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Controlling the Conformation of Arylamides: Computational Studies of
Intramolecular Hydrogen Bonds between Amides and Ethers or Thioethers

Robert J. Doerksen,*'*! Bin Chen,'™"! Dahui Liu,'! Gregory N. Tew,"!
William F. DeGrado,*™ ! and Michael L. Klein*!

Abstract: The role of an ortho-alkyl-
thioether group in controlling the con-
formation around the ring—N bonds of
meta-connected arylamide oligomers is
studied. Density functional theory
(DFT) geometries of model com-
pounds, including acetanilide, an ether

aryl plane, whereas for the ether mono-
amide, the alkyl side chain is in the
aryl plane. DFT ring—N torsional po-
tentials and constrained geometries of
the model compounds demonstrate
that carbonyl—S repulsion leads to a
high torsional barrier and that intramo-

lecular N—H--S and C—H--O hydrogen
bonds and ring—amide conjugation lead
to N—H having a preferred orientation
in the benzene plane pointing towards
S. The N—H bond lengthens and the
ortho-ring C—H bond shortens in a reg-
ular pattern in the approach to the pre-

acetanilide, and a thioether acetanilide,
and their corresponding diamides,
show that for either monoamide or di-
amide the alkyl side chain of the thio-
ether should be perpendicular to the

Introduction

In recent years, the design of nonbiological polymers with
well-defined secondary and tertiary structures has become
an area of active research.'! A major reason for this interest
is that, for the first time, modern methods of solid-phase or-
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ferred orientation. Calculated IR fre-
quencies for the N—H stretch show a
clear red shift between model com-
pounds without and with the thioether
side chain.

amides -
calculations

ganic chemistry have allowed the synthesis of homodisperse,
sequence-specific oligomers with molecular weights ap-
proaching 5000 Dalton. From an organic chemist’s perspec-
tive, oligomers are large, chemically rich, and—if designed
correctly—adopt only a few of the thousands of possible
conformations in solution. Further, because they are homo-
geneous compounds, rather than heterogeneous polymers,
their structures can be determined to high resolution by
NMR spectroscopy and single-crystal X-ray crystallography.
From a protein chemist’s perspective, these compounds are
also exciting, because they can be designed to have struc-
tures and properties approaching those of proteins. Finally,
these oligomers have captivated the interest of polymer
chemists. Compared to traditional polymers, sequence-spe-
cific oligomers are challenging to prepare, relatively small in
size, and only available in very limited quantities (milli-
grams). However, the knowledge and experience gained
from these homodisperse oligomers allows us to design
“smart” polymers that can perform a certain task, respond
to external or internal signals, and so on.

Hydrogen bonds have figured prominently in many strat-
egies for controlling the conformations of designed oligo-
mers. In particular, arylamides have been substituted with
alkoxy substituents at the 2-position that form intramolecu-
lar hydrogen bonds to the adjacent amide proton (A-C).?
Similarly, we have used 2,5-disubstituted aryl thioethers to
conformationally restrict the backbone of a series of aryl-
amides (D).
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The success of these strategies will depend on the strength
of the hydrogen bonds, as well as the overall conformational
properties of the amides. The N—H---S hydrogen bond is less
well studied than N—H--O. We wished to determine whether
such hydrogen bonds would be suitable and strong enough
to contribute significantly to the stabilization of particular
conformations of oligomers such as D. Also, conventional
wisdom holds that the alkyl ether or thioether group will lie
in plane with the ring, with one pair of electrons in reso-
nance with the ring and the other nonbonding lone pair
available for the formation of hydrogen-bonding interac-
tions with the adjacent amide proton. However, it is impor-
tant to assess the strength of this interaction relative to that
in which the alkyl group has rotated out of the plane of the
ring. We expected that a second substituent at the 3-posi-
tion, not present in A-C, might override this preference
(Scheme 1).
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Scheme 1. In-plane versus out-of-plane alkyl group.

The compounds that motivated the current study are a
series of oligomers and polymers that were designed® to
mimic the properties of host defense peptides such as mag-
ainin.”! The monomer unit of D was designed to prevent ro-
tation around the backbone p [C-C-N-C(O)] and o [C-C-
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C(0O)-N] angles (cf. 1, Scheme 2). Here we examine in detail
how the thioether side chain helps to control the conforma-
tion around each ring—N torsional angle p. Additionally, we
examine the torsional potential associated with 7 for the
ring—S connection. In future work we will examine the con-
formation around o, which also is important for the extend-
ed structure of D.

CHyNH3"
T
H S .
LN N 1
PoO 0
Bu n

Scheme 2. Key torsional angles in 1.

We consider the conformation of model compounds relat-
ed to A-D using a variety of computational approaches. We
present calculated lowest energy structures for 2-7. These

or Yo'y
2 3
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6 7

compounds allow a comparison of unsubstituted acetanilide
(N-acetylaniline, 2) with the corresponding ether (4) and
thioether (6), and of each of these three monoamides with
its corresponding diamide (3, 5, and 7). For 2 and 6, we cal-
culated C-C-N-C torsional potentials and N—H stretch vibra-
tional frequencies in order to compare further the influence
of the thioether on the conformation of D. Experimental IR
vibrational frequency shifts are regularly used to character-
ize intramolecular hydrogen bonding.”

Results and Discussion

Structure of lowest energy conformations: The optimized
structures for model compounds 2-7 are shown in Figure 1.
For all molecules, each amide group is coplanar with the
benzene ring. Two orientations (0=0 or 180°) of each amide
in 3 are possible, but we examined only the conformer in
which both amides have p=0°, pictured in Figure 1.
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Figure 1. B3LYP/6-311G(d,p) optimized minimum structures for unsubsti-
tuted arylamides 2 and 3, ethers 4 and 5, and thioethers 6 and 7. The
amide groups are all in the benzene plane. See text for details. Carbon
atom numbering is shown for 2, 4, and 6. From light to dark, the atom
types are H, S, C, O, and N. Hydrogen bonds are shown as dashed lines.

Comparison of monosubstitut-
ed ether and thioether: The

we examined the N—H-X hydrogen-bond geometric param-
eters for 4 and 6, calculated with BLYP or B3LYP and two
different basis sets (Table S1, Supporting Information).
Using B3LYP and a larger basis set changes the geometric
parameters, for example, reducing N--S in 6 by 0.027 A, but
does not significantly change the differences between 4 and
6 for the listed geometric parameters. Hence, the results
seem well-converged with improving method. The geometry
of acetanilide (2) has been obtained by neutron diffraction
at several temperatures® and calculated by Hartree—Fock/6-
31G*1 Qur calculated geometry agrees very well with
those results. The discussion below is only for parameters
from the most accurate, B3LYP/6-311G(d,p) calculations.

Further comparison of unsubstituted acetanilide to the
ether and thioether derivatives reveals some major differen-
ces (Table 1). Perhaps the most important difference is that
the C-C-X angles are close to 120° in all cases except for
ether 4, which has C-C-O angles of 114.6 and 124.4°
(Scheme 3). The O atom of 4 is pushed towards the amide
N—H group to minimize steric repulsion between its in-
plane methyl group and the neighboring aryl H atom. Be-
cause of this, the nonbonded distance (N)H--X is shortest
for 4 (2.112 A) and significantly longer in 2 and 6. Another
noteworthy difference, but one that illustrates a generally
observed contrast between O and S, is that the C-O-C angle
is 118.6° in 4, but the C-S-C angle is just 100.8° in 6.

The geometrical parameters can help in assessing the rela-
tive hydrogen-bond strength in ether 4 versus thioether 6.
Of course, C—X and X—C depend strongly on X, with C-O
bond lengths of 1.374 and 1.421 A for 4, and C—S bond
lengths of 1.799 and 1.839 A for 6. Because of this typical
difference in carbon-heteroatom bond lengths, the N—H--X
angles also differ in a regular pattern. The N—H---O angle of
108.3° for the ether compares to a N—H---S angle of 116.6°
for the thioether. This helps make the thioether the more
suitable for hydrogen bonding: the resulting five-membered
hydrogen-bonded ring has a better shape in the thioether,
since a wider angle (closer to linear) is usually more suitable
for hydrogen bonding. Compared to acetanilide (2), the
methoxyl group induces a small change in the N—H bond
length, whereas the methylthio group increases it by about
0.005 A, also suggestive of stronger hydrogen bonding for
the thioether. The six-membered hydrogen-bonded

Table 1. Calculated® N—H--X [X=H, O(CH;), S(CH;)] hydrogen bond geometric parameters™ for 2-7,
which contain one or two NHCOCH; side chains ortho to X.

lowest energy conformation Xy RS S

i i N N3 AN
for‘4 (W.thh contains only one  pfolecule 3 f \[( W . Tl/
amide side group) has the O- 0 o] o]
methyl group in the plane of X=H X=0CH, X =SCH, X=H X=O0CH, X =SCH,
the benzene ring, although the  Parameter 2 6 3 5 7
optimization was begun with  N-pg® 1.008 1.009 1.013 1.008 1.009 1.012
the methoxyl group perpendic- ~ N-X 2.606 2,611 3.021 2.593 2.704 2.990
ular to that plane. By contrast, ~H-X" 2.256 2.112 2.426 2.246 2.229 2.400
the methvlthio 1:ou forms é N-H--X 98.6 108.3 116.6 98.5 107.1 116.4
. y group C2-XM 1.086 1.374 1.799 1.087 1.394 1.799
right angle to the aryl plane,  p x Mel - 118.6 100.8 - 113.6 101.0
even in 6, which has only one  C1-C2-X1 119.7 114.8 121.0 119.4 119.2 120.0

C3-C2-X1 119.8 124.8 119.2 119.4 119.2 120.0

amide side group. To deter-

mine the basis for this change,
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[a] B3LYP/6-311G(d,p). [b] Distances in Angstroms. [c] Angles in degrees.

www.chemeurj.org Chem. Eur. J. 2004, 10, 5008 —5016


www.chemeurj.org

Conformational Control of Arylamides

5008-5016

\O é
125 \115" H 1o | 4210 |,

CQ N
N\L( T

4 6
Scheme 3. A comparison of external angles for ether 4 and thioether 6.

OCNCCH ring is very similar for all the model compounds.
In all three monoamides, C3—H, which is the C—H group in-
volved in the C-H--O hydrogen bond, has a length of
1.079 A, significantly shorter than the 1.084 A of C4—H.
This matches the neutron diffraction geometry of 2.

Disubstituted versus monosubstituted ethers and thioethers:
Comparing the B3LYP/6-311G(d,p) geometries of 2-7
(Table 1), with one or two amide side chains, leads to the
same geometric parameters in most cases. The main differ-
ences are found for the ethers, since monoamide 4 is the
only case in which the side chain methyl group is in the
plane of the benzene ring. This leads to several effects: the
C—O single bonds are about 0.02 A shorter in monoamide 4
than in diamide 5; the two C-C-O angles are 114.8 and
124.8° for 4, but both 119.2° for 5; and C-O-C is 118.6° for
4 but 113.6° for 5. Thus there is more sp? character for the
O atom of 4 compared to that of 5. This was also reflected
in a shorter (by 0.117 A) (N)H--O distance in the monoa-
mide ether versus the diamide ether. This shortening was
not observed in the unsubstituted amides (2 vs 3) or the thi-
oether amides (6 vs 7), which instead showed a slight length-
ening. Other differences between the monosubstituted and
disubstituted compounds are small. Therefore, in the calcu-
lation of torsional potentials to consider the effects of the
thioether on arylamide torsion below we chose to use 2 and
6, rather than the larger but more computationally demand-
ing 3 and 7.

Energy landscape of thioether 6: To ensure that the struc-
ture of 6, shown in Figure 1, represents the minimum energy
conformer, we calculated the geometry of 14 different con-
formations of 6 using the CPMD program and the HCTH
density functional (see Computational Methods and Sup-
porting Information). The initial dihedral angles (see
Figure 2) and relative energies of these structures are listed
in Table 2. The final dihedral angles did not vary much from
the initial ones.

!
St H
2
1 7 CH3
s O

Figure 2. 2-Methylthioacetanilide (6), with p torsional angle in the 0° con-
formation and 7=90°; 0=0° means that a methyl H atom is coplanar
with and syn to the carbonyl O atom. Numbering of carbon atoms is
shown.

Chem. Eur. J. 2004, 10, 5008 —5016 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2. CPMD/HCTH approximate dihedral angles!® and relative stabi-
lities™™ of various conformations of 6, calculated with two different box
sizes.

Approximate AEM
dihedral angles!®!
lel p[d| olel Alll Blel
90 0 0 0.2
90 0 180 0.0 0.0
90 90 0 6.8
90 90 180 6.5 6.5
90 180 0 15.1 14.9
90 180 180 15.0
90 270 0 8.5
90 270 180 8.3 8.7
180 0 0 2.0 1.9
180 0 180 1.8 1.7
180 90 0 5.1
180 90 180 4.9
180 180 0 12.1
180 180 180 12.2

[a] In degrees. [b] In kcalmol™'. [c] C1-C2-S-C9. [d] C6-C1-N-C7. [e] O-
C7-C8-H. [f] Box size: 10x14x 14 A. [g] Box size: 10x12x12 A.

Table 2 shows that the lowest energy conformation of 6
has the methyl group on the S atom perpendicular to the
plane of the benzene ring (t290°), the N—H group directed
towards S (0=0°), and a methyl H atom directed anti to the
carbonyl O atom (o0~ 180°). The least stable conformation
listed, which has the carbonyl group directed toward the S
atom, is about 15 kcalmol ™! above the lowest energy struc-
ture. Restricting the methylthio group to be coplanar with
the benzene plane (p=180°) decreases the stability of the
lowest energy conformation by 1.8 kcalmol™!. However, for
structures having p#0° the structures with 7=180° are
more stable, since repulsive contacts are avoided between
the carbonyl and methylthio H atoms (for p=270°) or be-
tween the amide N—H group and methylthio H atoms (for
0=90°). Placing a methyl H atom syn to the carbonyl
O atom (0~0°) generally leads to a structure less stable
by about 0.2 kcalmol~'. This is similar to the barrier found
for the methyl torsion of acetanilide recently determined
by ZEKE spectroscopy to be between 0.29 and
0.86 kcalmol ™, and by millimeter-wave absorption spec-
troscopy to be 0.14 kcalmol .M Considering only o=180°
structures, for p=0° changing 7 from 90 to 180° makes 6
less stable by 1.8 kcalmol™'. For p=90°, t=180° is more
stable than 7=90° by 1.6 kcalmol™'. This suggests that
having p=0° stabilizes the T=90° structure versus the =
180° structure by 3.4 kcalmol™!, most probably because of
steric repulsion between the H atom of N—H and the
methyl H atoms.

Table 2 also lists relative energies calculated for structures
placed in a slightly smaller 10x12x12 A box. The relative
energies agree with those from the calculations with the
larger box, with an absolute average difference of only
0.24 kcalmol™'. For three of the structures, we also used a
12x14x14 A box. Again the relative energies were similar.
This suggested that it would be accurate enough to use the
10x12x12 A box for calculating the torsional potentials of 6.

It is important also to assess the size of possible errors
caused by the choice of method. Relative energies at the
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CPMD/HCTH geometries for five conformations of 6 were
also calculated by Hartree-Fock (HF) and second-order
Mgller-Plesset perturbation theory (MP2) with two basis
sets (Table 3). The inclusion of diffuse functions in the basis

Table 3. Comparison of CPMD/HCTH with HF and MP2 with two dif-
ferent basis sets (all at the CPMD/HCTH geometries) for relative stabili-
ties of conformations of 6.

Approximate AED

dihedral angles!®!

lel p[d] HCTH"! HF! HF' MP2li MP2Lel
90 0 0 0 0 0 0

180 0 1.8 4.1 39 3.7 4.0
90 90 6.5 32 2.9 4.0 2.6
90 270 8.3 5.7 52 7.0 5.1
90 180 15.0 16.8 17.1 15.1 15.0

[a] In degrees; 0=0-C7-C8-H=180° for all cases. [b]In kcalmol ™.
[c] C1-C2-S-C9. [d] C6-C1-N-C7. [e] With a 70 Ry cutoff in a box of di-
mensions 10x14x14 A. [f] With 6-31G(d,p) basis set. [g] With 6-31++
G(d,p) basis set.

set [6-314++G(d,p)] does not change the HF results sig-
nificantly, but changes the MP2 results by as much as
1.9 kcalmol ™. This is typical in that it is easier to reach the
basis set limit for HF than for MP2. With the larger 6-31+
+G(d,p) basis set, HF and MP2 agree very well, except that
HF overestimates the p=180° barrier by 2.1 kcalmol ..
Comparison with the density-functional HCTH/70 Ry re-
sults shows most importantly that all methods agree on
which structure is of lowest energy. The HCTH barrier
height for 180° torsion around p agrees perfectly with MP2.
However, the differences between HCTH and MP2 for the
other three points in Table 3 are as large as 3.9 kcalmol .
Note that the HF and MP2 relative energies were calculated
without optimizing the geometry at that level, in order to
save computational time. With MP2/6-31G(d), optimizing
the geometry of the p=0° 7=90° structure led to a struc-
ture lower in energy by 0.8 kcalmol . Differences could be
greater for the other conformations. This suggests that it
would be worthwhile in subsequent studies to verify further
the accuracy of DFT and of the particular functional and
cutoff used here with tests including optimizing the geome-
try and using better basis sets and higher-order treatments
of electron correlation.

C-C-N-C torsional potentials:

C-C-N-C torsional potentials of acetanilide (2) and thioether
6: Next consider torsional potentials for the torsional angle
p (C-C-N-C), around the bond connecting the benzene ring
and the N atom of the amide unit. Figure 3 shows p plots
for 2 and 6. Each point on the graph represents a structure
in which p was constrained but all other geometric parame-
ters were optimized (using CPMD/HCTH; see Computa-
tional Methods). As the constrained angle p is varied, all
other geometrical parameters are free to change, and indeed
they do so greatly, often in regular patterns; details will be
published elsewhere.l)! However, some of the changes rele-
vant to hydrogen bonding are discussed below. Several of
the constrained structures are also depicted in Figure 3.
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Figure 3. CPMD/HCTH relative energies [kcalmol '] for geometries with
constrained ring-amide C-C-N-C torsion angle p for 6 and 2. Some of
the constrained structures are shown: the ca. 0° (shown at ca. 360°) and
ca. 90° conformations for each compound, plus the approximately 180°
and approximately 270° conformations for 6. For clarity, all the structures
are drawn with the amide group in the same orientation. The curves are
spline fits to the data points. Atom coloring as in Figure 1.

The methylthio side chain creates profound changes in
the torsional potential, because of the attraction of the N—
H---S hydrogen bond (from roughly —60 to +60°, Figure 3)
and the repulsion between the carbonyl group and S atom
(from 120 to 240°). Also, the potential is no longer symmet-
ric about 180°, since near 90° the carbonyl group is syn to
the methylthio group and a stabilizing (C)H--O interaction
with the nearest methylthio H atom becomes possible.

The various factors which modify the p torsional potential
of 6 compared to 2 confirm that the carbonyl group should
always point away from the thio-linked side chain. The
peaks at p=90 and 270° are much higher for thioether
amide 6 than for 2. Based on the difference, we calculate
that the methylthio group raises the 0-90° barrier in 6
versus 2 by about 2 kcalmol™ and the 360-270° barrier by
about 3.4 kcalmol™!. The difference between those two of
about 1.4 kcalmol ™' can be partially attributed to the role of
the O--H(CS) bond.

Recently Francois et al.'? described the effects of N—
H--S hydrogen bonds on the stability of an Fe™ complex.
They found that six N—H---S hydrogen bonds stabilized the
complex by about 10 kcalmol™ relative to a suitable con-
trol; this suggested the strength of each N—H--S hydrogen
bond to be about 1.7 kcalmol ™. This is similar to the esti-
mate of 2 kcalmol ™! in this work. Also it was found that the
S-containing hydrogen bonds helped stabilize the complex
better than N—H--O hydrogen bonds."?

C-C-N-C torsional potentials of acetanilide (2) versus benz-
anilide: Since the target oligomer structure 1 has another
benzene ring attached after the carbonyl group, we also cal-
culated the p torsional potential for benzanilide, which is

www.chemeurj.org Chem. Eur. J. 2004, 10, 5008 —5016
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the same as 2 except that the carbonyl methyl group is re-
placed by a benzene ring.” The barrier height and curve
shape for rotation around p are very similar in 2 and benz-
anilide.”! Thus, the group attached to the carbonyl end of
the amide makes little difference to the ring—N torsional po-
tential. This supports our use of the more compact methyl,
rather than phenyl, amide end group when considering the
effects of including an ortho-methylthio group.

Vibrational frequencies: Previous published work has shown
that when there is an N—H--S hydrogen bond, the N—H
stretch IR frequency w can be red-shifted by as much as
161 cm™ to a final value of about 3228-3281 cm~.[¥) By
contrast, for N—H adjacent to S of a disulfide there was no
noticeable shift, and the authors concluded that there was
no hydrogen bonding in that case.™ Calculated BLYP/6-
31G(d,p) IR frequencies and intensities I for the amide N—
H stretch in 2-7 are listed in Table 4. The frequency w is

Table 4. Calculated BLYP/6-31G(d,p) harmonic N—H vibrational fre-
quencies!” () and intensities®™ (I) for 2-7.

X
Yo A Y
| F
X Al
No. of Y!! H OCH)" SCHj®# OCHJ" SCH,
o 1 3510 3515 3406 5 —104
2 3513 3497 3425 -16 —88
20 3513 3498 3430 —-15 —84
I 1 9 36 86 28 77
2 8 20 71 12 63
21 8 36 62 28 54
[a]In cm ' [b]In kmmol . [c] Difference with respect to X=H.

[d] Number of NHCOCH; groups. [e]2 and 3. [f| 4 and 5. [g] 6 and 7.
[h] Asymmetric stretch. [i] Symmetric stretch.

red-shifted by 84-104 cm™ when the ortho side group X is
changed from H to SCH;. By contrast, changing from H to
OCH; shifts w by a much smaller amount and even increas-
es the frequency in 4. Also, Table 4 shows that the IR inten-
sities increase much more in 6 and 7 than in 4 and 5, com-
pared to 2 and 3. These effects match what was found above
for the changes in N—H bond length, that is, it is significant-
ly longer only for the thioethers, not for the ethers.

Table 5 lists results for 2 and 6 calculated with other
methods. The B3LYP o are larger than the BLYP ones
using the same basis set. Improving the basis set reduces the
frequencies slightly. Using a scaling factor of 0.97 for
B3LYP/6-311G(d,p)—previous  recommendations  were
0.9614 for B3LYP/6-31G(d)" and 0.9762 for B3LYP-
Sadlej®'—yields a difference in w of 89 cm™'. The intensity
increases from 18 to 88 kmmol™'. Each change is similar to
but smaller than the effect found for BLYP/6-31G(d,p). In
previous work,'”) harmonic frequencies calculated with the
HCTH functional and plane wave basis set,l'” also scaled by
0.97, gave a larger difference in w between 6 and 2 than the
B3LYP results. The most accurate calculated results should
be the HCTH frequencies from Car—Parrinello dynamic sim-

Chem. Eur. J. 2004, 10, 5008 —5016 www.chemeurj.org
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Table 5. Calculated harmonic and experimental N—H vibrational fre-
quencies®” (w) and intensities® (I) with and without methylthio side
chain.

Method!! 2 6 A
o BLYP 6-31G(d,p) 3510 3406 104
B3LYP 6-31G(d,p) 3636 3544 -91
B3LYP 6-311G(d,p) 3627 3535 -92
B3LYPF! 6-311G(d,p) 3518 3429 -89
HCTH"! 90 Ry 3490 3369 121
HCTH! 90 Ry™ 3309 3231 -78
I BLYP 6-31G(d,p) 9 86 77
B3LYP 6-31G(d,p) 16 84 68
B3LYP 6-311G(d,p) 18 88 69

[a] In cm™". [b] In kmmol ™. [c] See text for details. [d] Difference be-
tween 2 and 6. [e] Scaled by 0.97. [f] Calculated by finite difference at op-
timized geometry. [g] From ref. [17]. [h] Energy cutoff for plane wave

basis set. [i] From a multipicosecond Car—Parrinello molecular dynamics

simulation controlled by Nosé—Hoover chains of frequency 3200 cm™!,

with T~300+50 K.

ulations, which include anharmonic effects. Several simula-
tion procedures gave similar results."”! These are considera-
bly lower than the harmonic ones, but also predict the red
shift, 78 cm™!, to be close to that given by the scaled
B3LYP/6-311G(d,p) results. Thus, calculated IR data from
several methods agree with previously published experimen-
tal IR data and show that there is a significant interaction
between the methylthio group and the amide N—H group
pointing to it.

N—H--S hydrogen bonds: Weak N—-H--S hydrogen
bonds!'® ! have been identified in many X-ray!>'*? and
neutron diffraction studies. In one particularly relevant ex-
ample, Rahman and van der Helm™/ studied the X-ray
crystal structure of N,N’-diacetyl-3-methylthiobenzidine, a
biphenyl derivative in which one ring is the same as 2 and
the other as 6. They found the methyl group on the S atom

20 arE

N,N-diacetyl-3-methylthiobenzidine

to be perpendicular to the benzene plane, the amide group
adjacent to it to be rotated by about 12° out of the plane
but with the N—H group pointing toward the S atom, and
the amide on the other ring to be rotated out of its neigh-
boring benzene plane by about 60°. However, the crystal
structure includes extensive intermolecular hydrogen bond-
ing, which makes it hard to assess the impact of intramolec-
ular N—H--S bonds.**

In a systematic review of X-ray crystal structures, Allen
et al.®™ studied the ability of divalent S to form hydrogen
bonds. They found 115 cases of intramolecular N—H---S hy-
drogen bonding (carefully excluding H--S 1,3 and 1,4 inter-
actions; see Table 6). The mean geometrical parameters for
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Table 6. Intra- and intermolecular N—H--S geometrical parameters!®!
from experiment and this work.

Source Cases N-H H--S N--S N-H--S
neutron®®dl 8 1.020(4)  2.48(6) 3.44(4) ]
neutron™ 1 1.041(2)  2274(2)  3.287(2) el
X-ray®del 26 L 2.74(2) 3.58(3) 145(3)
X-rayl®ehl 115 el 2.60(2) 3.12(2) 113(1)
X-rayl®h 2 0.860 2.497 2978 116.1
6kl 1 1.013 2.426 3.019 116.6

7l bkl 2 1.012 2.400 2.990 116.4

[a] Lengths in Angstroms; angles in degrees. [b] Ref. [20c]. [c] Intermo-
lecular. [d] Mean. [e] Not given in source. [f] Shortest. [g] Ref. [20b].
[h] Intramolecular. [i] Ref. [3]. [j] This work. [k] B3LYP/6-311G(d,p).

H-S and N--S were 2.60 and 3.12 A, respectively, and for
N—H--S it was 113°. Note that in the work of Nakamura
etal.™¥ on X-ray structures of arylamide-S/transition-
metal complexes that are stabilized by one or two N—H---S
interactions, the N---S distances ranged from 2.89 to 3.02 A.

Steiner®! considered eight reported cases of N—H--S hy-
drogen bonds from neutron diffraction, which can more ac-
curately determine the position of the H atoms than X-ray
diffraction. The mean geometrical parameters for N—H,
H---S, and N---S were 1.020, 2.48, and 3.44 A, respectively.
Comparing Steiner’s work to that of Allen et al. reveals that
the X-ray N--S mean distance is much shorter than that
from neutron diffraction. This is probably because Steiner’s
study included intermolecular hydrogen bonds, which tend
to be more linear and thus can be longer. Indeed, in referen-
ce [20b] the mean intermolecular N--S distance is much
longer than the mean intramolecular one. Steiner noted a
trend that shorter H--S distance is correlated with longer
N—-H distance in those structures. The longest N—H bond,
1.041 A, is matched with the shortest H--S distance of
2274 A.

For 6, Figure 4 shows the most notable X—H bond length
changes, for N—H and C6—H, with respect to those found in
the quasiplanar 181.4° structure. The N—H bond is stretched
by 0.008 A in the lowest energy conformation (when the N—
H group is pointed most directly toward S); by comparison,
in 2, the N—H bond length varies only over a range of
0.0003 A for a torsion of p=0-90°. The elongation of the
N—H bond when it is directed toward the S atom suggests
the occurrence of an N—H--S hydrogen bond. The calculat-

0.8

0.4

-04

Bond length difference / pm
o

PO A R B R
0.8 90 180 270 360
Constrained angle / °

Figure 4. Bond length differences for X—H bonds (X=N, C) for various
structures with constrained p. For 2, the data is adjusted from structures
with p=0-90° (for C2—H or C6—H), by taking the difference from C6—H
for p=0°. For 6, the differences are relative to the p~180° structure.
Carbon atom numbering as in Figure 1.
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ed H--S and N--S lengths and N—H--S angles of 6 and 7
also are close to the average values found from the experi-
mental surveys.

The X-ray structure from our previous work” (average of
two N—H--S cases in a molecule the same as 8, except for a
different end group on the SR side chain), is close to that
calculated in this work for 6 and 7 for N—S and N—H---S
(Table 6); the agreement is not as good for N—H and H--S,
primarily due to the overall quality of the crystal and the
difficulty in locating hydrogen atoms in X-ray structures.
The calculated N—H--S hydrogen bond parameters in 6 and
7 match Steiner’s description™®! of a weak hydrogen bond.

C—H--O hydrogen bonds: Weak C—H--O hydrogen bonds
have received much attention in recent years.">*-*? Several
older studies®! already had provided insight into the way
such interactions influence the conformation of a molecule
or complex. There is an increasingly clear understanding
that C—H bonds usually shorten when participating in a hy-
drogen bond, as found in this work. Gu et al.”!! point out
that in hydrogen bonds there is a balance between various
forces, and suggest that when a C—H bond is involved in a
C—H--O interaction, it is shortened because the electrostat-
ic, charge transfer, polarization, and dispersion forces which
pull the H atom away from the C atom, lengthening the
bond, have a smaller effect than the exchange forces, which
shorten the C—H bond by pushing the hydrogen atom away
from the acceptor.

In unsubstituted 2, as p is changed from 0° to 90° (note,
for p=0°, N—H is pointing toward C2, and C=0O toward C6,
see Figure 1), the C6—H bond stretches by 0.005 A and is
shortest when the carbonyl group points toward it (0=0°).
The effects of C—H--O hydrogen bonding were noted al-
ready in the neutron diffraction study on 2.°1 By contrast,
the C2—H bond varies over a range of only 0.0023 A, and
the N—H bond over 0.0003 A.”Y In thioether 6, the C6—H
bond also is shortest when it is involved in a C—H--O hydro-
gen bond in the p=0° structure. In 6, as p is varied from 0-
90°, the C6—H bond lengthens by 0.004 A, in a way that
Figure 4 shows is very similar to 2. Thus the typical behavior
of a weak C—H--O hydrogen-bonding interaction is followed
in 2 and 6. Note that though C—H--O interactions are im-
portant for the lowest energy structures of all the model
compounds in this work, they provide no special stability to
6 compared to the other structures.

Conclusion

Our results from model compounds show that in the target
arylamide polymers D, adding the ortho thioether group
helps keep the amide group in the plane of the benzene
ring, with the N—H group pointing towards S and the C=0
group anti to the S atom. For the acetanilides, the ether
group was in-plane whereas the thioether group was out of
the aryl plane. For the corresponding diamides, ether and
thioether groups should each be out of plane. Density func-
tional theory C-C-N-C torsional potentials and constrained
geometries showed a high, repulsive barrier for C=O point-
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ing toward S and that the N—H bond stretches in a regular
pattern as it is rotated to point towards the S atom. There is
good evidence for a weak N—H---S hydrogen bond in 6: the
N—H bond stretches by 0.008 A when pointed toward S; the
C-C-N-C 0-90° barrier height is increased in 6 versus 2 by
2 kcalmol '; the N—H stretching frequency is red-shifted
and has higher intensity in 6 versus 2. Previous work has
also shown that the N—H group points towards S in an X-
ray crystal structure,” tends to point towards S in MDF! and
CPMD simulations,'” and that the methylthio group helps
to restrict rotation around the ring—N bond.'”! From the IR
frequency shifts and structures of model species 2-7, it
seems that hydrogen bonding is much clearer in the thioeth-
ers than in the ethers, possibly because the N—H--X dimen-
sions for the thioether are more suitable for hydrogen bond-
ing than those of either the monoamide or diamide ether.

Computational Methods

Gaussian 98 was used to obtain geometries for 2-7 by using DFT?
with the gradient-corrected BLYP”” functional and the standard 6-
31G(d,p) basis set, and the hybrid B3LYP?"™?! functional with 6-
31G(d,p) and the valence triple-zeta plus polarization 6-311G(d,p) basis
sets.””) Harmonic vibrational frequencies were calculated to ensure that
each stationary point reached was a minimum.

To tackle the large number of different possible conformations of 6, we
used the Car—Parrinello Molecular Dynamics (CPMD) program,*” which
is well-parallelized to run on many processors, to get fast and reasonably
accurate results. Reference [31] provides an excellent overview of the
CPMD method and program. In all CPMD calculations in this work the
HCTHP? density functional was used, which gives more accurate relative
energies than BLYP or B3LYP for standard training set cases.”” In the
CPMD program, a plane wave basis set is used, which is expanded to a
certain energy cutoff; here we used 70 Ry unless mentioned otherwise.
Core electrons were described with Trouiller-Martins norm-conserving
pseudopotentials® (optimized for the HCTH functional) by using the
Kleinman-Bylander integration scheme.!

Single-point energy calculations were performed at the CPMD/HCTH
geometries of some of the different conformations of 6 with Gaussi-
an98,%! using Hartree-Fock (HF) and second-order Mgller—Plesset per-
turbation theory (MP2), with all electrons correlated.” Because of the
computational cost, the largest basis set used was 6-3144G(d,p)*” con-
taining 298 basis functions, including a set of diffuse functions on all
atoms in addition to polarization functions; also, for comparison, the
smaller 6-31G(d,p) and basis sets without polarization or diffuse func-
tions on H atoms were tested.

The CPMD program was used to obtain constrained DFT minimized ge-
ometries for rotation around the ring-amide (C—N) bond in 2 and 6. One
C-C-N-C ring—amide torsional angle (p) was held approximately fixed by
a Lagrangian constraint®” at a particular angle,* while all other parame-
ters were relaxed. An isolated box of size 10x12x12 A was used for 2
and for 6. The constrained angle p was varied from 0 to 90° for 2 and
from 0 to 360° for 6. For the p=90° structure of 2, the amide group was
initially set to be in the plane perpendicular to the benzene ring. The
constrained structures in this work are compromises: all distortions were
allowed but were explored locally, not globally. Details are given in the
Supporting Information. Note that no zero-point energy (ZPE) correc-
tions were made to the energies for the torsional curves, since the various
geometries are constrained and hence are in fact not stationary points.
Some recent work on methylamine® included ZPE corrections by halv-
ing the contributions of the two lowest frequencies and/or ignoring any
contribution from imaginary frequencies. It would be interesting to test
this approach in future work.
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