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A time-resolved resonance Raman (TR3) and density functional theory (DFT) study of the reaction of the
4-biphenylnitrenium ion with 4-biphenyl azide in a mixed aqueous solution is reported. The reaction of the
4-biphenylnitrenium ion with its unphotolyzed precursor 4-biphenyl azide in a mixed aqueous solution generates
a 4,4′-azobisbiphenyl stable product via an intermediate species. With the aid of DFT calculations for likely
transient species, this intermediate was tentatively assigned to a 4,4′-azobisbiphenyl cation. The DFT
calculations predict this reaction can take place via two pathways that compete with one another to produce
the trans and cis 4,4′-azobisbiphenyl product. The observation of the 4,4′-azobisbiphenyl cation intermediate
demonstrates that the reaction of the arylnitrenium ion with its aryl azide to produce a stable azo product
occurs via a stepwise mechanism.

Introduction

Arylnitrenium ions are key reaction intermediates in the
carcinogenic reaction of aromatic amines with DNA guanine,
and there is much interest in studying their properties and
reaction with other species.1-15 The 4-biphenylnitrenium and
2-fluorenylnitrenium ions have been of particular interest
because their corresponding arylamines were found to be a
component of cigarette smoke and diesel exhaust.35 In addition,
these two nitrenium ions are able to be generated with excellent
yields by photolysis of aryl azides in an aqueous solution (see
Scheme 1),18-20 and this enables time-resolved spectroscopic
measurements to be applied to study the detailed properties of
arylnitrenium ions.11,15-19 Transient absorption experiments
determined that the 2-fluorenylnitrenium ion reacts with water
and guanosine with rate constants of 3 × 104 s-1 and 7.6 ×
108 M-1 s-1, respectively.13,35 The 4-biphenylnitrenium ion was
found to be more reactive toward water, and a rate constant of
about 2 × 106 s-1 was determined.13,35 Time-resolved resonance
Raman (TR3) experiments have been used to characterize
4-biphenylnitrenium and 2-fluorenylnitrenium ions in mixed
water solvents and found that the 2-fluorenylnitrenium ion has
a significantly stronger iminocyclohexadienyl character com-
pared to the 4-biphenylnitrenium ion due to the 2-fluorenylni-
trenium ion having a more planar structure between the two
phenyl rings and increased charge delocalization into the phenyl
rings.21,22 Picosecond and nanosecond TR3 experiments have
directly shown that the 2-fluorenylnitrenium ion is generated
about 100 ps after photolysis of 2-fluorenyl azide in a mixed
aqueous solvent23 and that the 2-fluorenylnitrenium ion reactions
with several guanine derivatives to produce C8 intermediates
were also observed.24

In the case of the 4-biphenylnitrenium ion, a number of
studies have been performed by using a variety of techniques,
including transient absorption, transient Raman, and IR com-
bined with argon/HCl matrices characterization of the 4-biphe-
nylnitrenium ion,18,22,26 the product analyses showing that

4-hydroxy-4-phenyl-2,5-cyclohexadienone is one of the major
products after photolysis of 4-biphenyl azide in a mixed aqueous
solution.27 However, there are few studies on the reactivity of
the4-biphenylnitreniumionwithotherspeciesonthenanosecond-
microsecond time scales or direct time-resolved vibrational
spectroscopic observation of the reaction of the 4-biphenylni-
trenium ion with other species. In this paper, 4-biphenyl azide
was employed as a precursor to generate the 4-biphenylnitrenium
ion in a mixed aqueous solution. The TR3 experimental results
on the nanosecond-microsecond time scales showed that the
reaction of the 4-biphenylnitrenium ion with 4-biphenyl azide
first produces an intermediate that then further decays to form
a stable azo compound product, 4,4′-azobisbiphenyl. This
sequence of events appears different from our previous observa-
tion that the 2-fluorenylnitrenium ion reacts with its unphoto-
lyzed precursor 2-fluorenyl azide in a mixed aqueous solution
to form a corresponding azo compound.25 The direct observation
of the intermediate leading to the azo compound here clearly
demonstrates that the reaction of the 4-biphenylnitrenium ion
with 4-biphenyl azide takes place in a stepwise manner rather
than in a concerted manner. DFT calculations were used to
predict structures and Raman spectra of likely intermediate
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SCHEME 1: Three Competing Pathways after Photolysis
of an Aryl Azide in an Aqueous Solution: (1) Intersystem
Crossing (ISC) to Form a Triplet Nitrene Species; (2)
Ring Expansion to Form a Didehydroazepine (Cyclic
Ketenimine) Species through an Azirine Intermediate; (3)
Protonation to Produce an Arylnitrenium Ion Species
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species in order to help assign the observed species. The DFT
computational results suggest that the reaction of the 4-biphe-
nylnitrenium ion with 4-biphenyl azide can proceed via two
competing pathways to produce trans and cis 4,4′-azobisbiphe-
nyl.

Results and Discussion

Results of Nanosecond Time-Resolved Resonance Raman
(TR3) Experiments. Figure 1 and Figure 1S in the Supporting
Information display TR3 spectra acquired at various time delays
after photolysis of 1 mM (Figure 1) and 2 mM (Figure 1S in
the Supporting Information) 4-biphenyl azide in a water:
acetonitrile (60:40 by volume) mixed solvent. The time delays
between the pump (299.1 nm) and the probe (354.7 nm) laser
beams are shown to the right of each spectrum, and the Raman
shifts of selected bands are presented at the top of 100 µs and
10 ns spectra in these figures. The TR3 spectra shown in Figures
1 and 1S are similar to one another and indicate that three
species can be observed over a range from 10 ns to 100 µs.
The first species has characteristic Raman bands at 1619, 1541,
1492, and 1333 cm-1 and appears to decay within several
hundred nanoseconds and to be a precursor of the other two
species. This first species was observed before and characterized
as the 4-biphenylnitrenium ion.22 Details are provided in
Figure 2s in the Supporting Information. The second species
has a characteristic Raman band at 1590 cm-1 (this overlaps
somewhat with bands of the other two species) and appears to
first grow in and then decay. The third species has characteristic
bands at 1593, 1455, 1440, and 1142 cm-1 and appears to grow
in and does not decay over the several hundred microseconds
time scale. Oxygen purged TR3 experiments have also been
performed, and these results showed that all three species are
not sensitive to oxygen.

The third species has two prominent resonance Raman bands
in the 1400-1500 cm-1 region characteristic of NdN bond
stretching vibrational modes and was identified to be 4,4′-

azobisbiphenyl from comparison of the TR3 spectra to DFT
calculated Raman spectra of 4,4′-azobisbiphenyl species and a
resonance Raman spectrum obtained for an authentic sample
of 4,4′-azobisbiphenyl made by another synthetic method (see
Figure 3S and description of the assignment in the Supporting
Information). Here, we cannot exclude the possibility that cis
4,4′-azobisbiphenyl was generated, because cis and trans 4.4′-

Figure 1. Overview of 354.7 nm probe wavelength TR3 spectra
obtained after 299.1 nm photolysis of 1 mM 4-biphenyl azide in a water:
acetonitrile(60:40 by volume) mixed solvent.

Figure 2. Plots of the integrated areas for the characteristic Raman
bands for the 4-biphenylnitrenium ion (1619 cm-1) and the 4,4′-
azobisbiphenyl (1440 cm-1) species observed in the TR3 spectra of
Figure 1 and Figure 1S in the Supporting Information as a function of
time delay are shown. Top: from Figure 1, 1 mM of precursor used;
open circles, 4,4′-azobisbiphenyl; open triangles, 4-biphenylnitrenium
ion. Bottom: from Figure 1S, 2 mM of precursor used; closed circles,
4,4′-azobisbiphenyl; closed triangles, 4-biphenylnitrenium ion. The time
constants for the best fit exponential kinetics are indicated next to the
appropriate curves. The bracketed numbers are fitted uncertainties.

Figure 3. Plots of the integrated areas for the 1593 cm-1 Raman band
observed in the TR3 spectra of Figure 1S in the Supporting Information
as a function of time delay are shown. These integration areas have
been subtracted for the contribution of the 4,4′-azobisbiphenyl species.
The insert displays the data obtained at early time delays.
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azobisbiphenyl isomers exhibit spectrally well-separated absorp-
tion bands in the UV-visible absorption spectrum32 as shown
in Figure 4S in the Supporting Information. The absorption
spectrum of the synthesized 4,4′-azobisbiphenyl displays low-
lying (nπ*) bands between 420 and 600 nm and the π π* bands
at 360 nm (trans) and 250 nm (cis). The 355 nm probe laser
used in the TR3 experiment makes the trans azo isomer
resonantly enhanced; therefore, for both the synthesized 4,4′-
azobisbipheny and the transient species generated during TR3

experiment, mainly the trans isomer was observed when using
the conditions employed in the TR3 experiments. Because the
characteristic absorption band of the cis azo form (λmax 250 nm)
overlaps somewhat with that of 4-biphenyl azide, it is difficult
to select an appropriate probe wavelength to selectively
resonantly enhance the cis azo isomer by itself in the TR3

experiment.
Precursor of the 4,4′-Azobisbiphenyl Product: Time-

Dependent Behavior of Species Observed in the TR3 Spectra.
To examine the kinetic behavior of the three species observed
in the TR3 spectra of Figure 1 and Figure 1S in the Supporting
Information, the characteristic Raman bands for the 4-biphe-
nylnitrenium ion at 1619 cm-1 and for the 4,4′-azobisbiphenyl
product at 1440 cm-1 had their integrated areas plotted as a
function of time delay in Figure 2. Each of the four kinetics
curves in Figure 2 was normalized to the largest Raman band
intensity observed for each species over the 10 ns to 100 µs

TR3 spectra shown in Figure 1 and Figure 1S in the Supporting
Information, respectively. The kinetics of the 4-biphenylnitre-
nium ion decay can be fitted satisfactorily to a single-exponential
decay function with time constants of approximately 238 ns in
a 1 mM concentration solution and 179 ns in a 2 mM
concentration solution. The kinetics of the 4,4′-azobisbiphenyl
growth can be fitted to a single-exponential growth function
with time constants of approximately 1435 ns in a 1 mM
concentration solution and 926 ns in a 2 mM concentration
solution. These concentration dependences indicate that the
4-biphenylnitrenium ion is quenched by 4-biphenyl azide. The
decay time ratios of the 4-biphenylnitrenium ion (238 ns:179
ns) in the two different concentration solutions is not as big as
that of the third species growth (1435 ns:926 ns) in the two
different concentration solutions. This may be due to the low
signal-to-noise of the spectra perturbing the time constant fitting
for the 4-biphenylnitrenium ion. Figure 3 displays the integrated
areas for the 1593 cm-1 Raman band observed in the TR3

spectra in Figure 1S in the Supporting Information plotted as a
function of time delay. These integration areas in Figure 3 have
been subtracted for the contribution of the third species, 4,4′-
azobisbiphenyl. Inspection of Figure 3 shows that the data after
150 ns (including 150 ns) time delay can be fitted well by a
single exponential decay function with a time constant of 936
ns. This is in agreement with the 926 ns growth time constant
of the third species. As shown in the inset of Figure 3, the data
before 150 ns time delay stays about the same, in which the
total contributions come from both the 4-biphenylnitrenium ion
decrease and the intermediate increase. These results combined
with the dependence of the 4-biphenylnitrenium ion decay and
the 4,4′-azobisbiphenyl growth on the azide concentration
strongly suggest that the 4-biphenylnitrenium ion reacts with
4-biphenyl azide to generate the intermediate that subsequently
produces the 4,4′-azobisbiphenyl product. The triplet 4-biphe-
nylnitrene was directly observed before in neat acetonitrile to
produce 4,4′-azobisbiphenyl.29 Here, the triplet 4-biphenylnitrene
was eliminated because its spectrum does not match that of the
intermediate (see Figure 5S in the Supporting Information),
which also demonstrates that, at the conditions used here in the
TR3 experiments, the 4-biphenylnitrenium ion will not convert
to its conjugate base, the singlet nitrene that can then generate
a triplet nitrene by intersystem crossing (ISC).

Possible Assignments for the Intermediate: DFT Results
for Some Likely Species. The direct observation of the
intermediate in the TR3 experiments indicates that the reaction
of the 4-bipenylnitrenium ion with 4-biphenyl azide to produce
the 4,4′-azobisbiphenyl product takes place in a stepwise
manner. Therefore, DFT calculations were performed to help
assign the observed intermediate and to study the details of the
reaction mechanism. Two competing reaction pathways were
found, and these are shown in Scheme 2. In one pathway, the

SCHEME 2

TABLE 1: Comparison of Distance of Selected Atoms in
Reactants, Transition States, and Intermediates and Dihedral
Angles Related to Nitrogen Atoms Shown in Figure 4

R12 (Å) R23 (Å) R57 (Å) R24 (Å) R45 (Å) R46 (Å)
D1246

(deg)

RC1 1.4049 1.2526 2.5674 1.0266 1.3083 -18.46
TS1 1.4452 1.2718 1.6229 1.0221 1.4086 26.84
PC1 1.4522 1.2810 1.4613 1.0199 1.4388 51.22
TS3 1.4546 1.3114 1.3608 1.0133 1.4270 65.87
PC3a 1.3663 4.7635 1.2826 1.0222 1.4250 15.36
PC3b 1.4022 2.0671 1.3075 1.0162 1.4790 49.08
TS4 1.4032 1.9087 1.2851 1.0241 1.4515 39.79
PC4 1.4294 0.9788 1.2529 2.0321 1.4321 11.03
RC2 1.4098 1.2379 2.8382 1.0275 1.3041 42.98
TS2 1.4310 1.2788 1.7401 1.0258 1.3722 7.75
PC2 1.3675 3.9379 1.2793 1.0253 1.4002 0.23

TABLE 2: Calculated Barrier and Reaction Energies at
B3LYP/6-31g* with ZPE Corrections (unit: kcal/mol)

gas phase aqueous phase

barrier
reaction
energies barrier

reaction
energies

cis pathway (TS1) 13.87 13.02 6.83 -5.53
cis pathway (TS3) 3.06 -80.34 -1.96 -65.06
cis pathway (TS4) 0.19 -45.90 4.16 -42.38
trans pathway (TS2) 12.70 -76.30 7.30 -80.50

11584 J. Phys. Chem. A, Vol. 112, No. 46, 2008 Xue et al.



reaction of the 4-biphenylnitrenium ion with 4-biphenyl azide
loses N2 and H+ sequentially to give rise to PC1 and PC3 as
two intermediates and then generates cis-azobisbiphenyl (re-
ferred to as the cis pathway hereafter). In the other pathway,
this reaction loses N2 directly to produce PC2 as an intermediate
and subsequently produces the stable trans-azobisbiphenyl
(referred to as the trans pathway hereafter). The optimized
geometries for all of the reactant complexes (RC, azide, and
nitrenium ion complex), transition states (TS), and intermediates
(PC) obtained from the B3LYP/6-31g* calculations are pre-
sented in Figure 4. Table 1 shows the distances of selected atoms
and the dihedral angle around the nitrogen atoms. Examination
of Figure 4 and Table 1 show that, in both the cis and the trans
pathways, as the reaction goes from RC1 (RC2) to PC3a (PC2),
the distances of N2-N4 always decrease and those of N2-N3
always increase. These results are consistent with the process
that a new bond forms between the N2 and N3 atoms and then
loses N2 to generate an azo cation species (PC2 and PC3).

With the help of a hydroxide ion (this may come from the
protonation process of forming the nitrenium ion), the azo cation
can lose H+ to produce a neutral azo species. In the cis pathway,
a transition state (TS4) was located. Examination of Figure 4
and Table 1 shows that in the presence of a hydroxide ion, the
bond lengths of N2-N4, N4-H6, and H6-O7 all decrease
while the reaction goes from the azo cation (PC3b) through
TS4 to make the cis 4,4′-azobisbiphenyl species. This appears
to correspond to a process in which the H+ leaves the azo cation
to produce a water molecule from reaction with a hydroxide
ion, and the N-N single bond turns into a NdN double bond.
The dihedral angle of C1-N2-N4-C6 changes distinctly during
the reaction process, from 49°(PC3b) to 40°(TS4) to 11°(cis
4,4′-azobisbiphenyl).Thisobviouschangeof theC1-N2-N4-C6
dihedral angle reveals that the dihedral angle twist also serves
as a driving force for the H+ to leave the azo cation. There is
some change in the geometry of the azo cation in the presence
of a hydroxide ion as shown in Figure 4 and Table 1. The bonds
of C1-N2, N2-N4, and N4-C6 are all elongated because of
the presence of the hydroxide ion. The dihedral angles of
C1-N2-N4-C6 are different without and with the presence
of a hydroxide ion, and they are 15.4° and 49.1°, respectively.
This kind of change in the geometries of the azo cation species

is reasonable to take place as a result of the stabilization of the
hydroxide ion.

In the trans pathway, the dihedral of C1-N2-N4-C6 angles
are almost 0° in both PC2 and trans 4,4′-azobisbiphenyl;
therefore, the lack of the aid of a dihedral angle twist increases
the demand of the attraction from the hydroxide ions. The TR3

experiments were performed in an aqueous solution, in which
hydroxide ions and water molecules exist around the reactants
and interact with the reactant molecules and with each other.
This situation is very difficult to actually mimic with the simple
calculations done here, and hence, no reasonable transition states
were found to connect PC2 and trans 4,4′-azobisbiphenyl from
the DFT calculations although this reaction is likely to occur
under experimental conditions.

The reaction of the 4-biphenylnitrenium ion with 4-biphenyl
azide occurs in an aqueous solution; therefore, the solvent effect
on the reaction was examined. Table 2 lists the calculation
results for the activation barrier and reaction energies in the
gas and aqueous phases. Compared with the data obtained in
the gas phase, the solvent effect decreases the barrier and
reaction energies substantially, especially for the steps through
TS1 and TS2. Examination of Table 2 shows that all of the
reactions are exothermic in the aqueous phase, which implies
that the reaction of the 4-biphenylnitrenium ion with 4-biphenyl
azide to form 4,4′-azobisbiphenyl is more likely to occur in an
aqueous solution. Figure 5 presents the relative energy profile
in the aqueous phase and shows that there is no distinct
difference between the activation barriers for the first step of
the cis and trans pathways (6.8 and 7.3 kcal/mol respectively).
Therefore, within the calculation error, the cis and trans
pathways should be parallel and competing with each other,
even though the reaction mechanisms on the two pathways are
different. On the cis pathway, the reaction mechanism shown
in Figure 5 shows that a new N-N bond formation between
the azide and the nitrenium ion occurs; then, the leaving of the
N2 and H+ species takes place in a stepwise manner to produce
two intermediates, PC1 and PC3, respectively. PC1 is not
stable, and it is easy for elimination of N2 to occur and produce
the azo cation (PC3) with only a small barrier in the aqueous
solution. The PC3 species with the aid of a hydroxide ion and
the driving force of the dihedral angle changes can lose the H+

Figure 4. Optimized geometries are shown for the reactant complexes, transition states, and intermediates.
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group and finally generate the cis 4,4′-azobisbiphenyl species.
In contrast, on the trans pathway, the N-N bond formation
between the azide and nitrenium ion and the N2 group leaving
take place simultaneously and therefore produce only one
intermediate, PC2. With the presence of hydroxide ions and
water molecules, this PC2 could lose H+ to produce the trans
4,4′-azobisbiphenyl, although no reasonable transition states
were found from DFT calculations because of our limited model
compared to the complexity of this process.

Because the first step of the cis and trans pathways are similar
to one other and both likely to occur, the cis and trans isomers
of the azo cation and 4,4′-azobisbiphenyl species could both
be produced in the TR3 experiments (the reasons that only trans
4,4′-azobisbiphenyls was observed when using the TR3 condi-
tions used here have already been presented in an early section).
Inspection of the relative energy profiles (Figure 5) shows that
the PC3b species is a relative stable intermediate (it is like a
cis azo cation with a hydroxide ion around it). Similarly, the
trans azo cation (PC2) could also be a stable intermediate,
because no change in the geometry can be observed when one
hydroxide ion was put around trans azo cation. Therefore, the
possibility that the intermediate observed in TR3 spectra is
species PC2 and PC3b was examined here, as shown in Figure
6. Examination of Figure 6 reveals that the experimental
spectrum shows reasonable agreement with the calculated
spectrum for the trans and cis azo cations with some moderate

differences in the relative intensities that can be easily accounted
for by noting that the experimental spectra are resonantly
enhanced whereas the calculated spectra are for normal (or
nonresonant) Raman spectra. Tables 1S and 2S in the Supporting
Information show that there is generally good agreement
between the experimental and calculated vibrational frequencies,
the calculated vibrational frequencies being within about 5 and
7 cm-1 on average for the 13 experimental Raman band
frequencies for the trans and cis azo cation, respectively,
compared to calculated ones. These results suggest that the ns-
TR3 spectra in Figures 1 and 1S in the Supporting Information
for the intermediate observed from the reactions of the 4-bi-
phenylnitrenium ion with 4-biphenyl azide can be tentatively
assigned to the trans and cis azo cation.

In Table 1S in the Supporting Information, there is a
calculated vibrational frequency at 1375 cm-1 which has strong
Raman activity and is associated with the NdN bond stretching
and N-H bond bending vibration modes (see Figure 7 and Table
1S ν93 in the Supporting Information), but in the TR3 spectrum,
the band intensity at 1374 cm-1 is very small. Besides the reason
mentioned above that the experimental spectrum is resonantly
enhanced whereas the calculated spectrum is for normal (or
nonresonance) Raman spectra, this may also be due to the effect
of the real superwater molecule system. The presence of a water
molecule and hydroxide ion affects the existence of the form
of the azo cation. The interaction between the cis azo cation
and the hydroxide ion elongates the NdN in cis azo cation and
consequently decreases in a distinct manner the Raman activity
associated the NdN stretching. This has been found in the DFT
calculations for the cis azo cation. Figure 7 displays B3LYP/
6-31g* calculated normal Raman spectra for the cis azo cation
with and without a hydroxide ion around it. This comparison
clearly shows that with the hydroxide ion nearby, the Raman
activity of the NdN stretching mode indicated with a star
symbol decreases. Moreover, there are very complicated interac-
tions such as hydrogen bonding that will exist between the water
molecules and the reactants and also the intermediate molecules.
All of these effects and interactions exist under real experimental
conditions, but they are difficult to effectively mimic by using
our basic theoretical calculations here.

Discussion of the 4-Biphenylnitrenium ion Reaction with
4-Biphenyl Azide. The 4-biphenylnitrenium ion can react with
its unphotolyzed precursor, 4-biphenyl azide to produce a 4,4′-
azobisbiphenyl cation intermediate first and then lose H+ to give
rise to a stable 4,4′-azobisbiphenyl product. To our knowledge,

Figure 5. Relative energy profiles (in kcal/mol) obtained from the
B3LYP/6-31g* calculations. The values of PC3b, TS4, and PC4 were
obtained relative to PC3b, and the others were obtained relative to
RC2.

Figure 6. Comparison of the B3LYP/6-31g* calculated normal Raman
spectra of azo cation (A) trans (PC2) and (C) cis (PC3b) isomers to
(B) the experimental TR3 spectrum of the intermediate.

Figure 7. Comparison of the B3LYP/6-31g* calculated normal Raman
spectra of the cis azo cation (A) PC3a without a hydroxide ion nearby
to (B) PC3b with a hydroxide ion near the cation. The star indicates
the Raman band associated with the NdN stretching mode.
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this is the first time that the cation intermediate in this kind of
reaction is directly observed by using time-resolved vibrational
spectroscopy. Previously, we studied the reaction of the 2-fluo-
renylnitrenium ion with 2-fluorenyl azide to produce 2,2′-
azobisfluorene25 and observed that the 2,2′-azobisfluorene
formation and the 2-fluorenylnitrenium ion decay can be fitted
by a common time constant, and no intermediates between the
nitrenium ion and the azo compound was seen. This difference
is mainly due to the rigid structure of two aromatic rings in the
2-fluorenyl species and the more flexible rotatable structure of
those in the 4-biphenyl species. The rotation of the aromatic
rings in the 4-biphenyl species significantly stabilizes the
geometries as shown in Table 3, which lists the dihedral angles
between the two close aromatic rings. As the reaction goes from
the reactant complex through the transition states to the
intermediates, the dihedral angles between the two close
aromatic rings change distinctly by about 10°. In addition, the
flexibility of the bond connecting the two phenyl rings leads
the 4-biphenylnitrenium ion to have a smaller iminocyclohexa-
dienyl character compared to the rigid planar structure of the
2-fluorenylnitrenium ion.22

Previous transient absorption quenching experiments deter-
mined that the 4-biphenylnitrenium ion reacts with the azide
anion (N3

-) and water molecules with rate constants in the
diffusion limit and 2 × 106 s-1, respectively.35 The 4-biphe-
nylnitrenium ion was also observed to react with deoxygua-
nosine with a rate constant of 2 × 109 M-1 s-1.35 Here, our
results indicates that the 4-biphenylnitrenium ion can react with
4-biphenyl azide with a rate constant on the order of 2.7 × 109

M-1 s-1 and quenching of the 4-biphenylnitrenium ion occurs
predominantly by reaction with the remaining 4-biphenyl azide
at the concentrations examined here. The rate constant for
reaction of the 4-biphenylnitrenium ion with 4-biphenyl azide
is substantially faster than that for the 4-biphenylnitrenium ion
with water (2 × 106 s-1) and is comparable to the 4-biphe-
nylnitrenium ion with guanosine (about 2 × 109 M-1 s-1) to
form a C8 intermediate species. Thus, guanosine or other
guanine derivatives can compete with quenching of the 4-bi-
phenylnitrenium ion by the parent 4-biphenyl azide species when
the guanosine (or other guanine derivatives) have concentrations
similar to or greater than the concentration of the remaining
unphotolyzed 4-biphenylazide.

When the 4-biphenylnitrenium ion is quenched by N3
- or

water, the target in the nitrenium ion is an ortho or para aromatic
carbon atom. But the reactive position is the nitrogen of the
nitrenium ion when the nitrenium ion reacts with the guanine
derivatives. At this point, the reaction of the 4-biphenylnitrenium
ion with 4-biphenyl azide is similar to the reaction of the
4-biphenylnitrenium ion toward guanine derivatives. The dipolar
structures of aryl azides (Figure 8) proposed by Pauling36 can

explain the azides chemical reactivity. In principle, they react
with electrophiles at N1 and nucleophiles at N3. As in the case
of the nitrene chemistry, it was suggested that the arylnitrene
(ArN) reacts at N1 of the azide (ArN3) to make the azo product
(reaction 1). It was also suggested that the azide group
protonation by a Lewis acid at N1 leads to a migration of another
phenyl substituent with the loss of nitrogen gas38 (reaction 2).

Reactions 1 and 2 are similar in that both appear to add to
the N1 of the azide to form the corresponding azo product with
the elimination of a nitrogen gas byproduct. Our present results
indicate that the 4-biphenylnitrenium ion undergoes similar
addition reactions which form a stable azo product (4,4′-
azobisbiphenyl) with elimination of a nitrogen gas byproduct.
The observation of an azo cation clearly demonstrates that the
reaction of the 4-biphenylnitrenium ion + 4-biphenyl azide f
4,4′-azobisphenyl + N2 + H+ is a sequential process.

Conclusion

The reaction of the 4-biphenylnitrenium ion with 4-biphenyl
azide in a mixed aqueous solution produces 4,4′-azobisbiphenyl
through an intermediate species. With the help of DFT calcula-
tions, the intermediate was tentatively assigned to a 4,4′-
azobisbiphenyl cation-type intermediate. The direct observation
of the 4,4′-azobisbiphenyl cation intermediate demonstrates that
the reaction of the 4-biphenylnitrenium ion with 4-biphenyl
azide produces the 4,4′-azobisbiphenyl with nitrogen gas and
hydrogen cation byproducts in a sequential process. DFT
calculations predict that the reaction of the 4-biphenylnitrenium
ion with 4-biphenyl azide can proceed on two parallel and
competing pathways to produce cis and trans azo products. On
the cis pathway, the new bond formation between nitrogen of
the nitrenium ion and N1 of the azide and the elimination of
nitrogen gas take place in a stepwise manner, but on the trans
pathway, these two processes appear to be concerted.

Experiment and Computation Methods

Samples of 4-biphenyl azide and 4,4′-azobisbiphenyl were
synthesized according to the literature methods,1,33 and further
details of the synthesis and characterization are given in ref 29.
The 4-biphenyl azide samples were prepared with concentrations
∼1 and ∼2 mM in water:acetonitrile (60:40 by volume) solvent
for use in the TR3 experiments. Spectroscopic grade acetonitrile
and distilled water were used in preparing the sample solutions.

The experimental apparatus and methods used to obtain the
nanosecond time-resolved resonance Raman (ns-TR3) experi-
ments have been detailed previously;19,21,22,24 therefore, only a
short description is presented in this section. The hydrogen
Raman shifted laser lines for the harmonics of a Nd:YAG
nanosecond pulsed laser system produced the 299.1 nm pump
(e.g., the first Stokes Raman shifted line of the 266 nm fourth
harmonic of the Nd:YAG laser) and 354.7 nm probe (the third
harmonic of the Nd:YAG laser) wavelengths employed in the

TABLE 3: Dihedral Angles between the Two Close Aromatic Rings in the 4-Biphenyl Species

dihedral angel cis complex TS1 PC1 TS3 PC3a TS4 PC3b cis-azo trans complex TS2 PC2 trans-azo

A-B 31.64 34.69 34.43 35.36 28.45 35.65 35.49 37.50 32.63 35.61 29.59 36.87
C-D 24.48 33.55 35.46 36.89 32.24 37.21 37.84 37.55 23.27 29.54 32.00 36.87

Figure 8. Reactivity of aryl azides.37
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ns-TR3 experiments. The ns-TR3 experiments utilized two Nd:
YAG lasers electronically synchronized to each other by a pulse
delay generator used to control the relative timing of the two
lasers (with a jitter <5 ns) that was monitored by using a fast
photodiode and a 500 MHz oscilloscope. The pump and probe
laser beams were lightly focused onto a flowing liquid stream
of sample by using a near collinear backscattering geometry,
and the Raman scattered light was collected by using a
backscattering geometry and reflective optics that imaged the
light through a depolarizer and entrance slit of a 0.5 m
spectrograph that dispersed the light onto a liquid-nitrogen-
cooled CCD detector. The Raman signal was acquired for about
30-60 s before being read out to an interfaced PC computer
and about 10-20 of these read outs were summed to obtain
the Raman spectrum. The TR3 spectra were determined by
subtracting the pump-probe spectrum at negative 100 ns from
the pump-probe spectra acquired at positive delay times so as
to remove the solvent and precursor Raman bands, and the
known wavenumbers of the mixed solvent acetonitrile Raman
bands were used to calibrate the wavenumber of the TR3 spectra
to an absolute accuracy of about (3 cm-1 (and a relative
accuracy of (1-2 cm-1 from scan to scan). A Lorentzian
function was utilized to integrate the relevant Raman bands to
find their areas and determine the decay and growth kinetics of
the species observed in the TR3 experiments.

All of the DFT calculations made use of the Gaussian 98
program suite.34 The complete geometry optimizations were
carried out analytically by using the (U)B3LYP method with
the 6-31g* basis set for the species of interest. Vibrational
frequency calculations were performed for all of the stationary
points to obtain correction for the zero-point energies and to
ascertain that the computed transition states were the first-order
saddle points. IRC computations were done to confirm that the
transition states connected the appropriate reactants and prod-
ucts. The solvent effect on the reaction was examined here by
employing B3LYP/6-31g* optimizations of the gas-phase
stationary points and by using a relatively simple self-consistent
reaction field (SCRF)30 method based on the polarizable
continuum model (PCM).31 A Lorentzian function with a 20
cm-1 bandwidth was used in conjunction with the calculated
Raman vibrational frequencies and relative intensities to find
the calculated B3LYP/6-31g* Raman spectra presented here.
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of the 354.7 nm probe wavelength TR3 spectra obtained after
299.1 nm photolysis of 2 mM 4-biphenyl azide in a water:
acetonitrile(60:40 by volume) mixed solvent. Figure 2S. Com-
parison of the 10 ns TR3 spectra from Figure 1 with 354.7 nm
as the probe wavelength to that obtained with 416.0 nm as the
probe wavelength reported previously in reference.22 Figure 3S.
Comparison of the B3LYP/6-31g* calculated normal Raman
spectrum for trans 4,4′-azobisbiphenyl to the experimental 100
µs TR3 spectrum from Figure 1S and the 354.7 nm resonance
Raman spectrum of synthesized 4,4′-azobisbiphenyl. Figure 4S.
Absorption spectra of 4-biphenyl azide and synthesized 4,4′-
azobisbiphenyl. Figure 5S. Comparison of the intermediate
observed in Figures 1 and 1S to the 354.7 nm probe TR3

spectrum of the triplet 4-biphenylnitrene species obtained at 10

ns after photolysis of 2 mM 4-biphenyl azide in neat acetonitrile.
Table 1S. Comparison of the experimental TR3 vibrational
frequencies for the intermediate to those obtained from B3LYP/
6-31g* calculations for the trans azo cation. Table 2S. Com-
parison of the experimental TR3 vibrational frequencies for the
intermediate to those obtained from the B3LYP/6-31g* calcula-
tions for the cis azo cation. Cartesian coordinates, total energies,
and vibrational zero-point energies for the optimized geometry
from the B3LYP/6-31g* calculations for the structures calculated
in this paper. This material is available free of charge via the
Internet at http://pubs.acs.org.
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