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The reactivity oftrans- andcis-phenyldiazene (HN=N—CsHs) induced by the internal rotation of the phenyl

group is studied through the characterization of the profiles of the energy, the chemical potential, the hardness,
and the local electronic properties. Phenyldiazene presents two stable isomers when the phenyl group is trans
or cis with respect to the hydrogen atom bonded to the second nitrogen. The trans isomer is planar, whereas
in the cis isomer, the phenyl group is tilted by about %ith respect to the molecular plane. The change of

local reactivity indexes induced by the low-energy internal rotation motion explains the selectivity trend
observed wheris-phenyldiazene is coordinated by a metallic complex.

1. Introduction of minimum polarizability” are two principles of chemical

. ) . . reactivity that will be useful in rationalizing the resulfs'®
Monosubstituted diazenes (HNNR) are invoked as reactive y 9

intgrm_ediates in numerous important (_)rganic reactic_)ns including 5 Theoretical Background

oxidations of arylhydrazinesWolff —Kishner reductions,the o ) ) )
McFadyen-Stevens conversion of carboxylic acids to alde-  2.1. Global Reactivity Descriptors.In density functional
hydes? and reductive deaminatiofisHowever, this elusive  theory (DFT), the chemical potentialarises as the Lagrange
molecular class was not detected until 1965 when Kosower andMultiplier associated with the condition that the electronic
Huang Observedrans_phenyldiazene as the product Of the denSIty Integl’ateS t(N, the tOta| number Of e|eCtr0nS Of the

decarboxylation of phenyldiazenecarboxylic atid. system?? it is defined as
Phenyldiazene (HNNPh) is a reactive and thermally unstable 9E
species that usually decomposes at low temperatures with the == 1)
# oN/v(r)

loss of N in contrast to the relatively inert disubstituted
compound (like azobenzene); however, the coordination chem-
istry of this molecule is extensive, and thermally stable
complexes of various metals including Pt, Ru, Os, Rh, Ir, Mn,
Fe, and W are knowh.

HNNPh presents two stable isomeric forms, the trans an
cis conformations of the phenyl group with respect to the
hydrogen bonded to the vicinal nitrogen (Figure 1). In the
present work, the internal rotation of the phenyl (Ph) group 1[ e

( )V(r)

where v(r) is the external potential due to the nuclei of an

N-electron system with total enerdy The link between DFT

and classical chemistry is achieved by making —y, where

qx is the electronegativity. Physically, u characterizes the
escaping tendency of electrons from an equilibrium system.
However, hardness is defined?&3!

around the N-C bond of both rotational isomers is studied with = >

2

the aim of determining the change in the reactivity patterns aN? @)

induced by the internal rotation through the characterization of

the profiles of the global and local reactivity descriptors. Global Hardness is the resistance of the system toward a reordering of

electronic properties such as electronegativ{y), molecular  the electron densit}%-'22 Note thatu andy are the responses

hardnes¥(z), and polarizability® () as well as the local Fukui ~ Of the system whe is varied for a fixedw(r).

index, which is used to characterize selectivity, are among the Owing to the discontinuity of the derivatives of egs 1 and 2,

reactivity properties that will be discussed in this work. a three-point finite difference interpolation of the energy for
For the sake of completeness, we briefly state the basic €N, N + 1, andN — 1 electron systerd? is used; this

guidelines of reactivity principles that define the framework '€ads to the following working expressions ferandz

where these properties are analyzed. The principle of maximum

hardnes¥-13 (PMH) that establishes that “molecules reorder e _(' + A) T e 3)

themselves in such a way that they are as hard as possible” and 2 2

the minimum polarizability principfé~17 (MPP) stating that “the

. . . . — € — €
natural direction of evolution of any system is toward a state N~ (%‘) ~ - 5 n 4)
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Tpgﬁ,iﬁf;?gnuﬁ,?fei‘s‘{da%r Cé{;Z' deagh:ﬁe@puc ¢ wherel is the first ionization potential and is the electron
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TS1— 8=0"

R— 8=40°

A~ —¢) allows us to expresg andy in terms of the energies
of frontier molecular orbitals HOMOe() and LUMO ).

The electrophilicity inde%® (w) is a measure of the energy

e

TS2 — 8=90"
Figure 1. Schematic picture of the internal rotation of the Ph group inti@)s-phenyldiazene and (is-phenyldiazene.
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for radical attack. In the above equations, the FFs are related to
the frontier molecular orbitals LUMO and HOMO through their
respective electronic densitigg(r) and pn(r).2° These are

stabilization of a system when it is saturated by the electronic expressed in terms of the atomic basis functidfig,} and then

charge coming from the surroundings; it is defined as

2
=4
w=5 (5)

condensed to atork, thus giving

=Zmﬁ+z
ue

=

(11)

C;| S,

To complete the picture of the response of the system whenfor a nucleophilic attack and

changing the basic variabldd and v(r), we analyzed the

polarizability (), which is used to understand the behavior of

the system when changingr) at constant\. In this context,

E=Zmﬁ+2%%%] (12)
ue

VEU

we analyzed the arithmetic average of the diagonal components

of the tensof?:17.26

o= [oF= %((xxx + oy, +ay) (6)

Because the polarizability is expected to be inversely propor-
tional to the hardnes$;2a highly polarized system is expected

to be more reactive as stated by the MPP16-18

2.2. Local Reactivity Descriptors.The most important local
descriptor of site selectivity is the Fukui functfSifFF), which
is defined as follows:

0=t~ (5., )

Three types on FFs can be defidédn the basis of the
discontinuity of theo(r) versusN curve??

=2 —loea) - =00 @
for nucleophilic attack,
r0="D) —to - n 100 ©

for electrophilic attack, and

ro = (2O) =T+ 01 = Han) + p0)

(10)

for an electrophilic attack. The above equations satisfy their
respective normalization conditions, namely,

Zf,j =1 ande[ =1

3. Computational Details

(13)

Full geometry optimizations along the torsional reaction
coordinate with the constraint that the aromatic ring remains
planar were carried out at the HF/6-311G** level using the
Gaussian98/03 packadepolarizability calculations along the
reaction coordinate were performed using Pople and Satflej's
basis sets, and vibrational frequency calculations were performed
to check the nature of the critical points along the reaction
coordinate. Chemical potential and hardness were calculated
from the frontier orbitals energies using eqs 3 and 4, respec-
tively; f, was obtained by using eq 12. The profiles of the
different properties were generated through calculations every
10° along the torsional anglé. All quantities analyzed here
are relative to the reactant value so that for a given prog@rty
AQ(0) = Q() — Q(Or) where 6r represents the position of
the reactant stable isomer, which was foundat= 0° for the
trans isomer and a&r = 40° for the cis isomer.

4. Results and Discussion

Sketches of the conformational reactions that were studied
in this paper are displayed in Figure 1. Although not shown
here, we note that the geometrical parametetsanis andcis-
HNNPh isomers do not show noticeable changes along the
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Figure 2. (a) AE, (b) electronic population of the NC bond, and (c)
N—C bond order profiles for the internal rotation of the Ph group in
trans-phenyldiazene—) and cis-phenyldiazene (- - -).

Zevallos et al.
TABLE 1: Energy Barriers for the Internal Rotation of the
Ph Group in trans- and cis-Phenyldiazené®

transHNNPh  cisHNNPh cissHNNPh
method/6-311G** AE* (0 =90°) AEF(0=0°) AE"(6=90)

HF 4.99 0.98 2.14
4.58 0.79 1.82
Xa 6.94 0.29 3.95
6.45 0.04 3.67
XaVWN 7.28 0.26 4.27
6.80 0.00 3.99
PW91 6.32 0.17 3.44
5.85 —0.05 3.18
B3LYP 5.96 0.33 3.03
5.50 0.13 2.75
MP2 4.43 1.21 2.43
4.09 0.86 2.01
QCISD 4.07 1.06 2.07

aEnergies are in kcal/mof.Second entry includes ZPE when
available.

isomers that were calculated at the HF/6-311G** level are
shown in Figure 2a. The expected symmetry with respeét to

= 9(r is reached in both cases, although the trans and cis profiles
are qualitatively and quantitatively different. The energy profile
of transHNNPh presents a single energy barrier of about 5 kcal/
mol at® = 90°; we note that the internal rotation of the phenyl
group does not produce a new stable conformation besides the
one found a® = 0°, and the energy barrier t= 90° separates

the two symmetric conformations. kissHNNPh, the energy
profile is characterized by two barriers, one of about 1 kcal/
mol at & = 0° (TS1) and another of 2 kcal/mol & = 90°
(TS2).

With the aim of assessing these results, we have performed
extra calculations using different DFT approximatidfithe Xo
functional for exchange, & with the Voskoe-Wilk —Nusair
functional for correlation (¢VWN), the PerdewWang 91
functional for exchange with the Perdewang 91 functional
for correlation (PW91), and Becke’s three-parameter hybrid
functional for exchange with the Leerang—Parr functional
for correlation (B3LYP). Post-HF calculations have also been
performed: the MgllerPlesset perturbation thedPyup to
second order (MP2) and the quadratic configuration interaction
including singles and doubl&s(QCISD). In all cases, the
molecular structures were fully optimized. The results of these
calculations are shown in Table 1. It is interesting that at the
DFT level (all functionals) only the barriers & = 90° are
energetically signficant at room temperature; however, the
inclusion of the correlation energy through MP and QCI
calculations confirms the existence of the potential barriér at
= 0° in cisHNNPh that was detected by the Hartrdeock
calculations. Furthermore, the addition of the zero-point energy
(ZPE) correction confirms the above observation.

Surprisingly, the DFT calculations overestimate the barrier
height with respect to HF, QCISD, and the reference MP2 results
that have long been recognized for giving good estimates for
energy barrierd’ This is probably due to the self-interaction
error that is contained in the classical Coulomb energy of the
Kohn—Sham Hamiltonian, which is only partially canceled by
the exchange-correlation tedh3®Moreover, the decomposition
of the self-interaction energy into correlation and exchange parts
in general shows that the exchange self-interaction error is the
main component of the energy-barrier error.

torsional motion, although the bond angles may change by a Energy Barriers and Bond Population Analys#dl calcula-

few degrees.
4.1. Energy Profile and Rotational Barriers. The energy
profiles (AE(0)) for the rotation of the phenyl group in both

tions show that the energy barrieréat= 90° in transHNNPh
is about twice the corresponding barrierdis-HNNPh. This
result can be explained by analyzing the electronic population
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TABLE 2: Reference Values for Global Properties of Stationary Points in the Internal Rotation of the Ph Group intrans- and

cis-Phenyldiazené

0° 40° 90 140 180

E —339.624521 —339.616573 —339.624521
(au)

—339.611153 —339.612712 —339.609295 —339.612712 —339.611153
u —79.67 —66.56 —79.67
(kcal/mol)

—85.18 —80.39 —72.63 —80.39 —85.18
n 131.74 141.99 131.74
(kcal/mol)

132.83 136.16 142.85 136.16 132.83
o 217.8880 210.4440 217.8880
(au)

215.9650 212.8290 209.2480 212.8290 215.9650
DM 0.64 0.18 0.64
(Debye)

3.69 3.52 3.33 3.52 3.69

aFirst entry corresponds tmansHNNPh, and second entry, tos-HNNPh.

and bond order of the NC bond around which the rotation is
performed. The computational definition for the bond order
between two atoms has been proposed by Mfyas an
extension of Mulliken population analysis. In Figure 2b and c,

proportional to the difference in the chemical potential of the
molecules at different conformatiofsand an estimate of the
intramolecular charge transfeAK) when going fromé6,, a
reference conformation, t@ can be obtained through the

the profiles of these properties are shown where it is apparentfollowing expression that was borrowed from the intermolecular

that the N-C bond intransHNNPh is stronger than that in

cissHNNPh; therefore, the rotation itransHNNPh is more
hindered than it is ircisHNNPh. IntransHNNPh, the N-C
bond population changes drastically from a broad maximum to
a sharp minimum, with an overall variation of about 0.20

electron; the bond order change is very similar to that of the \when calculating\N with this expression and taking the stable
population, and the overall variation is about 0.13 electron. In ¢onformation to be the referencey), we observe that in both

contrast to this, ircisHNNPh, the bond electronic population

AN(D) =7

charge-transfer model proposed elsewketet!

1(0) — u(6y)
n(0) +n(0,)

(14)

isomers the TSH = 90°) presents a maximum charge transfer

changes in a more subtle way from a somewhat sharp maximuminat is an indicative of the charge delocalization discussed earlier
to a broad minimum at TS2. It is interesting that the bond (Figyre 3c).

population of cisHNNPh cannot help to identify the TS2

Electrophilicity Index, Electrostatic Potential, and Dipole

conformation because in this region the bond population reachesyioment.in Figure 3d and e, the electrophilicity indeAd)
a plateau because of the fact that the structures at the proximitiegyng the dipole moment\DM) profiles are displayed. In both
isomers, the profiles show a maximum when the molecules are

of the TS are very similar.

4.2. Global Electronic Properties.Global properties for the

planar ¢ = 0°) and a minimum at the TS wheh= 90°. The

stationary points of both isomers are listed in Table 2, and the minimum inw confirms the above-mentioned extra electronic
profiles of various global properties are displayed in Figure 3. delocalization. However, although the change in DM is very

Chemical Potential and Molecular Hardnessis readily seen
in Figure 3 that the PMH does not hold imanssHNNPHh,
whereas it is partially fulfilled in the TS1 region ofssHNNPh.
The Au and Ay profiles of thetransHNNPh andcissHNNPh

small, it does allow us to confirm the rearrangement of the

charge distribution at the TS in the sense mentioned previously.
In Figure 4a and b, the HF/6-311G** electrostatic-potential

surfaces of the stationary points @fansHNNPh and cis-

isomers are very similar and show a considerable variation alongHNNPh are displayed. We observe thatfat 90° there is a
6. In transHNNPh, A;(0) presents a minimum at the stable maximum overlap between the electronic cloud of the ring

conformation @ = 0°) and a maximum at the T® & 90°) in
contrast with what is expected from the PMH.dis-HNNPh,

a minimum ofAn(6) at TS1 and a maximum at TS2 indicate a (Figure 3).

partial fulfilment of the PMH, only at the TS1 region; the strong

and the lone pair electrons of the nitrogen. This result is
consistent with the already-discussége and AN profiles

Polarizability. The polarizability is a measure of the change

variations observed in the chemical potential (Figure 3a) may that takes place in the electronic density due to the presence of
explain the failure of the PMH, although it has been shown an external electric field. In Figure 3f, the polarizability profiles
that the PMH may fail even though the chemical potential (Ao) of both isomers are presented, akd shows a maximum

remains constant along the reaction coordiriéte.
The strong variation in the chemical potential alofig

atf = 0° and a minimum a® = 90° in contrast with what is
expected from the MPP. InissHNNPh, this result indicates

indicates that an important rearrangement of the electronic only a partial fulfillment with the MPP in the case of TS1.

density occurs during the internal rotation. In both isomAys,
presents a maximum &t= 90° that is probably due to an extra

Although we do not explicitly show the results here, the
polarizability was also calculating using Sadléfdasis set,

electronic delocalization produced by the overlap between the which has been recognized as appropriate to reproduce electric
m electronic cloud of the ring and the lone pair of the nitrogen. properties. The results show the same trends observed in Figure

A simple model to rationalize the charge flow along a reaction 3f when using Pople’s basis set.
coordinate consists of assuming that an ensemble of molecules 4.3. Local Properties.Because phenyldiazene is a nucleo-
are distributed along the reaction coordinate and have their ownphile, the analysis of the Fukui function for an electrophilic
E(0), u(0), andn(0) values. Then the amount of charge flow is attack provides information about the local reactivity. We
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Figure 3. (a) Au, (b) A, (c) AN, (d) Aw, (e) ADM, and (f) Aa profiles for the internal rotation of the Ph grouptimansphenyldiazene—) and
cis-phenyldiazene (- - -).

observe in Figure 5 that for both isomers the most reactive site for an electrophilic attagKtie Gtom located at the para
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Figure 4. Electrostatic potential surfaces for stationary points at the
HF/6-311G** level in (a)transphenyldiazene and (lgis-phenyldia-
zene, with SCF total densities of 0.02 and 0.0125, respectively.
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position) when the Ph group is perpendicular to the molecular
plane @ = 90°), but when this group is on the plang € 0°),

the most reactive sites are now Ehe atom directly bonded to
the N atom of the azo group) and.®oth atoms present similar
values off,, although G presents arfi value that is slightly
larger than that of & In the case of nitrogen atoms, we observe
that independent of the isomer when the molecule is plapar N
is less nucleophilic than §§ and when the Ph group is
perpendicular to the molecular plane the situation is reversed.

An interesting feature of Figure 5 is that important changes
in the local reactivity indexes are induced at quite a small energy
cost. We observe in Figure 5b and d that the reactivity pattern
presented by the nucleophilic Fukui function of the nitrogens
can be inverted quite easily by the torsional motit{qi(Nw)
increases (decreases) up to 7 or 8 times the original valte at
= 0°; this change is associated with an energetic cost of just
few kilocalories per mole (Figure 2a).

4.4. cissHNNPh as a Ligand in a Metallic Complex. To
illustrate the use of local reactivity indexes, we consider the
coordination ofcisHNNPh with an electrophile so that the
nucleophilic Fukui functionf(~) of the atoms in the molecule
may provide the information that is necessary to determine the
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Figure 5. f, profile for the internal rotation of the Ph group in (a) and {tans-phenyldiazene and (c) and (dis-phenyldiazene.
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specific site of coordination. Figure 5d indicates that both
nitrogen atoms present an equal amount of nucleophilic powe
at the stable conformation & = 40°. However, it has been
reported that N is the preferred site for coordination of a

Zevallos et al.
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been presented. The processtfansHNNPh exhibits a single
barrier, whereas that faiss-HNNPh presents a double barrier.
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