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ABSTRACT: 1,2-Dibenzoyl-1-tert-butylhydrazine (RH-5849) and related CHs

N-alkyl-N,N’-diacylhydrazines are environmentally benign insect growth o/l
regulators. Herein, we show that an unusual ny(amide) — 7*,, interaction
mediated by a hydrazide amide nitrogen atom plays a crucial role in
stabilizing their biologically active trans—cis (t—c) rotameric conformations.
We provide NMR and IR spectroscopic evidence for the presence of these
interactions, which is also supported by X-ray crystallographic and

computational studies.

N,N’-Diacylhydrazines (Figure 1A) possess a wide range of
biological activities. In particular, some 1,2-dibenzoyl-1-tert-
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Figure 1. (A) Amide bond rotamers of N,N’-diacylhydrazines. (B)
Chemical structure of RH-5849. (C) Noncovalent carbon-bonding
interactions in 1—3 and (D) proposed ny(amide) — 7*,, interactions
in N-alkyl-N,N’-diacylhydrazines.

butylhydrazine (RH-5849) (Figure 1B) analogues have been
commercialized as insecticides.' In addition, many natural
products,” azapeptides,’ azatides,” and azapeptoids’ contain
N,N’-diacylhydrazine motifs embedded in their structure.
Recently, hyperstable collagen mimetic peptides (CMPs)®
were produced by incorporating N,N’-diacylhydrazine motifs
via strategic substitution of glycines with aza-glycines in CMPs.
Despite such high significance, the conformational properties
of N,N’-diacylhydrazines remained poorly studied. The
repulsion between the hydrazide amide nitrogen lone pairs is
considered as the major driving force in determining their
conformations.”
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N,N'-Diacylhydrazines can have four amide bond rotamers
(Figure 1A). In a recent study, we discussed the role of
reciprocal carbonyl-carbonyl (CO--CO) n — z* interactions
in the stabilization of the trans—trans (t—t) conformations of
unsubstituted N,N’-diacylhydrazines (Figure 1A, Ry = R, =
H).* We also reported that when one of the nitrogen atoms
was methylated (1—3), there was a drastic conformational
change and their trans—cis (t—c) conformations became more
stable due to a noncovalent carbon-bonding (C-bonding)
ny(amide) — o*._x interaction (Figure 1C).” Herein, we
show that incorporating a z-system such as a phenyl group at
R, facilitates an ny(amide) — #*,, interaction (Figure 1D)
and stabilizes the t—c conformations of N-alkyl-N,N’-
diacylhydrazines. For example, we show that the biologically
active t—c conformations of RH-5849 and its analogues that
are N-alkylated and contain phenyl rings at the acyl positions
(R, and R, of Figure 1A) are stabilized by ny(amide) — z*,,
interactions. Understanding the noncovalent interactions that
stabilize the t—c rotamers of these molecules is crucial for the
N,N’-diacylhydrazine-based drug design. We provide spectro-
scopic evidence for the presence of this interaction in N-
methyl-N,N’-diacylhydrazines in solution, which is also
supported by X-ray crystallographic and computational studies.
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n — m* has emerged as an important noncovalent 1nteract10n
that can stabilize both small molecules and macromolecules.™
However, to the best of our knowledge, there is no report of n
— 7* interaction involving a nitrogen atom of amide character
in the literature.

To probe the presence of the proposed ny(amide) — 7%,
interaction, we first investigated the crystal structures of RH-
5849 and its analogues from the Cambridge Structural
Database (CSD) (Figures S1 and S2). These molecules
(Figure 1B and 2A) crystallize in the t—c conformations in the
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Figure 2. (A) Chemical structures of other 1,2-diaroyl-1-tert-
butylhydrazines obtained from the CSD. (B) Crystal structure of
RH-5849 (conformer 2). (C) NBO ny(amide) — x*,, orbital
interaction in RH-5849 (conformer 2). (D) Pyramidalities of C1Ph
carbon of RH-5849 and other 1,2-diaroyl-1-tert-butylhydrazines
(Figure 2A) are plotted against their NBO ny(amide) — 7%,
second-order perturbation energy values.

solid state with the NH—amide bonds in the trans and the
NtBu—amide bonds in the cis geometries, respectively (Figure
2B and Figure S2). We observed pyramidalization of the
phenyl carbon attached to the N'Bu amide group (C,p,—CO)
toward the NH nitrogen atom in these molecules (Figure 2C),
which is a crucial evidence for the presence of n — z*
interactions.'* Interestingly, no such trend of pyramidalization
was observed in the phenyl carbon atom attached to the NH
amide group [A(Cypy), Table 1 and Table S1]. Natural Bond
Orbital (NBO) calculations also showed the presence of
ny(amide) — 7*,, interactions in these molecules (Figure 2D
and Figure S3 and Table 1 and Table S1). To take the HN —
CO resonance effect of the amide group into consideration, the
NBO second-order perturbation energies for the ny(amide) —
7*,, interactions were taken as 60% of the values obtained
from NBO calculations as such calculations consider the amide
configuration as a C=0 double bond with an unconjugated
nitrogen lone pair (see the Supporting Information for details).
Interestingly, the stabilization energies due to the nN(amide)
— 7%, interactions in RH-5849 (1.10 kcal mol™) and its
analogues are considerably higher compared to the C-bonding
interaction energies in 1 and 2 (Table 1 and Table S1). The
crystal structure of RH-5849 contains two molecules in the
asymmetric unit.'' In one of these molecules (RH-5849-
confl), we also observed significant CO--CO ny — 7¥co
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Table 1. Crystallographic Structural Parameters and NBO
Second-Order Perturbation Energies (E*) of ny(amide) —
o*/m*,, Interactions in 1—6, 4-NMe, and RH-5849

compd™” ACyp, (A) AC,p, (A) E? (kcal mol ™)
14 0.000 0.46

27 —-0.013 0.51

3d

RH-5849° 0.034 0.009 1.10

4 0.045 —0.004 0.16
4-NMe 0.014 —0.030 1.39

5 0.041 —0.005 0.89

6 0.028 —0.032 1.08

“20 mM in CDCl,. “We obtained single crystals of all these
compounds except 3. Crystal geometries were t—c. “ny(amide) —
ﬂ*Ar interactions calculated using crystallographic coordinates.
FReference 9. “RH-5849-conf2, data taken from ref 11 (R, = tBu).

interaction (1.38 kcal mol™") between the oxygen atom of
NH-—amide CO and the carbon atom of the NtBu—amide CO
(0+C = 2.84 A). The ny — #*,, interaction is considerably
diminished in this molecule (0.16 kcal mol™"). In addition, the
cis N‘Bu—amide bonds in RH-5849 and its analogues are also
stabilized by no — o%¢_¢ interactions between their N'Bu
amide CO oxygen and the 6*c_cy, orbital in the ‘Bu group

(Table S1 and Figure S4).

RH-5849 and its analogues have a bulky tBu group in one of
the nitrogen atoms, Wthh could force the NtBu—amide bond
to adopt cis geometry.'”” To minimize the steric effect, we
substituted the tBu group with methyl (CH;), the smallest
alkyl group (4—6, Figure 3A). The rotameric populations of
the compounds were determined by '"H NMR, 1D-NOE, and
2D-NOESY experiments (see the Supporting Information).
We observed only the t—c rotameric form of 4—6 in CDCI,
and DMSO-d,;, wherein the NH— and NMe—amide bonds
adopted trans and cis geometries, respectively. X-ray crystal
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Figure 3. (A) Chemical structures of 4—12, 4-CH,, and 4-NMe. (B)
Crystal geometry of 4. (C) NBO orbital overlap for ny(amide) —
7*,, interactions in 4. (D) Crystal geometry of 4-NMe showing the
positive pyramidality (Ay) of the donor amidic nitrogen atom toward
the Ph ring. (E) NBO orbital overlap for ny(amide) — z*,,
interactions in 4-NMe.
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structures of 4—6 also confirmed their t—c conformations in
the solid state (Figure 3B and Figure SS, Tables S2 and S3).

N-Alkyl—amide bonds exist in a mixture of cis and trans
rotameric forms.'® Although the cis amide bond preference of
N-methylanilides is known, this is a special case that arises due
to the repulsion between the carbonyl oxygen lone pairs and
the 7-electrons of the phenyl ring on the nitrogen atom in the
trans amide bond conformation.'* We were intrigued by the
complete reversal from trans (H—N—C=0 ~ 180°) to cis
(Me—N—C=0 ~ 0°) geometries of the hydrazide amide
bonds in 4—6 upon N-methylation. To probe this behavior, we
synthesized compound 4-CH, (Figure 3A), wherein the NH
group in 4 was replaced with a CH, isostere. Isosteric
replacement of NH with CH, should eliminate the ny — 7%,,
interaction due to the absence of the electron donor lone pair
in 4-CH, and should reveal the role of the ny — 7%,
interaction in the conformational preference of 4—6. As
anticipated, we observed a mixture of cis and trans amide bond
rotamers in 4-CH, (trans, 70%; cis, 30%). Therefore, it is clear
that the presence of the NH group is essential for the
stabilization of the cis conformations of the NMe—amide
bonds in 4—6. We ruled out any role of hydrogen bonding as
4-NMe (Figure 3A) also adopted a conformation similar to
that of 4 in solution and the solid state (Figure 3D). Inspection
of the crystal geometries of 4—6 and 4-NMe revealed positive
pyramidality of the phenyl carbon (Cp,) toward the NH
nitrogen atom, and NBO analyses indicated the presence of
ny(amide) — 7*,, interactions in them (Table 1, Figure 3B—
E). Interestingly, in 4-NMe, we also observed pyramidalization
of the donor nitrogen atom (0.103 A) toward the acceptor
carbon atom, indicating the presence of the ny(amide) — 7%,
interaction (Figure 3D).

To systematically modulate the strength of ny(amide) —
7 5, interactions and probe spectroscopic signature, we further
synthesized compounds 7—12 (Figure 3A) with various
substituents at the para-position of the phenyl ring. From
the solution NMR studies we confirmed the t—c rotamers to
be the most dominant rotamers of 7—12 in solution. A minor
c—c rotamer was also observed due to the isomerization of the
relatively smaller acetyl group to the cis form. As in 4—6, no
isomerization of the NMe—amide bond near the phenyl ring
was observed in 7—12. We could crystallize 7—10 and 12
(Figure 4C and Figures S5 and S6), all of which crystallized in
the t—c rotameric forms with positive pyramidalization of the
aromatic carbon atom (Cp,) toward the amidic NH nitrogen
atom (Figure 4B). Interestingly, similar to RH-5849-confl and
RH-5849-conf2, we could crystallize 12 in two different forms
(12tc-confl) and (12tc-conf2) (Figure 4C,D). We could also
locate two conformational forms (t—c-confl and t—c-conf2) of
the t—c rotamer of 7—12 using quantum chemistry calculations
(see the Supporting Information for details and Figure S7),
which showed the dominance of the ny(amide) — z*,,
interaction in the t—c-conf2 and the dominance of the CO--
CO ng — 7#%co interaction in the t—c-confl conformer,
respectively. This is also reflected in the higher pyramidality of
the acceptor Cpy, atoms in the optimized geometries of the t—c-
conf2 of 7—12 (Figure 4E, Table S7). We observed a good
correlation between the N---C distances and the corresponding
NBO ny(amide) — 7*,, interaction energies in 7—12 (Figure
4F and Figure S7D). However, the effect of the ny(amide) —
7 5, interaction was not observed in the change in the C—N
and C=O0 bond lengths of the NH—amide group of 7—12
(Table S8).
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Figure 4. (A) Bar diagram showing the percentage of the rotameric
populations of 7—12. (B) Pyramidality of the phenyl carbon (Cpy)
[directly bonded to the CO group near the NMe group] observed in
the crystal geometries of 7—10 and 12. (C), (D) Crystal geometries
of 12 in two different forms. (E) Pyramidality of the phenyl carbon
(Cpy) bonded to the NMe—amide group in the optimized t—c-confl
and t—c-conf2 conformations of 7—12. (F) Correlation of the N---C
distances (A) and the NBO ny(amide) — #*,, interaction energies
(E?) of 7—12. The average of the N---C distances (A) and E* values of
the t—c-confl and t—c-conf2 of 7—12 were used for this plot (Table
S7).

Interestingly, stronger no — 7*co interactions in 7—12
should weaken the ny(amide) — z*,, interactions and vice
versa, and these two interactions should have opposite effects
on the C=0 and N—H stretching frequencies. no = 7¥¢o
interactions should increase the HN—CO conjugation of the
donor amide and, therefore, shorten the N—H bond, and a
blue shift in the N—H vibrational frequency is expected. On
the other hand, ny(amide) — 7, interactions should weaken
the HN—CO conjugation of the donor amide and, therefore,
elongate the N—H bond and cause a red shift in the N—H
vibrational frequency. The NH stretch region of the IR spectra
of 7—12 consisted of three overlapping peaks (Figure SA and
Figure S9A). The concentration dependent IR experiments
suggested that the lowest frequency NH peak belongs to an
NH that is involved in intermolecular N—H:--+O=C hydrogen
bonding (HB) (Figure SA), but the highest frequency peak
(gray) and the middle peak (cyan) (Figure S9A) are for NH
groups not involved in intermolecular HB. On the basis of
NMR and IR spectroscopic observations, we assigned the
highest frequency peak to the t—c and the middle peak to the
c—c rotamers, respectively (see the Supporting Information for
details). Analyses of the N—H vibrational frequencies of the t—
c rotamers of 7—12 showed a gradual red shift from 7 to 12
(Figure 5B, Table S9), which indicates the dominance of
ny(amide) — 7*,, interactions in 7—12 in CDCI; solution. A
strong correlation of the red shift in the N—H vibrational
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Figure S. (A) Concentration dependent IR study of 9. The lowest
frequency population arises from intermolecular CO---NH hydrogen
bonds, and thereby a nonlinear increment with concentration is
observed. (B) NH vibrational frequencies of t—c rotamers of 7—12.
The peak positions correspond to the gray region of the peaks shown
in Figure S9A that were obtained by fitting the IR spectrum of each
compounds with a Gaussian + Lorentzian line shape. Details are
discussed in the Supporting Information.

frequencies with the Hammett constant (GP) of the para-
substituent (R) was observed in 7—12 (Figure S11A).

We also investigated the acetyl CO stretching frequencies of
7—12 for signatures of ng — 7* o and ny(amide) — 7%,
interactions. ng — 7 ¢ interactions should cause red shift of
both the donor and acceptor carbonyl C=O stretching
whereas ny(amide) — 7*,, interactions would cause a blue
shift of the acetyl C=O0 stretching due to weakening of the
HN—CO conjugation. Analyses of the acetyl C=0O stretching
frequencies of the t—c conformers indicated a gradual blue hift
with the increase in the electron withdrawing ability of the
para-substituent (6,), which is in agreement with the expected
decrease in the HN—O conjugation and increase in the C=0
bond strength from 7 to 12 due to ny(amide) — x*,,
interactions (Figure S11B, Table S9).

Investigation of the effect of ny(amide) — z*,, interaction
on the vibrational stretching of the acceptor C=C bonds
showed no gradual trend of red shift in 7—12, but we observed
a substantial red shift of the C=C stretching vibrations in 12
compared to that of 7 (Figure S12), which supports stronger
ny(amide) — 7*,, interaction in 12 compared to 7 (see the
Supporting Information for details).

Further, we investigated the NMR spectroscopic signature of
ny(amide) — 7%*,, interactions in 7—12. In the absence of any
other factor, we expect the electron withdrawing effect of the
remote R group in the phenyl ring of 7—12 to shift the 'H
NMR signals of the NH and acetyl CH; groups downfield.
Interestingly, however, we observed a gradual upfield shift of
the "H NMR signals of both the CH; and NH protons of the
t—c rotamers from 7 to 12 at all concentrations (1—150 mM)
tested, which is evident from the inspection of relative § values
of CH; and NH hydrogens of 7—12 at various concentration
points in Figure 6AB (Table S10—S11). The Hammett
correlation of the upfield shifts of the 6 values of the acetyl
CH; and NH hydrogens at 20 mM concentration with the
increase in the electron withdrawing ability of the para-
substituent (R) in the aryl ring from 7 to 12 are shown in
Figure S13A,B. We reason that the increase in the ny(amide)
— 7*,, interaction from 7 to 12 reduces the HN — C=0
conjugation, which leads to decrease in N—C double bond
character and, thus, reduces the anisotropic effect of the N=C
bond z-electron cloud, thereby leading to an upfield shift of
the CH; and NH hydrogen ¢ values from 7 to 12.

As hydrogen bond (HB) donation makes an amide nitrogen
lone pair more available,” we envisaged the ny(amide) — 7*,,
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Figure 6. Concentration-dependent changes in "H NMR peaks of (A)
acetyl CH, and (B) NH of 7—12 and acetohydrazide (C-1).

interactions in 7—12 to increase with the increase in
concentration. We observed a gradual upfield shift of the
values of the CH; hydrogens with an increase in concentration
(Figure 6A), which can be correlated to the increase in the
ny(amide) — 7*,, interaction and decrease in the anisotropic
effect of the 7-electron cloud of N=C bond with the increase
in the N—H---O=C HB at higher concentration. Interest-
ingly, in acetohydrazide (C-1 in Figure 6A,B) that lacked the
ny(amide) — 7*,, interaction, no upfield shift of the acetyl
CHj; hydrogens was observed. Therefore, we conclude that the
upfield shift of acetyl CH; hydrogens provides direct evidence
of ny(amide) — #*,, interactions in 7—12.

In conclusion, we have discovered a hydrazide amide
nitrogen mediated ny(amide) — z*,, interaction in the
insecticide RH-5849 and related N-alkyl-N,N’-diacylhydra-
zines, which stabilize their biologically active t—c rotameric
conformations. As the N-alkyl-N,N’-diacylhydrazine motifs are
found embedded in many natural products and aza-
peptidomimetics, we also anticipate a role of these interactions
in their stabilization.
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