! when acetic acid (in
chloroform solvent) is used as an intermolecular donor—
acceptor template. Conversely, amide interaction with
anionic hydrogen bond acceptors decreases the percen-
tage of cis rotamer. It appears that if a protein is to induce
one of its amide groups to adopt a cis conformation then
the protein must fold in a way so as to stabilize the cis
amide with at least two intramolecular hydrogen bonds in
a relatively non-polar environment.

>N NMR is an attractive method for studying the
supramolecular chemistry of amide and urea compounds.
Not only is it a useful probe for host/guest titration
experiments (Fig. 1), but the direction and the magnitude
of the "N complex-induced-shift provides insight into
the change in C—N bond order and the corresponding
C—N rotational barrier. The results of our "N NMR
experiments indicate that both hydrogen bond donors and
acceptors can raise amide rotational barriers by increas-
ing the C—N bond order, as shown in structures F and G
in Scheme 2.%°?® Thus, hydrogen bonding with a
protein’s backbone amides is a way of rigidifying and
polarizing the backbone structure.”’ The barrier for
conversion of trans to cis amide is around 20 kcal mol "
which means that the process can be the rate-limiting

Copyright © 2001 John Wiley & Sons, Ltd.

folding step for proteins containing cis amides. It is
intriguing that a cis/trans isomerase for non-prolyl
peptides has yet to be identified.?’

EXPERIMENTAL

All NMR samples were 25 mM unless stated otherwise.
Compounds 1-4 and 6 were purchased from Aldrich, and
compound 7 was made by a literature method.*?

2,6-Dimethylformanilide (5)

2,6-Dimethylaniline (165.1 pl, 0.67 mmol) was dissolved
in benzene in a Dean—Stark apparatus. An 88% solution
of formic acid (3 ml, excess) was added and the mixture
was stirred under nitrogen for 30 min. The mixture was
then heated to reflux for 15 h and the excess water and
formic acid driven off as an azeotrope. The benzene was
removed, leaving a white solid that was shown to be pure
by NMR.** "H NMR (CDCls) 6 2.28 (s, 3H), 2.32 (s, 3H),
6.80/6.92 (bs, cis/trans NH signal, 1H), 7.12-7.15 (m,
3H), 8.11 (d, trans CHO signal, J =12 Hz), 8.43 (d, cis
CHO signal, J=1.5 Hz) ppm.

[4,4'-Bis-(phenyl-'> N-carbamoyl)-2,2'-bipyridine]-
bis(2,2’-bipyridine)ruthenium(ll) bis(hexafluoro-
phosphate) (8)

4,4'-Dicarboxy-2,2'-bipyridine (0.318 g, 1.3 mmol) was
suspended in 15 ml of SOCI, and the mixture refluxed for
24 h under an atmosphere of nitrogen. The solvent was
removed in vacuo and the yellow residue suspended in
dry THF. ISN-Aniline (263 pl, 2.86 mmol) was added via
dropping funnel as a solution in THF over 5 min. The
mixture was stirred at room temperature overnight under
nitrogen. The mixture was filtered and the residue
dissolved in dimethyl sulfoxide and precipitated upon
addition of water. The precipitate was filtered and rinsed
twice with water, leaving 4,4'-bis(phenyl-'>N-carba-
moyl)-2,2'-bipyridine as an off-white solid (0.488 g,
1.23 mmol) in 95% yield. '"H NMR (DMSO-de) 6 7.15
(t, 2H, J=7.5Hz), 7.39 (t, 4H, J=8 Hz), 7.81 (d, 4H,
J=8.5Hz), 7.98 (dd, 2H, J=5, 1.5Hz), 8.91 (s, 2H),
8.96 (d, 2H, J=5Hz), 10.71 (d, 2H, Jy_ g =90.5 Hz).
*C NMR (DMSO-de) § 163.8 (Jn_ ¢ = 15.5Hz), 155.4,
150.0, 143.4 (Jn— ¢ =9.5Hz), 138.5 (Jn_ c=14.5Hz),
128.5, 124.1, 122.2, 120.5, 118.5. >N NMR (DMSO-dj)
(referenced relative to CH3NO, at 0 ppm) —246.9. MS
(FAB*, NBA) [M+H]" at m/z 397.1449 (calc.
397.1450).

Complex 8 was formed by dissolving the above solid
(0.227 g, 0.57 mmol) in a mixture of 25 ml of water,
25 ml of ethanol, and 12.5 ml of glacial acetic acid. This
mixture was heated to 50°C for 20 min under an
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atmosphere of nitrogen. cis-Ru(bpy),Cl,-nH,O (0.328 g,
0.63 mmol) was added and the mixture was heated at
reflux for 3 days under nitrogen. The mixture was cooled
to room temperature and filtered through a Celite plug,
and upon removal of the solvent in vacuo gave a dark
brown-orange glass. Column chromatography on alumi-
na (10% methanol in CHCI; — 100% methanol)
produced 8 as the dichloride salt (0.44 g, 0.54 mmol) in
95% yield. The bis-PFg salt was formed by precipitation
after addition of NH4PFg(aq). '"H NMR (DMSO-di) 6
7.18 (t, 2H, J=7.5 Hz), 7.41 (t, 4H, J = 8§ Hz), 7.54-7.59
(m, 4H), 7.75-7.77 (m, 6H), 7.81 (d, 2H, J = 5.5 Hz), 7.94
(d, 2H, J=6Hz), 7.99 (d, 2H, J=6Hz), 8.20 (d, 2H,
J=6.5Hz),8.23 (d, 2H, J =8 Hz), 8.87 (d, 4H, J = 8 Hz),
9.39 (s, 2H), 10.77 (d, 2H, Jx_c=90Hz). °C NMR
(CD3;CN) 6 163.0 (JN_c=17Hz), 158.6, 157.9 (Jn_c
=18 Hz), 153.6, 152.8 (Jn_c=17Hz), 144.0 (Jn_c
=9.5Hz), 1393 (Un_c=4.5Hz), 1390 (Un_c=
14 Hz), 130.0, 128.8 (/n_c=6.5Hz), 126.5, 126.1,
125.5, 123.4, 121.8. >N NMR (CD;CN) (referenced
relative to CH3NO, at 0 ppm) —246.6 (Jy_g =90.5 Hz).
MS (FAB', NBA) [M — PF¢]" at m/z 955.1447 (calc.
955.1431).

>N-Phenyl-N'-octyl urea (9)

SN-Aniline (100 pul, 1.14 mmol) was dissolved in
CH;CN (7 ml). Octyl isocyanate (242 pl, 1.37 mmol)
was added and the mixture heated to reflux for 24 h under
an atmosphere of nitrogen. The mixture was cooled to
room temperature and placed in a freezer for 20 min. A
white solid was collected by suction filtration and rinsed
with cold CH3CN, leaving pure 9 as a white solid
(0.251 g, 1.01 mmol) in 88% yield. "H NMR (DMSO-de)
6 0.85 (t, 3H, J =7 Hz), 1.23-1.42 (m, 12H), 3.04 (q, 2H,
J=7Hz),6.08 (bt, 1H, J=5.5Hz), 6.85 (t, 1H, J =7 Hz),
7.19

(t, 2H, J=8 Hz), 7.36 (d, 2H, J=8.5Hz), 8.35 (d, 1H,
In_n=88.5Hz). °C NMR (DMSO-dg) 6 155.1 (Jn_c
=20Hz), 140.6 (Jy_c=16Hz), 128.6, 120.8, 117.5,
39.0, 31.2, 29.7, 28.7, 28.7, 26.4, 22.1, 13.9. "N NMR
(DMSO-dg) (referenced relative to CH3;NO, at O ppm)
—270.9 (Jn_nu = 88.0 Hz). MS (FAB", NBA) [M + H]"
at m/z 250.1945 (calc. 250.1937).
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