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Hydrazine passes through two transition states, T5% 0°) and TS2 ¢ = 180), in the course of internal
rotation around its NN bond. The origin of the corresponding rotational barriers in hydrazine has been
extensively studied by experimental and theoretical methods. Here, we used natural bond orbital (NBO) analysis
and energy decomposition of rotational barrier enemy¥rrie) to understand the origin of the torsional
potential energy profile of this molecul&E,rierwas dissected into structurd\Eqy,d, steric exchangeNEsterid,

and hyperconjugativeAEgeod €nergy contributions. In both transition states, the major barrier-forming
contribution isAEqee The TS2 barrier is lowered by pyramidalization of nitrogen atoms through lowering
AEsiue ot by N=N bond lengthening through lowerinEsiric Higher pyramidality of nitrogen atoms of

TS2 than that of TS1 explains well why the-Nl bond of TS2 is longer than that of TS1. Finally, the steric
repulsion between nitrogen lone pairs does not determine the rotational barrier; ruclel@ar Coulombic
repulsion between outer H/H atoms in TS1 plays an important role in increA&ing. Taken together, we
explain the reason for the different TS1 and TS2 barriers. We show that NBO analysis is a useful tool for
understanding structures and potential energy surfaces of compounds containingNhgoNd.

1. Introduction ]
H; Ha Hy 7 i
3

To understand conformational behaviors of chemical and  [a] \N __N/ Hy
biochemical compounds that contain the-N bond, many ! 2\
studies have been performed both experimentally and by Ha Hy
theoretical methods:1°® Due to its structural simplicity,
hydrazine has been extensively studied as a model com- CO

pound?~8 Despite the apparent absence of complicating factors, [b]
such as substituents, the origin of the barrier to its internal O:#O

Hz

rotation about the NN bond seems not to be either simple or C}
fully resolved. TS1 GS TS2

For hydrazine, two transition states (TS1 and TS2) are found Figyre 1. Chemical structure of hydrazine. (a) Atomic numbering of
during the rotation around the-NN bond (Figure 1 and Table  hydrazine and nomenclature. (b) Optimized structures of the ground
1). The barrier of GS (ground state) TS1 is higher than that  states (GS) and transition states (TS1 and TS2) at the B3LYP/6-
of GS — TS22 The predominant explanation of rotational 31++G** level of theory.
barrlers about the NN bond is th{:\t the repulglon between TABLE 1: Degrees of Hybridization of Ip(N), SN, Bond
nitrogen lone pairs, N(Ip)s, determines the barriers and affects Lengths, Bond Angles, and Torsional Angle for TS1, TS2

the structural changes, such as-N bond lengthening: and GS Geometries in Hydrazine Optimized at the B3LYP/

Several studies, however, suggested that hyperconjugation6-31++G** Level of Theory

interactions might determine the barrfeThey reported that parameter Ts1 GS TS2

the barrier to rotation about theNN bond in _hydrazme resulted NI—NZ 1477 1431 1483
from the delocalization energy that stabilizes the ground state N1—H1(=N2-H4) 1019 1015 1021
conformation’. Although these studies gave an insight into the  N1—H2(=N2—H3) 1.019 1.019 1.021

origin of the barrier, it did not answer the question of the  OH1-N1-N2 (=0ON1-N2—H4) 108.8 108.1 104.3

different TS1 and TS2 barriers in hydrazine and the structural OH2—-N1-N2(=0ON1-N2-H3)  108.8  113.0 1043
changes during the rotation. OH1-N1-H2 (FOH3-N2-H4) 1055 1088  103.4

Goodman et al. analyzed rotational barriefSEgarie) Of %Hl—Nl—Nz—Hs 8_23 1 gfgz,g fég_’é
several small model compounds by dissecting them into the s character (%) 26.35 20.72 31.22
structural AEsiyct), steric exchangeAEsteric) and hyperconju- p character (%) 73.54 79.19 68.68
gative (AEgeioc) €nergy contribution&:2They used this method aBond lengths in A; bond angles and dihedral angle in degrees.

to determine the origin of conformational preference and

: rotational barriers related to torsions around the@or C-O

E_mgiﬁrrgsggﬂ%”gaﬁ%ﬁ?é’;gk?'- 82-2-2164-4330. Fax: 82-2-2164-3764. Kond of several molecules, including ethane, methanol, dimethyl
1 Kdre;yumversity_ B ethe_r.llvleere, we apply this method to analyze the rotational
*The Catholic University of Korea. barrier of hydrazine. We explain the reason the barrier of GS
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— TS1 (TS1 barrier) is higher than that of GS TS2 (TS2 covalent structure representation, it does not contain the
barrier) and the origin of structural changes of hydrazine during exchange repulsions inherent AEis defined through eq 1.

the rotation. It may depend on bond length changes and will be strongly
relaxation dependent. We can obtaik,c by calculating the
2. Computational Methods energy change obtained by eliminating the charge-transfer
All calculations were performed at the B3LYP/6-B8+G** Interactions (NOS,TAR deletion in NBO 4, and the steric
level using Gaussian 98 softwafend the NBO 4.0 modul¥: repulsion interactions:
Potential energy surface of the-W bond rotation was obtained —
! gy su I W ! AENOSTAR - AEsteric+ AEstruc (3)

by intrinsic reaction coordinate (IRC) calculatidhsn the

transition states (TS1 and TS2). All of the energy barrier Ag.. . can therefore be calculated from full barrier energy
calculations were performed without zero-point vibrational yefined in eq 2.
correction. _ , C. Bond/Antibond Interactions. The bond/antibond interac-

A. Natural Bond Orbital Analysis. NBO (Natural Bond  {jon energie® provide important information on the interactions
Orbital) analysi&® is based on a method that transforms wave penyeen various parts of the molecules. In the case of hydrazine,
functions into one center (lone pair) and two center (bond) {he energies obtained for the ground and transition states can
representations. NBO analySiprovides an insight into interac- e ysed to understand the structures and rotational barriers. The
tions between various parts of molecules. The diagonal elements;g|cylations to obtain the bond/antibond interaction energies
of the_ Fock matrix in the NBO representation represent the were executed by the indirect procedure suggested by Wesen-
energies of localized bonds, lone pairs, and antibonds. Off- perg and Weinholdg® The difference between transition and
diagonql element.s represent bqnd/antibond, lone pair/amibo“d’ground-state energies was calculated with the Fock matrix
and antibond/antibond interactions. elementF-, between the bond (or lone pair) NB@ (with an

B. Energy Decomposition |t i_s_ possible to analyze the barrier occupancy of nearly 2) and a virtually unoccupied antibond
using an energy decomposition expressed in terms of the gpital ¢y deleted:

changes in the kinetic and potential energy compongnts.

Another way to approach the problem, as taken by Weintafd, AE[F® ] = ETS[Fde'--*] - Eg S[Fdel__*] (4)
partitions the barrier into “Lewis” AEiewis) and delocalization ! ! !
energy changes: Here F%l. indicates Fj= deleted. The energy contribution

engendered byFj- deletion, A?E[F9}.], is defined as the
difference between the barrier energy without deletidB(B)

) . . = Ers — Egs, and the barrier energy calculated form eq 4,
Lewis energy represents the energy of hypothetical localized AE[IIiel i e ! 9y ! q
ij*

species described by a determinant of doubly occupied NBOs
comprising the core, lone-pairs, and localized bonds of the Lewis AZE[F. ] = AE(B) — AE[F®™ ] 5)
structure. The delocalization energy chantyEgelo, represents 4 I
the hyperconjugative stabilization contribution to the rotational Equation 5 can be rewritten as follows:
barrier, and in the NBO scheme it arises from bendntibond
charge transfer$1?In the case of ethané\Egeioc Wwas found AZE[F%! ] = AEss — AE (6)
to be the dominant contribution t8Eaier1112 ! s TS

One objection to the energy decomposition scheme of eq 1 Here AEgs represents the energy change in the ground state
is that it may place too much emphasis ABgei0o because of  when the corresponding interaction is deletedEggFoel] —
the composite nature @Eewis, which lumps possibly antago-  E;q and AErs represents the energy change with the corre-
nistic steric and valence effects. Another is that it obliterates sponding deletion in the transition stateHrg[Fel.] — Erg).
separate steric and valence dependencies on relaxation angrincipal bond/antibond interaction energies for hydrazine are
environmental effects. To provide a more transparent relaxation |isted in Table 4.
analysis of the barrier energy, we separate out the steric effect p. pauli Steric Repulsions. The exchange energy was
by partitioning AEewis into structural AEsg and steric  expressed in terms of the difference between the Hartree-product

AEbarrierz AEdeIoc+ AEIewis (1)

exchange 4Eserid energy changes:*2 wave functions for orthogonal and nonorthogonal bond orbitals,
. which was approximated as the sum of orbital energy changes
ABparrier = ABgeioc T ABsteric T ABsiruc @ due to orthogonalization. Specifically, the steric exchange

ergy?%21 if expressed as the sum of energy differences
tween the filled orthonormal NB@s} and their “pre-
orthogonal” PNBO counterpar{ss}, can be defined as

The steric exchange energy change represents the energetic cogﬂ

to preserve the mutual orthogonality of filled orbitals on atoms

that are forced into spatial proximity by the rotafi&?! but

does not include Coulombic repulsion. Steric exchange repul- ENBO _ (FNBO _ gPNBO ) @)

sions involve a collective response of the entire N-electron exchange Z Lt Lt

system, denoted as “total exchange repulsion” to discriminate

this simultaneous all-electron effect from the total pairwise Here FNBO,| = [3;|F|5)(and FPNBO | = [4|F|oi[) F being the

exchange energy obtained by summing independent pair ex-Fock operator.

change interactions between bond NBOs. The PNBOs differ from the NBOs only in the final inter-
The structural energy chaneAEgy,, represents the energy — atomic orthogonalization, in which each orbital distorts to

of the localized species defined by the Lewis structure, but now include a small oscillatory feature (an “antisymmetrization tail”)

described by a (nonorthogonalized) preNBO Hartree product. in regions where it passes through other filled orbitals, raising

It takes into account Coulombic and bond energy changes inthe energy relative to that of its nonorthogonal counterpart and

the classical structural formula during internal rotation. Although thereby giving rise to “pressure” as described by Weisskopf.

it retains the stereoelectronic effects associated with the Lewis The steric exchange energy is defined as the sum of these energy
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changes over all filled orbitals including those (e.g., core 12 1
orbitals) that are not expected to contribute to the rotational 197
barriers. It was shown that inclusion of all orbitals is necessary 23
for a physically realistic description of steric phenomena, 4]
because exchange antisymmetry involved &llectrons simul- 5]
taneously. e
AEsweric the change of steric exchange repulsion energy‘g 2
between transition and ground state, is 3 4
9
& 67
_ =NBO NBO -8
AEsteric_ E exchangéTS) —E exchanggGS) (8) % _12_- b\o
2*2 pairwise steric interaction between pairs of orbitadsdJ 'E‘. o QOQO
can be expressed as followfs?! P 6'— —v—deloc %,
-167 —e— barrier 00%
X _ (=NBO PNBO/2 NBO PNBO/2 -18 7
EI,J_(F |,|_F |,|)+(F J,J_F J,J) (©) -20 ——

20 0 20 40 60 8 100 120 140 160 180 200
Here each “PNBO/2” orbital is formed from “deorthogonalizing” 0
only orbitalsl andJ in a reverse Lwdin transformation. The

. igure 2. Rotational dependence of the energy components and barrier
exchange energy can be further approximated as the sum o#e:'gu ! P 9y P S !

nergies of fully relaxed rotation leading to TS1 and TS2, obtained by

steric interactions between pairs of orbitaland J: IRC calculations at the B3LYP/6-31+G** level of theory.
B o= S EJ (10) TABLE 2: Change of Rotational Energy Barrier (kcal/mol),
° L " N (deg), N-H Bond Length (A), and N—N Bond Length

(A) According to Rigid, Partially Relaxed, and Fully Relaxed
Therefore, the total change of 2*2 pairwise steric exchange Rotation in TS1 and TS2 of Hydrazine

repulsion energy between transition and ground state is N-N  X-N-X N—H fully
- - ey relaxed relaxed relaxed rigid relaxed
AE" “geric= E exchanggTS) —E exchanggGS) (11) TS1 @ =0°
ABEparier  11.04 10.61 11.46 11.47 9.98
It has been reported that for interactions of a rare gas atom with N—N 1.464 1.431 1.431 1.431 1.477

another rare gas atom or molecule, this pairwise sum is a N1-H1  1.0148 1.0148 10167  1.0148  1.01925
relatively good estimate of the fulENBCgchange FOr other Na_HZ %-2%136 éé%1$6 §é%196° 312-81;36 312'g11925
intermolecular interactions, however, it failed to describe the 2 ' ) ’ ' ’
correct physical behavior of the exchange potential because it TS2 (¢ = 180°)
; : : . AEparer  6.81 3.87 6.90 6.92 3.06
does not incorporate the important higher-order coupling effects N_N 1.448 1431 1431 1431 1483
i ir®2! Therefore, we used this 2*2 ' ' ' ] ]
with other electron pair& , N1-H1 1.0148 10148  1.0142 10148 1.02065

pairwise steric exchange repulsion energy to investigate the N1-H2  1.0186 1.0186 1.0140 1.0186  1.02065

steric interactions between lone pairs of N atoms with care. SN 329.9 315.0 329.9 329.9 312.1
E. Bond Energies.The bond energy changt) is obtained 2 All calculations were performed at the B3LYP/6-B+G** level
through the following equatiof? of theory.
Aw = €1¢p75 — €csPcs (12) respectively. The dihedral angle of HEN1—N2—H3 is the

same as the dihedral angle of Ip-INI-Ip [Ip(N) = lone pair of
Hereegs anders signify the NBO bond energy of the ground N atom]. Figure 2 is the rotational profile as a functiongof
and transition states. Thess and prs indicate the charge  dihedral angle in hydrazine, obtained by an IRC calculdtion
occupancy of the corresponding state, respectively. The stericfrom TS1 and TS2 at the B3LYP/6-31G** level of theory.
exchange energy is calculated as an energy difference betweembyring rotation about the NN bond, the structural changes
PNBO’s and final NBO's, in terms of diagonal Fock matrix also occurred. The N—N bond length in GS, TS1, and TS2
elements. PNBO bond energy was obtained by subtracting stericconformations is 1.431, 1.477, and 1.483 A, respectively (Table
exchange energy from NBO bond enef§y' AEsmcrepresents 1), It is interesting to note that the-NN bond of TS2 is slightly
the energy that accounts for the changes in the highly occupiedjonger than that of TS241°In addition, the sum of three angles
PNBO orbitals, including, for example, Coulombic interactions, around the N atom, denoted BN, is decreased during the
but excluding energy effects due to the charge-transfer and therotation. They N of GS, TS1, and TS2 conformations is 329.9

exchange repulsion. Goodman et al. approximategcin the 323.%, and 312.1, respectively. This shows that the N atom
following manner of TS2 is more pyramidalized than that of TS1. Because
pyramidalization of N atoms is related to rehybridization of

AEgy o~ ZEbonds'\N“ zAwi (13) Ip(N)s, the degree of hybridization of Ip(N)s in GS, TS1, and

, ) TS2 conformations is $§2 sp7® and sp2° respectively, by
Herg A.w,i is the PNBO energy change corresponding © NBO analysi&® at the B3LYP/6-3%+G** level of theory. This
the individual bond (or core) energy change accompanying ghoys that when pyramidality of N atoms increases, the p

rotation. character (%p) of Ip(N)s decreases, which may result in an
3 Results and Discussion increase of %p of NN bond. The TS1 barrier is predicted to
) be 9.99 kcal/mol and the TS2 barrier is 3.05 kcal/mol (Table
A. Geometries and Rotational Barriers of Hydrazine.The 2). The TS1 barrier is about 3 times higher than the TS2 batrier.
GS conformation has a dihedralangle of 91.2 (Figure 1). Therefore, only the TS2 barrier has been observed experimen-

TS1 and TS2 conformations hayeangles of 0 and 180, tally.6
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B. Skeletal Relaxation.During the rotation of the NN

bond, hydrazine undergoes structural changes. In other words,

N—N bond lengthening, NH bonds lengthening, and pyrami-
dalization of N atom occur simultaneously during the rota-
tion.2419To understand the effect of structural changes on the
barrier, we rigidly rotated NN bond, and then geometrically
optimized the selected one component from the pool of théIN
bond, all the N-H bonds, or all the XN—X angles?®

In Table 2,AEpariers of N—H bond relaxed rotation of both
TS1 and TS2 (TS1, 11.46 kcal/mol; TS2, 6.90 kcal/mol) are
almost the same as those of rigid rotation (11.47 kcal/mol; 6.92
kcal/mol). Moreover, N-H bonds lengthen by at most 0.0046
A in N—H bond relaxed rotation, implying that the effect of
N—H bonds lengthening on the barrier energy can be neglected.

In TS1, AEparier of X—N—X angle relaxed rotation (10.61
kcal/mol) is similar to that of fully relaxed rotation (9.98 kcal/
mol), wherea@EparierOf the N—N bond relaxed rotation (11.04
kcal/mol) is close to that of rigid rotation (11.47 kcal/mol). This
shows that pyramidalization of N atoms lowers rotational barrier
more effectively in TS1 than NN lengthening does.

In TS2, AEparierof X—N—X angle relaxed rotation (3.87 kcal/
mol) is similar to that of fully relaxed rotation (3.06 kcal/mol),
whereasAEparrier0Of N—N bond relaxed rotation (6.81 kcal/mol)
is almost equal té\Eparier Of rigid rotation (6.92 kcal/mol). This
shows that, in case of TS2, pyramialization is more important
than N—N bond relaxation in lowering\Eparier Compared with
the fully relaxed rotation (1.483 A), the-AN bond length of
N—N bond relaxed rotation (1.448 A) is not lengthened so much
and is close to that of rigid rotation (1.431 A). It seems that
pyramidalization of N atoms in the transition states plays a
crucial role in loweringAEparies compared with N-N bond
lengthening, which has been known as the principal barrier
lowering mechanisi® As pyramidality of the N atoms in-
creases, the %p of Ip(N)s decreases, which results in increasin
of the %p of N-N bond. We reasoned that the increasing of
pyramidality of N atoms in TS2 results in-\N bond lengthen-
ing in TS2.

C. Decomposition of Rotational Barrier. To evaluate the
nature of the barrier to rotation about the-N bond, we
decomposed the rotational barrier into three different contribu-
tions, AEstrue AEsteric aNdAEgeioc (Table 2 and Figure 2). For
the TS1 barrier, the contributorsEgeioc and AEsyc are barrier
forming, whereas the terf\Egric lowers the barrier. For TS2
barrier,AEqeiocand AEgericare the barrier-forming contributors,
whereas\Egycis the important anti-barrier-forming contributor.

In rigid rotation model, AEgeioc is the barrier-forming
contributor in both transition states (Figure 3). In the course of
rigid rotation leading to TS1AEstericand AEsyycalso contribute
to an increase in barrier energy (2.42 and 2.98 kcal/mol,
respectively), which is the reason fAEpaier Of rigid rotation
in TS1 (11.47 kcal/mol) being higher by 4.55 kcal/mol than
that in TS2 (6.92 kcal/mol). On the other handlEgeric and
AEqgrcOf rigid rotation are almost zereH0.51 and—0.49 kcal/
mol, respectively) in TS2. Nevertheless, in fully relaxed rotation
they are split to be largely positive and negative values,
respectively (Figure 2). In both rigid and fully relaxed rotation,
AEgeiocis the important barrier-forming contributor for barrier
(Table 2). The energy decomposition scheme implies that the
different barrier heights in hydrazine result from the different
contribution of AEsyuc and AEgericterms, which are related with
N—N bond lengthening and pyramidalization of N atoms. We
thus investigated the effect of structural changes on the barrier
energy by using the internal rotational pdthigure 4 and
Table 3). Path A rotates the torsional dihedral angle in the GS

Song et al.
12
] *—
10 e
8] e
b AN
6 V. . 2537'—’
] ~ AN z;
4 ] »
1 g=0—8— N\, X;
= 97 v —o—0—8—8-8"""28"5
S 24
§ i
s 41
& 6
g
103 _
1 —M®— steric
127 —O— struc
-14 7] —v—deloc
16 —&— barrier
181
T T T T T

LA L B A B L B |
100 120 140 160 180 200
¢

Figure 3. Rotational dependence of energy components and barrier
energies of rigid rotation leading to TS1 and TS2, calculated at the
B3LYP/6-31++G** level of theory.

40 60 80

structure to its value in TS1 or TS2, freezing all the other angles
and bond lengths (step 1). This is followed by relaxirfiH,
internal angles to their fully relaxed values (step Il). This is
followed by N—N bond relaxation (step Ill). Finally, step VI
relaxes all of the N-H bonds to their fully relaxed values. Path
B rotates the torsional dihedral angle in the GS structure as
step I. This is followed by N-N bond relaxation (step 1V), then
by relaxing—NH, internal angles to their fully relaxed values
(step V), and finally by step VI, which relaxes all of the-Nl
bonds to the fully relaxed values.

Table 3 shows that NN bond relaxation and pyramidaliza-
tion of N atoms are related to lowerimgEnarierand that N-H
bond relaxation hardly affects the energy decomposition terms

%BNnd AEparie: We summarize Table 3 in the following manner:

(1) During the fully relaxed rotation, the increase/dEqe|oc IS
mainly due to the pure rotation (step I). The—N bond
relaxation also contributes to increasifiBqeioc (2) During fully
relaxed rotation, NN bond relaxation makeAEgricdecrease
andAEggcincrease (steps Il or 1V). (3) During the fully relaxed
rotation, pyramidalization of N atoms maké&ds:eric increase
and AEgy,c decrease (steps Il and V). (4) In TS2, the most
important structural change to low&Eparrieris pyramidalization

of N atoms (se@\Eparies 0.33 kcal/mol, in step IV, path B).
This shows clearly that pyramidalization of N atoms is the most
important anti-barrier structural change during the fully relaxed
rotation in both TS1 and TS2. Because these structural changes
affect the rotational barrier energy, we investigated both
structural and steric energiesinandF sections in more detail.

D. Delocalization Energy. The delocalization energy
(AEgelod is the most important barrier-forming term of all the
energy decomposition terms in both transition states. The most
important barrier-forming interactions are N1(Ip)/NBl4(c*)
and N2(Ip)/NEH1(c*) which amount to 4.26 kcal/mol in GS
— TS1 and 5.30 kcal/mol in GS> TS2 (Table 4). These
interactions are the principal origin of rotational barriers of
hydrazine as shown by WeinholBiAs these interactions have
already been analyzeBwe did not discuss them further.

E. Steric Exchange Energy.To understand the role of the
local bond orbitals on the barrier, we used the 2*2 pairwise
exchange energy that gives the independent pair interactions
between local bond orbitals; however, the sum of 2*2 pairwise
exchange energies is not the same\&sieric and the total 2*2
exchange energy is less accurate than the total steric exchange
energy as reported earli&¥?! Table 5 shows that the steric
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Pyramidalization of N-H bonds
N atotns relaxation ¢ anR
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Figure 4. Alternate internal rotation paths to the fully relaxed (FR) hydrazine conformer. In path A: step |, rigid rotation form the GS conformer
is followed by relaxation along pyramidalization of N atoms to its optimized TS conformer [the “prepared” conformer state 1, PS1] (step II) and
is followed by N—N bond relaxation (step IIl). In path B: step I, rigid rotation from the GS conformer is followed by relaxation aloeNgb¥nd
relaxation to its optimized TS conformer to its optimized TS conformer value [the “prepared” conformer state 2, PS2] (step 1V) and is followed by
pyramidalization of N atoms from PS2 (step V). Step VI relaxesHNbonds to its fully relaxed value.

TABLE 4: Bond/Antibond Interactions (kcal/mol) of

TABLE 3: Energy Decomposition of the Rotational Barrier
Hydrazine?

as a Function of Internal Pathst

GS—TS1 AEsiruc  AEsteric  AEgeloc  AEparrier donor/acceptor interaction GSTS1 GS—TS2
fully relaxed 404 —-3.22 9.17 9.98 Barrier Forming
A step | 2.98 242 6.07 11.47 N1(Ip)/N2—H3(c*) 0.95 1.99

stepll  —10.43 9.37 0.35 —0.70 N1(Ip)/N2—H4(o*) 4.26 5.30
step Il 11.09 -14.66 281 -0.76 N2(Ip)/N1—-H2(c*) 0.95 1.99
step VI 039 -035 -0.06 —0.02 N2(Ip)/N1-H1(0*) 4.26 5.30
B step | 2.98 242 6.07 11.47 N1-H1(0)/N2—H3(c*) 0.90 1.72
step IV 11.48 -14.61 276 —0.37 N2—H3(0)/N1—H2(c*) 0.90 1.72
stepV  —10.82 9.32 0.40 -1.10 Antibarrier Formin
_ _ _ g
step VI 0.39 0.35 0.06 0.02 N1—H1(0)/N2—H4(0*) —0.82
— — * —
GS—TS2 AEstruc AEsteric AEdeloc AEbarrier “i_ﬂgggg;m%_nigg*g 0.82 —-1.76
fully relaxed -17.22 9.78 10.50 3.06 N1-H1(o)/N2—H3(c*) —1.87
A step | —0.49 0.51 6.91 6.92 N2—H3(0)/N1-H1(0*) —-1.76
stepll —29.83 2769 -0.72 —2.86 N2—H2(0)/N1-H2(c%) —1.87
step I 1255 -17.85 434 —0.96 total sum 9.83 11.24
step VI 056 -—-0.57 -0.02 -0.03 AEgeid 9.17 10.50

B tep | —0.49 0.51 6.91 6.92
gtgg v 13.37 —16.88 3.83 0.33 aAll calculations were performed at the B3LYP/6-BXG**-
step V ~30.66 26.72 —-021 -4.15 optimized geometried.These values were obtained by NOSTAR
step VI 056 —057 —0.02 —0.03 procedure of NBOA4.0.

@ See Figure 4. All calculations were performed at the B3LYP/6- TABLE 5: 2*2 Pairwise Steric Exchange Energy Changes
(kcal/mol) in Hydrazine?

31++G** level of theory.

repulsion between nitrogen lone pairs is higher in TS2 (12.14
kcal/mol) than in TS1 (10.14 kcal/méfj and that N-N bond
lengthening lowers the steric repulsion between lone pairs. Ap2e
Nevertheless, the 2*2 pairwise steric exchange energy between Ag..
lone pairs of rigid rotation (RR) in TS1 is lower (13.18 kcal/
mol) than that in TS2 (18.33 kcal/mol), where&Bsieric Of rigid
rotation in TS1 is higher (2.42 kcal/mol) than that in TS2 (0.51
kcal/mol). This shows that the steric repulsion between two lone  total E*Zexchang8
pairs does not dominate the entire steric repulsion during the AE?Zeric

internal rotation. In addition, the 2*2 pairwise steric exchange

energy between lone pairs is decreased by pyramidalization of
N atoms (RR— PS1 conformer) in both TS1 and TS®Egteric

and the total 2*2 exchange energy, however, are increased b
pyramidalization of N atoms in both transition states. In other

TS1 GS RR PS1 PS2 FR
LP(N1)LP(N2) ~ 0.00 13.18 11.16 11.89  10.14
total E?2echang? ~ 36.79  40.56  41.12 3437 3481

steric 000 377 433 -242 -1098

0.00 242 937 -1461 —3.22
TS2 GS RR PS1 PS2 FR
LP(N1)/LP(N2) ~ 0.00 1833 15.29 1486  12.14
36.79 39.45  40.67 3268  33.80

000 266 388 —411 —2.99

seric 0.00 051 27.69 -16.88 9.78

a All calculations were performed at the B3LYP/6-B+G** level
of theory.? These values were obtained by eq 1These values were
yobtained by eq 11.

F. Structural Energy. Structural energy may be represented

words, pyramidalization lowers the steric repulsion between lone by PNBO bond energy chandégTable 6). The N-N bond

pairs but heightenaEgeric This implies that pyramidalization

lengthening (steps Il and 1V) and pyramidalization of N atoms

of N atoms is not related to escaping the repulsion between (steps Il and V) affect the PNBO energy changes significantly,
N(Ip)s. The assumption that the origin of rotational barrier of as compared with other bond or core components. Th&IN
hydrazine is the repulsion between N(Ip)s needs to be recon-bond lengthening increases the-N PNBO energy similarly
in both transition states. Nevertheless, pyramidalization of N

sidered especially in TS2.
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TABLE 6: PNBO Bond Energies (kcal/mol) as a Function of Internal Pathg

TS1 N1-H2(0) N1—-H1(o) N1—-N2(0) N1(lp) N1(core) S Awi AEstc
fully relaxed —9.58 —0.92 48.64 —20.53 —5.69 —24.82 4.04
step | -9.41 —5.30 —4.05 3.00 1.39 —24.67 2.98
step Il —2.42 4.96 —0.03 —18.32 —-0.14 —31.88 —10.43
step I —-0.97 —0.94 53.14 —4.49 —6.07 28.20 11.10
step VI 3.21 0.36 —0.42 —0.72 —0.88 3.52 0.39
step | —-9.41 —5.30 —4.05 3.00 1.39 —24.67 2.98
step IV —-1.31 —0.92 52.32 —3.63 —6.06 28.48 11.48
step V —2.08 4.94 0.79 —19.18 —0.15 —32.16 —10.81
step VI 3.21 0.36 —0.42 —0.72 —0.88 3.52 0.39
TS2 N1-H2(0) N1-H1(o) N1-N2(0) N1(Ip) N1(core) S Aw, AEsirue
fully relaxed 1.53 10.19 65.09 —56.48 —3.68 —31.78 -17.22
step | —2.72 4.02 0.31 —1.07 4.50 9.80 —0.49
step Il 3.24 8.05 4.50 —48.83 2.46 —65.70 —29.83
step 1l —-3.23 —-3.19 61.09 —5.33 —9.10 19.42 12.54
step VI 4.23 1.31 —0.82 —1.25 —1.55 4.70 0.56
step | —2.72 4.02 0.31 —1.07 4.50 9.80 —0.49
step IV —2.62 —2.29 58.86 —2.36 —6.94 30.44 13.37
step V 2.63 7.15 6.73 —51.80 0.30 —76.72 —30.66
step VI 4.23 1.31 —0.82 —-1.25 —1.55 4.70 0.5Y
a See Figure 4. All calculations were performed at the B3LYP/6~8G of theory.
TABLE 7: Changes in the Sum of PNBO Bond Energies TABLE 8: Changes in Rotational Barrier ( AEgarrier) and
(> A®), Structural Energy (AEsic), and Coulombic Barrier Energy Decomposition Terms (kcal/mol) in TS2,
Energies (kcal/mol) of Hydrazine TS1", and TS1 at the B3LYP/6-31-+G** and MP2/
_ **
energychange  RR(TS1) RR(TS2) TS1  TSL TS2 6-31++G™ Levels of Theory
. _ _ _ _ exp
ié:z:lnc 238; _0948: Zi%i _?ggg _i%;g AEstruc AEsteric AEdeloc AEbarrier AEbarriera
AVin 27.88 —11.83 —384.66 —291.39 —360.10 B3LYP/6-31t++G**
AVee 3.53 2.27 —400.66 —337.68 —350.61 GS—TS1 404 -—3.22 9.17 9.99
AVy (=AVin + AVed 3141 —9.56 —785.31 —629.07 —710.71 GS—TS1" -—10.53 10.71 11.70 11.88
AVa (=AVhe) —48.09 12.25 796.71 605.04 704.57 GS—TS2 —17.23 9.78 10.50 3.05 3.145
a All calculations were performed at the B3LYP/6-B+G** level MP2/6-3H+G**
of theory. GS—TS1 6.55 —5.50 9.16 10.21

o . GS—TSI' —-924 95 11.80  12.06
atoms affects the N(Ip) PNBO energies differently in TS1 and Gs—TS2 -16.54 9.55  10.00 3.02

TS2. The decrease of N(Ip)s PNBO energies for TS2 is larger
than that for TS1 (steps Il and V for TS1 and TS2) because of
the different pyramidality of N atoms between TS1 and TS2.
The decrease of N(Ip) PNBO energies significantly contributes
to decreasing Aw; and AEgyc (steps Il and V for TS1 and
TS2), which may explain why the rotational barrier of TS1 is
higher than that of TS2.

G. Coulombic Repulsion. Coulombic repulsion energy is
another factor that can affedtEgyyo!t Coulombic repulsion
energy V) consists of electronelectron Coulombic repulsion
energy Veo and nuclearnuclear Coulombic repulsion energy
(Vnn). Coulombic attraction energy/§) is the same as nuclear-
electron Coulombic attraction energy,f), which is related to
bond energies and delocalization energy.

As shown in the step | of RR(TS1) and RR(TS2) of Table 7,
the relationship betweep Aw; and AEg digresses from eq
5. We therefore investigated Coulombic repulsion energy terms
(Vy), in an attempt to explain the reason for the difference
between the TS1 and TS2 barriefs/; of RR(TS1) is positive
(31.41 kcal/mol), but that of RR(TS2) is negativeq.56 kcal/
mol). At this point,AVee 0f AV, in RR(TS1) is almost the same
as that in RR(TS2), where@8/n, in RR(TS2) is negative value
(—11.83 kcal/mol) and\V,nin RR(TS1) is positive value (27.88
kcal/mol). HigherAV,, of RR(TS1) than that of RR(TS2) is
responsible for the difference &V, between TS1 and TS2. It We analyzed the rotational barrier of the—-N bond in
seems thal Esr,c Of rigid rotation in TS1 (2.98 kcal/mol), which  hydrazine using NBO analysis and energy decomposition
is higher than that in TS2-0.49 kcal/mol), results from the  scheme, such as the structurdE,J, steric exchangeNEsterid),
difference of AV, between TS1 and TS2. Because there are and hyperconjugativeNEgelod €nergy contributions. The most
no nuclei except the nuclei of outer H/H atoms that become important barrier-forming contribution is the delocalization
closer to each other in case of RR(TS2RR(TS1), this implies energy AEgeiod at TS1 and TS2 barriers. It is notable that the

a Reference 3.

that AV, between outer H/H atoms makesEg,c of rigid
rotation in TS1 higher than that in T82n addition, the increase
of the nuclearnuclear Coulombic repulsion energy between
outer H/H atoms in rigid rotation is the reason tiAdparier in
RR(TS1) is higher than in RR(TS2).

When N-N bond is rigidly rotated from TS2 to TS1 (T31
conformer),AEparrier is increased from 3.05 to 11.88 kcal/mol
(Table 8).AEsucis enlarged by 6.70 kcal/mol, whereas the other
decomposition terms are almost unchanged.2 kcal/mol).
The tendency of these changes of barrier energy and energy
decomposition terms are not different from that calculated at
the MP2/6-3%++G** level of theory. On the other han§,Aw;
largely increases, whereasV,, increases by 68.71 kcal/mol
and AVee increases only by 12.93 kcal/mol. Comparing the
change 0fAVee with that of AVy, in TS2 — TS1', we noted
that most of the increase &g cresults from the increase of
AVnn. We reasoned that the nuclearuclear Coulombic repul-
sion energy between outer H/H atoms makés; of rigid
rotation in TS1 higher than that in TS2.

4. Conclusions
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difference between the TS1 and TS2 barriers in hydrazine about _(11) (a) Goodman, L.; Gu, H.; Pophristic, ¥.. Chem. Phys1999 110,
the N—N bond may be explained by the different pyramidal- 4268. (b) Goodman, L. Pophristic, Vicc. Chem. Res.999 32, 983.

i ati ; (12) (a) Goodman, L.; Pophristic, Wature 2001, 411, 563. (b)
ization of N atoms between TS1 and TS2, which lowbEgn Pophristic, V.; Goodman, L1. Phys. Chen2002 106, 1642. (c) Pophristic,

differently. The structural energy of TS1 is much higher than V.; Goodman, L.; Wu, C. TJ. Phys. Chen2001 105, 7454. (d) Goodman,
that of TS2, which results from the nuclearuclear Coulombic L.; Pophristic, V.; Wang, Wint. J. Quantum Chen2002 90, 657.

repulsion between outer H/H atoms in TS1. This NBO analysis, ~ (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
therefore, may be helpful in understanding the conformational M- A; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr;

. . Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
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