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Abstract: High-level ab initio calculations have been used to determine the minimum energy structiNgé-of
diformylhydrazineN-methyl-N,N'-diformylhydrazine, andN,N'-dimethylN,N'-diformylhydrazine. These calculations

show that the global minimum is a nonplanar structure in which the nitrogen lone pairs are essentially perpendicular
to one another. However, the energy required BZ)-diformylhydrazine to adopt a planar structure is less than 1
kcal/mol (MP2/6-3%#-G**). This is due to attractive intramolecular hydrogen bonds betweeMNthgdrogens and

the carbonyl oxygens in the planar geometry. When one or both amide configurations are inX&itdeH), or

when the nitrogens are substituted, with methyl for example, these hydrogen bonds are lost and the planar structure
becomes much less stable relative to the twisted rotamer. Thus, we conclude from these calculations that
diacylhydrazines are intrinsically nonplanar with respect to the-G©N—CO torsion, and that with the exception

of (Z,2)-diformylhydrazine the rotational barriers are large. The observation of a planar crystal structure for
diformylhydrazine is due to additional intermolecular hydrogen bonds which are available to planar diformylhydrazine
in the crystal lattice. Finally, these calculations have significant implications for the structure and dynamical properties
of nonsteroidal ecdysone agonists, azapeptides, and azatides which incorporate the diacylhydrazine structure.

Introduction this question by determining the lowest energy structure for the

The structure and rotational isomerism of diacylhydrazines parent diformylhydrazine have met with mixed results. Most
have been topics of significant interest for nearly 30 yéats. ~ Of the crystal structures obtained for diacylhydraziteat are
The extent to which acylation affects the structure and dynamics not N-substituted give a planar CON\—N—CO dihedral angle
of the N—N bond is a critical issue, both from the standpoint Of 18, but at least one crystal structérand one NMR
of fundamental physical organic principles and for a proper experimen’tfind a twisted geometry. Thus, itis far from clear
understanding of this functional group in its numerous occur- What the structure or intrinsic barrier should be for unsubstituted
rences in medicinal and agricultural chemistry. It can be argued Of monosubstituted diacylhydrazines.
alternatively that the lone pairs are less repulsive because of There are several theoretical studiesthe parent diformyl-
resonance with the amide carbonyl, or that the barrier should hydrazine which might shed light on the structure of diacylhy-
be larger because of additional eclipsing interactions as a resultdrazines. Orfé is irrelevant because the experimentally
of the planar amide nitroges.NMR studied suggest that ~ observed planar structdrevas enforced. Jeffrey et &°
acyclic diacylhydrazines have twisted ground state geometriescomputed structures and energies #6Z}-diformylhydrazine
with very large, sometimes greater than 20 kcal/mol, barriers (1) at the HF/3-21G level, and found that the lowest energy
to rotation. These rotational barriers are much larger than arestructure has a CON—N—CO dihedral angle of 84 This
typical for alkyl-substituted hydrazinégut virtually all of the directly contradicts the crystal structure fbrwhich is found
rotational barriers measured by NMR are for highly substituted by a variety of investigatofsto be planar (i.e., CON—N—
diacylhydrazines with very bulky substituents (e.g., benzyl) at CO dihedral angle of 18). However, the planar (18p
both nitrogens. This has led some investig&"fbts question structure is onIy calculated to be 1.3 kcal/mol less stable than
whether the NMR experiments are representative of the dia- the twisted conformation. More recent calculatidra a higher
cylhydrazine functionality, or simply due to severe eclipsing level of theory give essentially the same results. Thpl@nar

interactions between the bulky substituents. Attempts to resolve Structure was not evaluated. One could reasonably conclude
from this result and from the crystal structure that, in the absence
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rohmhaas.com. (5) (a) Crystal structure coordinates were obtained from the Cambridge
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J. B., Takeuchi, Y., Eds.; VCH Publishers: New York, 1992; Chapter 3, Crystallogr.1978 B34, 3623. (c) Hope, H.; Ottersen, RActa Crystallogr.
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of nitrogen substitution, the preferred geometry for diacylhy-

drazines is twisted, but that the intrinsic barrier to rotation about

the N—N bond is very small (2 kcal/mol). In this view, the

large barriers observed in the NMR experiments can be ascribed o
to an unfavorable repulsive interaction between the bulky
substituents on nitrogen which are forced to be eclipsed in the
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Beyond being a question of theoretical interest, the structure N—N N—nN S

and dynamics of substituted diacylhydrazines have taken on # >-H ”‘< >:° °='( §:°
increased importance in recent years. This is due to the role ° 1p © RO " "
this functionality plays in important biological applications such ° W 3b

as peptidomimetic azapeptidtand a recently discovered class " >§H " ):o "

of nonsteroidal ecdysone agoni&lsThe conformation about \ N N\ y "\ ):°
the central N-N bond in azapeptides is uncertain, as evidenced " N, H\( N\, o N N

by examples with both planar and twisted crystal structties. \/ H
The CO-N—N—CO dihedral angle and relative barrier are 1c 2 H

critical information if one is to rationally compare the structure

of azapeptides to other peptidomimetics or peptides. This

problem is illustrated by the uncertainty surrounding the
conformation of novel azatid&recently reported by Han and
Jand&P?

The highly specific insecticidal activity of certain dibenzoyl-

hydrazine¥® has generated significant commercial interest

Figure 1. Rotamers of diformylhydrazine.

ecdysone. This underlies their unigue mode of insecticidal
activity and generates further interest in the conformational
behavior of diacylhydrazines. It is difficult to model these
compounds or formulate a meaningful pharmacopRavihout

a better knowledge of the structure and flexibility of the central

because they are potent agonists of the insect molting hormoney_n pond than currently exists.

(9) (@) Han, J.; Janda, K. D). Am. Chem. S0d 996,118 2539 and
references cited therein. (b) Graybill, T. L.; Dolle, R. E.; Helaszek, C. T.;
Ator, M. A.; Strasters, JBioorg. Med. Chem. Lett1995 5, 1197. (c)
Marchand-Brynaert, J.; Mougenot, P.; Combret, Y.; Belotti. D.; Guillot,
N.; Ghosez, L.l Farmaco 1995 50, 455. (d) Gante, J.; Krug, M;
Lauterbach, G.; Weitzel, R.; Hiller, Wl. Peptide Sci1995 2, 201. (e)
Amour, A,; Collet, A.; Dubar, C.; Reboud-Ravaux, Mt. J. Peptide Protein
Res.1994 43, 297. (f) Barfe C.; Le Grel, P.; Robert, A.; Baudy-Floc'h,
M. J. Chem. Soc., Chem. Commu®94 607. (g) Gante, J.; Krug, M.;
Lauterbach, G.; Weitzel, R.iebigs Ann. Chem1994 1231. (h) Burger,
K.; Schierlinger, C.; Mtee, K.; Hollweck, W.; Koksch, BLiebigs Ann.
Chem 1994 407. (i) Quibell, M.; Turnell, W. G.; Johnson, T. Chem.
Soc., Perkin Trans. 1993 22, 2843. (j) Giordano, C.; Calabretta, R.;
Gallina, C.; Consalvi, V.; Scandurra, R.; Chiaia Noya, F.; Franchini, C.
Eur. J. Med. Chem1993 28, 297. (k) Lecog, A.; Boussard, G.; Marraud,
M.; Aubry, A. Biopolymersl1993 33, 1051. (I) Magrath, J.; Abeles, R. H.
J. Med. Chem1992 35, 4279. (m) Grayhbill, T. L.; Ross, M. J.; Gauvin, B.
R.; Gregory, J. S.; Harris, A. L.; Ator, M. A.; Rinker, J. M.; Dolle, R. E.
Bioorg. Med. Chem. Lett1992 2, 1375. (n) Lecoq, A.; Boussard, G.;
Marraud, M.; Aubry, A.Peptides1992 601. (o) Chen, S.; Chrusciel, R.
A.; Nakanishi, H.; Raktabutr, A.; Johnson, M. E.; Sato, A.; Weiner, D.;
Hoxie, J.; Saragovi, H. U.; Greene, M. |.; Kahn, Rrroc. Natl. Acad. Sci.
U.S.A 1992 89, 5872. (p) Gray, C. J.; Quibell, M.; Jiang, K-L.; Baggett,
N. In Advances in Solid Phase Synthedipton, R., Ed.; Intercept, Ltd.:
Andover, U.K., 1992; pp 295303. (q) Gante, JSynthesisl989 2, 405.

(r) Gupton, B. F.; Carroll, D. L.; Tuhy, P. M.; Kam, C-M.; Powers, J. C.
J. Biol. Chem1984 259 4279. (s) Abernethy, J. L.; Kuzmin, G. F.; Lovett,
C. M., Jr.; Wilson, W. A.Bioorg. Chem198Q 9, 440. (t) Barker, S. A.;
Gray, C. J,; Ireson, J. C.; Parker, R. C.; McLaren, J. \Bidchemistry
1974 314, 555. (u) Niedrich, HChem Ber.1967, 100, 3273. (v) Gante,
J., Lautsch, WChem. Ber1964 97, 983 (w) Kurtz, A. N.; Niemann, C.
J. Am. Chem. S0d.961, 83, 1879. (x) Kurtz, A. N.; Niemann, Cl. Org.
Chem.1961, 26, 1843.

(10) (a) Retnakaran, A.; Kiyoshi, H.; Palli, S. R.; Riddiford, L. Msect
Biochem. Mol. Biol1995 25, 109. (b) Hsu, A. C.; Aller, H. E. U.S. Patent
4,985,461, 1991. (c) Hsu, A. IBynthesis and Chemistry of Agrochemicals
Il; Baker, D. R., Fenyes, J. G., Moberg, W. K., Eds.; ACS Symposium
Series 443; American Chemical Society: Washington, DC, 1991; pp 478
490. (d) Addor, R. W.; Kuhn, D. G.; Wright, D. P., Jr.; U.S. Patent 4,-
814,349, 1989. (e) Kameswaran, V.; Wright, D. P., Jr.; Herman, R. A., U.
S. Patent 4,857,550, 1989. (f) Wing, K. Bciencel988 241, 467. (g)
Wing, K. D.; Slawecki, R. A.; Carlson, G. Fciencel988 241, 470. (h)
Wing, K. D.; Aller, H. E. InPesticides and Alternates Casida, J. E., Ed.;
Elsevier: Amsterdam, 1990; pp 25257.

(11) (a) Viret, J.; Collet, A.; Lecoq, A.; Marraud, M.; Aubry, Alow.

J. Chim.1989 13, 849. (b) Benatalah, Z.; Aubry, A.; Boussard, G.; Marraud.
M. Int. J. Peptide Res1991 38, 603. (c) Urbanzyk-Lipkowsa, Z.;
Krajewski, J. W.; Gluzikski, P.; Lipkowski, A. W.; Argay, G J. Mol.
Struct. 1986 140, 151. (d) Gante, J.; Krug, M.; Lauterbach, G.; Weitzel,
R.; Hiller, W. J. Peptide Sci1995 2, 201. (e) Marraud, M.; Aubry, A.
Biopolym. (Peptide Sci}996 40, 45.

(12) The term azatide has been proposed rec¥dy peptidomimetics
whereall of the a-carbons have been replaced by nitrogen.

We have undertaken a more complete theoretical study of
the diacylhydrazine structural motif at a consistently high level
of theory. Whereas previous calculatidfiscused on the,Z
and to a lesser degré&eE configurations of diformylhydrazine,
we examined all of the probable mimima and maxima on the
potential energy surface for all three possible configurations (i.e.,
Z2,Z (1), ZE (2), andE,E (3)). In addition, we have studied the
effect of N-methyl and N,N'-dimethyl substitution on the
structure and dynamics of diacylhydrazines. These calculations
should help sort out the conflicting data for diacylhydrazine
structure and dynamics, and are crucial for understanding the
structure of azapeptides and the dibenzoylhydrazine-derived
ecdysone agonists. The results of these calculations will also
provide valuable data for the derivation of molecular mechanics
parameters for diacylhydrazine torsional potentials.

Procedure

The Gaussian92 progrdbwas used to compute relative energies
for eight dihedral angles, about the N-N bond in1—3 (Figure 1).
Two dummy atoms (X X*) were used to defin@ so that it would

X1 3}
b, | /*
- N2 N3
a I\
X‘ d

correspond to the dihedral angle between the nitrogen lone pairs. This
is achieved by fixing the angles'’XN2—N?2 and X*—N3—N? to 9(,
and by defining the dihedrals of the nitrogen substituents with respect

(13) () Mohammed-Ali, A. K.; Chan, T.-K.; Thomas, A. W.; Strunz,
G. M.; Jewett, BCan. J. Chem1995 73, 550. (b) Nakagawa, Y.; Oikawa,
N.; Akamatsu, M.; Nishimura, K.; Kurhara, N.; Veno, T.; Fujita, T. In
Classical and Three-Dimensional QSAR in Agrochemisttginsch, C.,
Fujita, T., Eds.; ACS Symposium Series 606; American Chemical Society:
Washington, DC, 1995; pp 28801. (c) Qian, X.J. Agric. Food Chem.
1996 44, 1538.

(14) High-level ab initio calculations are being used increasingly as a
source of data for parametrizing classical force fields. See: Halgren, T. A
J. Comput. Chenil996 17, 490.

(15) Gaussian 92, Rev. E.1: Frisch, M. J.; Trucks, G. W.; Head-Gordon,
M.; Gill, P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel,
H. B.; Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.;
Raghavachari, K.; Binkley, J. S. ; Gonzalez, C.; Martin, R. L.; Fox, D. J.;
Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A., Gaussian Inc.,
Pittsburgh, PA, 1992.
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Table 1. Relative Energigss(kcal/mol) for Rotamers ol—5 O HF/6-31+G**
structure 6 (deg) HF/6-31G® HF/6-31+G* b MP2/6-31G** b L oMpEeihe
. 25 +—F— 4+ 44— bt r
ZZ la min 0.0 0.0 0.0 [ 2 1
ib 0 19.7 20.6 17.0 3 20 ) o b
1c 180 3.2 2.3 0.8 £ /‘ \ " oo |
ZE 2a min 0.0 0.0 0.0 g 157 " oo |
2b 0 12.7 12.8 10.8 5 4of \ ]
2c 180 9.7 9.4 7.3 s 7R |
E.E 3a min 0.0 0.0 0.0 o 5 , \ 1
3b 0 17.4 17.7 14.8 Z / o ]
3c 180 13.6 13.9 12.0 g o / e
ZZ 4a min 0.0 T
4c 180 7.0 -5 S A
ZZ 5a min 0.0 Min OR -Q(Segree;)go Min
5c 180 19.1 oramer

- - - ~ Figure 2. Calculated potential energy surface for & configuration.
a2 A complete table including total energies for each rotamer is

included as supporting informatiohEnergies relative to the minimum -
energy forl_;)p g g The minimum energy structures bf-3 are all nonplanar and

approach orthogonality with respect to the lone pairs. Values
to Xt and X¢. For example, the-aN—N—X* and b-N—N—X dihedral of 6 range from 90to 10T (Table 2). This is consistent with
angles are constrained by symmetry to have equal magnitudes andPrevious ab initio calculatio§3™ for 1 which also gave a
opposite signs. Rotamers in whiéh= 0° or 18% have eclipsing lone nonplanar minimum. Thus, all computational methods at-
pairs and are planar, except where pyramidalization at nitrogen causesempted so far find that the preferred torsion of theMlbond

deviations from planarity. approaches 90with respect to the lone pairs. Furthermore,
Where the nitrogens are pyramidal, the degree of pyramidaligtion  the Z,Z configuration is computed to be more stable than either
is defined using the convention described by MighiThe pyrami- the Z,E or E,E configuration at the HF/6-3#G** and MP2/6-

dalization anglep measures the deviation from planarity for the three 311 g |evels.
nitrogen substituents with respect to a common plane passing through

nitrogen. Z,Z Configuration. The energies of selected points on the

Each point on the PE surface was computed using the 6-31G* or tors!onal _potentlal forl PSZ,Z) are_ riporr]tled In Table_ 1 a_n:
6-31:+G* basis set. All structures were completely optimized without d€PiCted in Figure 2. The curve is highly asymmetric, with a

any assumptions other than constraining the-X—N—X* dihedral ~ Minimum near 98, a high barrier at § and an extremely low
angle for selected rotamers. A large basis set with polarization functions barrier at 180. This latter barrier varies from 3.2 kcal/mol at

on all atoms and diffuse functions on the heavy atoms was employed the HF/6-31G* level down to only 0.8 kcal/mol at the MP2/6-
because polarization functions are often required to reproduce correct31+G** level. The result is a broad and extremely flat potential
pyramidalization of nitrogen lone pait$. In addition, any energetic  surface. We confirmed that the 188tructure is a true transition
comparisons are likely to be sensitive to interaction between the diffuse state for rotation about the NN bond by calculating force
adjacent nitrogen lone pairs. The presence of diffuse and polarization oq\stants. One imaginary frequency is found as expected, but
functions should allow us to represent these interaction energies more o magnitude of this imaginary mode is small. This is a direct
accurately. The 6-3tG** basis set is large enough that it should give consequence of the flat potential at t8and is consistent with

excellent results for conformational energies. This was followed by b - f iall icted . h h th
MP2 calculations using the 6-31G** basis set. Correlation effects our observation of essentially unrestricted rotation through the

are typically small for rotational barrietéput given the potential for 180" structure.

a weak intramolecular hydrogen bond and ther interactions inl, The low barrier for the 180rotamerlcis most likely due to
correlation effects might be significant for the-Nl torsion. favorable intramolecular interactions between thetNhydro-
gens and the carbonyl oxygens. It has been suggested on the
basis of the crystal structtr@nd previous MO calculatiofs
that there are two significant intramolecular hydrogen bonds in
the planar 189 structure (Figure 3, Table 3). At the HF/6-
31+G** and MP2/6-31G** levels the H--O distance is 2.27
and 2.32 A, respectively. This is consistent with the-B
distance of 2.39 A observ8experimentally. The fact that
this structure is still slightly less stable than the twisted
conformation indicates that the favorable electrostatic interac-

the minima for all three combinations of amide configurations ions of 1c are overcome by the repulsive interaction between

are very close in energy. Structuréa and 3a differ by only the nitrogen lone pgurs. .
0.1 keal/mol. The highest energy configuratida is a mere Whereaslc benefits from favorable intramolecular electro-

0.5 kcal/mol less stable than the most stable configuration  Static and hydrogen bonding interactiob suffers from highly
However. inclusion of electron correlation at the MP2/6- destabilizing nonbonded interactions. Structdtelies 19.7

314+G** level changes the ordering and magnitudes signifi- kcal/mol higher in energy thatha at the HF/6-31G* level. At
cantly. At the post-HartreeFock level,1ais still most stable the MP2/6-31G** level, this difference is smaller, but remains

but 2a and3a are 1.0 and 1.3 kcal/mol higher in energy than quite large at 17.0 kcal/mol (Figure 2). Rotation between the

Comparison of Z,Z; Z,E; and E,E Minima

Relative energies for selected rotamers of each diformylhy-
drazine configurationZ,Z (1), Z,E (2), andE,E (3), are given
in Table 1. Associated potential energy surfaces appear in
Figures 2, 5, and 6. The relative energies and selected
geometrical values for the minima of each configuratiba,
2a, and3a, are given in Table 2. At the HF/6-31G** level

1a, respectively. The relative energies ftg, 2a, and 3a +90° and —90° conformations would be extremely rapid
Ca‘lcmated_at the MP2/6-31G** level are in good agreement (18) (a) Bouchet, P.; Elguero, J.; Jacquier, R.; Pereillo, JBMI. Soc.
with experiment.18 Chim. Fr.1972 6, 2264. (b) Kalikhman, I. D.; Medvedeva, E. N.; Kisin,

A. V.; Yushmanova, T. |.; Lopyrev, V. ARuss. Chem. Bull984 8, 1719.
(16) Radziszewski, J. G.; Downing, J. W.; Wentrup, C.; Kaszynski, P.; (c) Kalikhman, I. D.; Bannikova, O. B.; Medvedeva, E. N.; Yushmanova,
Jawdosiuk, M.; Kovacic, P.; Michl, J. Am. Chem. S0d.984 106, 7996. T. I.; Lopyrev, V. A. Russ. Chem. Bulll982 6, 1275. (d) Kalikhman, I.
(17) Hehre, W. J.;Radom, L.; Schleyer, P. v. R.; Pople, JARInitio D.; Medvedeva, E. N.; Kushnarev, D. F.; Yushmanova, T. |.; Lopyrev, V.
Molecular Orbital Theory John Wiley and Sons: New York, 1986. A. Russ. Chem. Bulll981, 12, 1911.
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Table 2. Relative Energies (kcal/mol}) (X—N—N—X Dihedral) (deg), and (Nitrogen Pyramidalization) (deg) fdra, 2a, and3a

HF/3-21-G HF/6-31G* HF/6-3tG** MP2/6-31+G**
structure reg 0 ¢ relE 0 ¢ relE 0 ¢ relE 0 ¢
la(Z,2) 0.0 98.8 45 0.0 101.3 8.8 0.0 101.4 8.2 0.0 99.2 10.2
2a(ZE) 0.1 90.4 23,493 0.3 90.7 5.6,105 0.5 91.2 47,92 1.0 90.8 47,1190
3a(E,B -1.0 90.1 24 0.0 90.6 6.0 0.1 90.5 5.0 1.3 90.4 43

aZ andE configurations, respectively.
—O— HF/631+G**

A MP2/6-31+G**

\ 25 0
I |/\ 4
H X, X
\( - -’\H ~ 20 H CHO
O.—"-- E 15 H CHO
Figure 3. Intramolecular hydrogen bonds ir. 2 /f\ I
Table 3. Comparison of Calculated and Crystal Structure 2 5 E \ /A
Geometries (A, deg) 3 {
3
geometrical w crystal  crystal structure 0 J
parameter la 1c structuré (cocrystaly -5 ‘ ! ‘ NIRRT
N—N 1387 1.388 1381 1399 MO e g
N—H 1.011 1.014 1.038 0.893, 0.860
N—C 1.384 1.360 1.332 1.317,1.335 Figure 5. Calculated potential energy surface for f)& configuration.
C=0 1.223 1.234 1.239 1.223, 1.799
H_N_(H: ﬁg-gg ﬁgéi ﬁg-gi ﬁgi‘; ﬁfﬁg 0° structure {b), pyramidalization of the 180structure {Lc)
N—C=0 12405 12279 123.65 124.95 12483 mﬁ'”tfi'”st% Sly mmetry (F'gul'”.a 4b)'b -';h's '.St'e.ss ?:]fe‘?“‘t’e at
O=C—H 12413 12442 12324 117.06 11874 'reducing the lone pair repulsions, but maintains the intramo-
X—N—N—X () 99.22  180.00  0.00 102.8 lecular hydrogen bonds more effectively thaiCadistortion
N—N—C=0 16.12  7.20 0.030 34,21 (Figure 4a).
H---O 2948  2.268 2.387 2.930, 2.942 Z,E Configuration. The potential energy surface for rotation
¢ 8.2 7.0 0.0 1.3,03 about the central NN bond in theZ,E-configuration2 is much

aDiformylhydrazine crystallized nedt. ° Diformylhydrazine co-
crystallized with 18-crown-6-ethéf. ¢ With respect to 18-crown-6

ether, proximal and distal amides, respectively.

=0 Q

N

0

"' ", O

ey

0

0

N

a

oN

b

N

o

Figure 4. Pyramidalization of nitrogens occurs as shown; i.e., the

p-orbitals haveC, symmetry (a), except fotc in which pyramidal-

ization is Cs (b) in order to preserve the intramolecular hydrogen

bonds.

through the 180 maximum but would meet a large wall at.0
The high energy required for crossing through tRes®ucture
is due to strong repulsion between the carbonyl oxygens, andthe nitrogens are slightly pyramidal. F2c the two¢ angles
between the eclipsed nitrogen lone pairs. The nitrogens in theare 8.7 and 9.8. Not surprisingly, thep angles in2b are a

0° conformation {b) are both significantly pyramidal at the

HF/6-31-G** and MP2/6-3H1-G** levels (p = 17.4 and 17.8,
respectively). Nitrogen pyramidalization reduces the unfavor- reduces the repulsion between nitrogen lone pairs.

able eclipsing lone pair repulsion (Figure 4a). This also means

thatlb is not the true transition state for rotation about theNN
bond, although it is probably reasonably close. The#hsition

more symmetric (Figure 5). At the MP2/6-8G** level, 2b

is 10.8 and2cis 7.3 kcal/mol higher in energy than the lowest
energy conformatio?a. The difference ir2c is much larger
than was seen ific. Rotation of one amide in diformylhydra-
zine fromZ to E precludes one of the intramolecular-M---O
hydrogen bonds which are found in the planar conformation
1c. Thus, the barrier is significantly larger for going through
2crelative tolc. This 6.5 kcal/mol difference provides a rough
estimate for the stabilization due to one of the intramolecular
hydrogen bonds idc. The O barrier for2 is somewhat smaller
than in 1 because theZ,E configuration relieves the very
unfavorable oxygenoxygen interaction which is presentiiy.
Once again, structuré&b and2c are not the true transition states
for rotation about the NN bond in2, but they should provide

a reasonable estimate of the rotational barrier. In each case

little larger at 11.6 and 13.0. This distortion relieves some
of the strain due to eclipsing substituents on the nitrogens and

E,E Configuration. The 180 barrier on theE,E (3) potential
surface (Figure 6) is also much larger than thatXorin 3c
both of the intramolecular hydrogen bonds foundlio are

state is difficult to locate unambiguously because rotation and missing. Rotation of both amides inEbconfigurations makes
pyramidalization are coupled, and pyramidalization requires very these favorable interactions impossible. The energy barrier for
little energy. Nevertheless, we were able to locate the transition crossing 3c (12.0 kcal/mol) is almost twice the difference
state at the HF/6-3tG** level, and it is 3.5 kcal/mol higher  between2c and 1c (6.5 kcal/mol). This is reasonable, given
in energy than structurkb. This represents the worst case since that two intramolecular hydrogen bonds are lost going fam
the carbonyl oxygens are eclipsing 1, and the pyramidal- to 3c compared to one hydrogen bond when going frberto
ization angle is large. The energy difference between the 0 2c. In the case o8, the hydrogen bonds are estimated to be
and 180 conformations and the true transition states for rotation worth 6 kcal/mol, consistent with the estimate of 6.5 kcal/mol

should be smaller for the other configurations.

It is interesting to note that the nitrogenslin are planar at
the HF/6-31G* and HF/6-3tG** levels, but are slightly
pyramidal ¢ = 7.0°) at the MP2/6-33G** level. Unlike the

for 2. The relative barrier foBb is approximately 4 kcal/mol
larger than that for2b, but still smaller than that forlb.
Structure 3b is less favorable tharb because theE,E
configuration leads to collision of two formyl hydrogens rather
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the crystalline state as compared t® #the gas phas¥.The

Figure 6. Calculated potential energy surface for Ey& configuration. planar geometry is observed in the crystal structure in spite of

H an estimated 1.4 kcal/mi8P energy maximum for the planar
H >=° rotamer. Beyond the effect of intermolecular forces on the
H. N)§° H-no geometry ofl, the small barrier for adopting a planar structure
0/ NS H ¢ N-H would lead to rapid equilibration and observation of a dynami-
Y M., ¢L ” /°=< cally averaged planar structure except at very low temperatures.
H °«\ N " Ramondo and Benciverfidihave modeled diformylhydrazine
H WS o )”\ in the crystal lattice by placing hydrogen bond donors and
" )%0/' Y ,,”~ N acceptors in an arrangement which replicates the crystal field.
SN H o N They find thatl will adopt a planar geometry under the influence
o'§(“~n' s of these external hydrogen bonds. In order to evaluate the
H magnitude of the intermolecular hydrogen bonds generated in

the crystal structure, we computed the hydrogen bond strength
for the planar dimer of4,2)-diformylhydrazinel at the HF/
6-31G* level (Figure 8). Although this is not the most stable
van der Waals complex for the dimer, it was chosen because it
is representative of one of the intermolecular interactions present
in the crystal structure. Planarity was enforced in this calcula-
tion, but all other geometric parameters were optimized
completely. Comparison of the planar dimer to the nonplanar
monomer gave a relative energy-68.8 kcal/mol for the dimer.
Thus, the van der Waals complex is considerably more stable
geometries in th&,Z configuration is due to the presence of .than the isolated molecules in spite qf the energetic penalty
incurred to adopt a planar conformation. It should also be

two favorable N-H:--O intramolecular interactions in this remembered that each molecule in the crystal lattice participates
particular diacylhydrazine. Thus, the parent compound is an . Y P P

exception, and is not very representative of the series as awhole!" four of these mtermolec_ul_ar hydrogen bonds, and there is
likely to be some cooperativity.

There is experimental evidence that crystal packing plays a
significant role in the planar crystal structure bf Caira et

Several crystal structures have been determined foZfhe  al2° have crystallizedl in the presence of 18-crown-6 ether
configuration of diformylhydrazirel (Table 3). All give a (Figure 9). In this complex two guest moleculd} gre trapped
planar structure analogous 1@. It has been propos&tF that between two host molecules (18-crown-6). Interestingly the
1 is planar because of a pair of intramolecular-N---O guest molecules in this crystal structur® @dopt a twisted,
hydrogen bonds. We invoke the same argument to explain thenot planar, conformation about the centrat-N bond. One
low energy barrier fol at 180 relative to the other configura-  explanation is that the large crown ether disturbs the intermo-
tions2 and3. It should be pointed out that while dipetelipole lecular hydrogen bonds responsible for the planar crystal
interactions also favor the 18@onformation inl, cancellation structure in neafl. Of course, one could also argue that the
of dipoles is likely to be a small effect relative to the twisted conformation in the inclusion complex is due to
intramolecular hydrogen bonds. This is supported by the fact hydrogen bonds betwedrand the crown ether. In either case,
that structures such &b and3c where the dipoles also cancel comparison of the two crystal structures (Table 3) gives clear
do not exhibit stability comparable to that bf. experimental evidence that intermolecular forces can play a

Given the calculated potential for rotating about the W major role in determining the NN torsional angle in the solid
bond inl, it is not surprising that the crystal structure is planar. state.
Crystal packing should be more efficient for the planar structure.
In addition, a planar geometry allows for stacked sheets of Effect of N-Substitution

hydrogen-bonded networks with a favorable alignment of  The intramolecular hydrogen bonds which are implicated in
dipoles between sheets (Figure’7). The energetic advantage  stabilizing the 180rotamer ofl can be disrupted by substitution

of this planar packed crystal can easily be expected to gt nitrogen. The minimum energy structure f@rZ)-N-methyl-
compensate the less than 1 kcal/mol cost of a planar conforma-

; it ; (19) (a) Brock, C. P.; Minton, R. B. Am. Chem. S04989 111, 4586.
pon. Fo_r_example, it is well kr]own that the structu[re of biphenyl (b) Bastiansen, O.- Samdal, §.Mol. Struct 1985 128 115,
is sensitive to crystal packing effects. The dihedral angle (20) Caira, M. R.; Watson, W. H.. \gile, F.: Miler, W. Acta

between phenyl rings in biphenyl is observed to be néan0 Crystallogr. 1984 C40, 136.

Figure 7. Hydrogen bond network in the diformylhydrazine crystal
lattice, adapted from ref 8b.

than the more electrostatically favorable situatior2inwhere

one formyl hydrogen is eclipsed with the other formyl oxygen.
Calculation of the ®and 180 structures fo2 and3 supports

the view that diacylhydrazines have an inherently twisted

geometry with respect to the-M\N torsional angle. This is

probably due to strong repulsion between the nitrogen lone pairs.

The small energy difference between the twisted and plaoar

Comparison with Diformylhydrazine Crystal Structure
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eclipse is possiblé. Perhaps the most relevant comparison of
the diacylhydrazine rotational barrier is with the major hydrazine
barrier in which lone pairs are eclipsed.

Diformylhydrazine rotamer22b and 3c present such an
opportunity for meaningful comparison since these structures
experience neither obfuscating hydrogen bonds nor serious
formyl/formyl nonbonded repulsions. At the MP2/6-BG&**
level, 2b lies 10.8 kcal/mol above the global minimum for this
hydrazine configuration. Likewis&clies 12.0 kcal/mol above
the minimum a3a. Both values are comparable to that of the
hydrazine rotamer in which lone pairs are eclipsed, 11.9 kcal/
mol.4

Therefore, assuming that formyl/formyl and hydrogen/
hydrogen nonbonded interactions are relatively small and
Figure 9. Crystal structure of diformylhydrazine cocrystallized with ~cOmparable in magnitude b, 3¢, and the eclipsed conformer
18-crown-6 ether. of hydrazine, it appears that participation of the nitrogen lone

pairs in amide bonds causes neither substantial stabilization nor

N,N-diformylhydrazine 4) is similar to that ofl in that the destabilization relative to hydrazine. However, additional alkyl
nitrogen lone pairs are almost perpendicular to one another. Thesubstitution on nitrogen should substantially increase this
barrier for4 going through the 180conformation is almost 5  rotational barrier 4, 5) due to closer eclipsing interactions
kcal/mol higher in energy than fdrat the HF/6-3%+G** level brought about by the flatter nitrogens. The pyramidalization
(Table 1). Only a small part of this difference can be attributed angle in2b and3c ranges from 11.6to 13.0' as compared to

to the larger size of the methyl group. Most of this difference 20° for hydrazine! This is consistent with experimental results

is undoubtedly due to the loss of one-N---O hydrogen bond.  and the explanation proposed by Dewar etallhese results

The barrier for theN,N'-dimethylN,N'-diformylhydrazine §), are also consistent with the barrier observed by NelsenZt al.
in which hydrogen bonding is not possible, is even larger at 19 for an interesting diacylhydrazine in which each acyl substituent
kcal/mol. is tied back to form a pyrrolidinone. This conformationally
restricted model gave a rotational barrier of 11.4 kcal/mol.
(o] (o]
Me >_H Me >_H Implications for Azapeptides and Ecdysone Agonists
\ \
H N—N\ H N—N\ The propensity of diacylhydrazines toward twisted structures
\[( H \l( Me has important implications for the structure of diacylhydrazine-
o . o derived ecdysone agonists, azapeptides, and azatides. It is
5

difficult to model® the ecdysone agonists without a good
L understanding of their structure with regard to the centraNN
The large nonadditivity betweehand5 appears to be due  ponqg. Indeed it is impossible to even speculate rationally about
to two factors. First, in the monosubstituted cagahe Me- the pharmacophore for these systems, or how they might mimic
N—N and CO-N—N bond angles can open slightly in orderto e ‘natyral steroidal ligand without this information. These
minimize steric crowding in the 18(rotamer. Second, the  c5icyations show that virtually any N-substituted dibenzoyl-
mtramolecular hydrog.en bond withdraws electrorj densny erm hydrazine will have a twisted structure with regard to the central
the nitrogen lone pair and reduces the repulsive interaction nj_p bond, and that the barrier to rotation is likely to be large.
between the nitrogens. In the N;Misubstituted casé, both Furthermore, if other structural factors cause HE or E,E
of these effects are lost. B angle deformations which improve  qnfigurations to predominate, then nonplanar ground states with

one methyt-carbonyl interaction make the other worse, and N0 | 5rriers of 715 kcal/mol can be expected even without
intramolecular hydrogen bonds remain to pull electron density ¢ pstitution at nitrogen.

out of either nitrogen lone pair. The twisted structures calculated
for 4 and5 are consistent with the crystal structures of relevant
N-substituted diacylhydrazin€g12! In all cases the CON—
N—CO dihedral is near 90

With regard to the azapeptides and azatides, substitution of
nitrogen for thea-carbon leads to significant changes in the
structure and dynamics of the peptide backbone. The most
obvious changes are replacing a tetrahedral center with a planar
nitrogen, and loss of one easily rotatable<C bond. These
changes have led to the general expectation that azapeptides

Acyl substitution on hydrazine may actually increase the should be more rigit#P1lethan their conventional peptide
observed N-N rotational barrier due to more severe lone pair counterparts. Our calculations indicate that this substitution also
repulsions and nonbonded interactions, a consequence Ofintroduces a strong preference for a twisted conformation about
decreased nitrogen pyramidalization. It has been proposed thathe resulting N-N bond in which the C&N—N—CO dihedral
this reduction in pyramidalization creates an unavoidable angle approaches 20 The onlya-azaamino acid which is likely
increase in steric repulsion between nitrogen substituents. Moreto have other easily accessible conformations is the glycine
significantly, there is a strict requirement for lone pair eclipse analog.
in acylhydrazines, whereas for the corresponding hydrazines an  |n addition to structural changes imparted by substitution of
alternative lower energy pathway involving lone pair/substitutent nitrogen for thex-carbon, these calculations also imply that the

(21) (a) Ranganathan, D.; Bamezai, S.; Cun-heng, H.. Clardy, J. fotational barriers for azapeptides are likely to be significantly

Tetrahedron Lett1985 26, 5739. (b) Glowka, M. L.; Iwanicha, I.; Najman, ~ greater than they are for the corresponding pepfiéi€Ehis is
L. Acta Crystallogr.1991, C47, 618. (f) Otterson, TActa Chem. Scand.,
Ser. A1978 32, 127. (c) Bruno, G.; Bombieri, G.; Del Pra, A.; Previtera, (22) (a) Stryer, LBiochemistry W. H. Freeman and Co.: New York,
T.; Vigorita, M. G.; Basile, M.Acta Crystallogr.1984 C40, 671. (d) 1995. (b) Creighton, T. BProteins: Structures and Molecular Principtes
Otterson, T Acta Chem. Scand.978 A32, 127. W. H. Freeman and Co.: New York, 1984.
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due to two effects. First, the azapeptides introduce a repulsiveunusually small 180barrier, and formation of an intermolecular
interaction between nitrogen lone pairs which is not present in network of hydrogen bonds in the crystalline state which favors
the N—C* bond of conventional peptides, and which must be a planar or near planar geometry. Calculations for dimeds of
overcome in order to rotate about the azapeptideNNoond. which are representative of the intermolecular interactions in
Second, the change from-carbon to nitrogen subsitutes a the crystal structure give interaction energies-&8 kcal/mol.
planar, or near planar, center for a tetrahedral carbon. Substitu-This represents a significant driving force for a planar crystal
tion of nitrogen for then-carbon not only destroys chirality at  structure. As described above, substitution at either nitrogen
that center but also forces the lone pairs and the substituentshas an enormous effect on the rotational barrier because it
on both nitrogens to be eclipsed in the planar geometry. This, eliminates one or both of the stabilizing hydrogen bonds present
as has been pointed out by othétsas the effect of raising the  in the planar geometry of the parent. Substitution also interrupts
rotational barrier. These differences are likely to have signifi- the intermolecular hydrogen bonds which are available in the
cant consequences for the overall structure and flexibility of crystal lattice ofl. For exampleN,N'-dimethylN,N'-diformyl-
azapeptides, and particularly azatides, as compared to theithydrazine §) has a very large maximum at the eclipsed
conventional peptide counterparts. Azapeptides and azatideggeometry (19 kcal/mol, HF/6-31G**), and the crystal structure
warrant additional calculations which are designed to more is consistent with this calculated result. The observed-CO
specifically address their structure and dynamics, but such N—N—CO dihedral angle in crystallind approaches g¢#d

calculations are beyond the scope of this paper. These results show that the low barrier for attaining a planar
. 180 structure found previously for diformylhydrazine is an
Conclusion exception brought about by the presence of two intramolecular

On the basis of our calculations, the structure and rotational hydrogen bonds in the planar conformation. The intrinsic barrier
barriers for diacylhydrazines can be summarized as follows. In for the eclipsing lone pairs appears to be comparable, where a
the Z,Z configuration of the parent, the twisted and planar fair comparison can be madg, to the intrinsic barrier wh_lch
geometries are comparable, with the 18@ometry being less results from echpsmg Iong pairs in hydra;me. Extrapqlatlon
than 1 kcal/mol higher in energy than the twisted minimum. from the Io_w rotatlona! barrier found |rZ(_Z)-d|formthy_draZ|ne
This is a direct result of the presence of two intramolecular t0 other diacylhydrazines leads to an inaccurate picture of the
hydrogen bonds in the planar geometry. These energeticallyN—N torsional potential. On the contrary, we find that any
favorable hydrogen bonds significantly mitigate the repulsive N-Substituted diacylhydrazine can be expected to be nonplanar
interaction between eclipsing nitrogen lone pairs in the°180 With a large barrier for adopting a planar conformation.
structure. If, however, the nitrogens are substituted or the These calculations also help to clarify the structure of
configuration about the amides is altered, one or both of the diacylhydrazine-derived ecdysone agonists and azapeptides. A
hydrogen bonds in the planar geometry are lost and the planarbe“.er. understanding of the e;sgntlal features of this strqctural
geometry becomes much less stable. This leads to the observamOt_'f is fundamente_ll to r_atlonz_allzmg the structure and rotational
tion of twisted ground states for substituted diacylhydrazines flexibility of these biologically important classes of compounds.
as well as large rotational barriers. For example, thé baérier

for the E,E configuration3 where both intramolecular hydrogen Supporting Information Available: Table giving the total
bonds are lost is comparable to that of alkyl-substituted energies for rotamers of—5 (2 pages). See any current
hydrazines at 12.0 kcal/mol. masthead page for ordering and Internet access instructions.

The planar crystal structure observed for & configuration
of the parent diformylhydrazind is a consequence of the JA960214+



