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NMR Study of the Monomer—Dimer Equilibria of
Dimethylnitrosobenzenes in Solution. Identification
of Mixed Azodioxy Dimeric Species
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The monomer—dimer equilibria of 2,6- and 3,5-dimethylnitrosobenzenes in CDCl, solution were investigated by 'H
andjor '3C NMR spectroscopy. The mixed systems nitrosobenzene + 2,6-dimethylnitrosobenzene and 2,6-
dimethylnitrosobenzene + 3,5-dimethylnitrosobenzene were also studied, and mixed azodioxy dimers were identi-
fied. In all systems exchange occurs exclusively between dimer and monomer species, rates and activation energies
being calculated from time-dependent 'H 1D spectra andjor 'H 2D-EXSY spectra measured at different tem-
peratures.
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INTRODUCTION

Aromatic C-nitroso compounds have been known for
many years to exist as blue or green monomers (A) or
colourless azodioxy dimers.!”> Cis-trans distinction
occurs between the dimeric structures (B, C):

/O O\N=N/,O 0.\N=N/Ar
A7 Sar A o

A B C

Ar—N

and indeed both crystalline forms have been isolated in
the case of o-nitrosotoluene.® In organic solvents
monomer—dimer equilibria are established with both cis
and trans dimers usually co-existing.” In a recent NMR
study® of nitrosobenzene (NB) in CDCl;, we have
shown that both dimeric species are formed at low tem-
peratures but the population of the trans dimer is low
(<6%). It was also shown by 2D-EXSY experiments
that exchange occurs between the monomer and dimer
species and there is no direct cis dimer—trans dimer
exchange. We have now applied similar NMR tech-
niques to 2,6-dimethylnitrosobenzene (2,6-DMNB) and
3,5-dimethylnitrosobenzene (3,5-DMNB) in CDCl,
solution. Previous studies of 2,6-DMNB”*? had identi-
fied the trans-azodioxy dimer as the most stable struc-
ture. In the solid state it is usually the exclusive
structure, whereas in solution it is known to exist in
equilibrium with the monomer. The cis-azodioxy dimer
has never, to our knowledge, been identified in solution
and this was one of the reasons that prompted us to
reinvestigate this system with modern NMR techniques.
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No previous studies appear to have been made on the
monomer—dimer equilibrium of 3,5-DMNB.

In addition to studying the solution properties of
these sym-dimethyl aromatic nitroso compounds them-
selves, a further major aim was to use their methyl
NMR signals to investigate whether mixed (ie.
unsymmetrical) dimers were formed in systems contain-
ing two different nitroso monomers. Such species have
been predicted!® but, except in one instance,'! have not
been isolated owing to rapid equilibration,*? viz.

(ArNO), + (ArNO), = 2ArNO
+ 2ArNO = 2ArN(O)N(O)Ar'

We have examined the mixed systems NB + 2,6-
DMNB and 2,6-DMNB + 3,5-DMNB with a view to
identifying all the monomeric and dimeric (cis—trans
mixed and unmixed) species and measuring their
exchange properties by 'H 2D-EXSY experiments.

EXPERIMENTAL

Compounds

Nitrosobenzene was purchased from Aldrich. 2,6-
Dimethylnitrosobenzene was prepared from its nitro
derivative following the procedure used for the prep-
aration of nitrosobenzene.!® This involves the reduction
of the nitro compound to its hydroxylamine derivative
using zinc-ammonium chloride in aqueous solution,
followed by oxidation using acidified potassium di-
chromate. The crude product was purified by rec-
rystallization from ethanol. For the preparation of 3,5-
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dimethylnitrosobenzene it was necessary to modify the
procedure as follows. The reaction was carried out in
water—acetone (10:1), with the oxidative step effected by
using iron (III) chloride. The final product was
extracted into dichloromethane and purified by chro-
matography on an alumina column cooled to —20°C.

NMR studies

'H and '3C NMR spectra were obtained at frequencies
of 250.1 and 629 MHz, respectively, on a Bruker
AM250 spectrometer with an Aspect 3000 computer. A
standard B-VT100 variable-temperature unit was used
to control the probe temperature, the calibration of this
unit being checked periodically against a Comark
digital thermometer. The quoted spectral temperatures
are estimated to be accurate to +1°C. Two-
dimensional phase-sensitive 'H EXSY spectra were
obtained using the Bruker automation program
NOESYPH, which uses the pulse sequence
D;-90°-Dy-90°-Dy-90°-FID. In all cases a spectral
width of 150 Hz, an F, dimension of 512 words and an
F, dimension of 128 words, zero filled to 512 words,
were used. The 2D spectra were processed using a
Gaussian window function of 02 Hz and left
unsymmetrized. Symmetrization was not performed as
it can lead to artifacts in phase-sensitive 2D spectra
dominated by strong signals with axial ridges (see later).
In any case, the intensities of cross-peak pairs were
adjusted to the same value when preparing the intensity
data for computation to rate data,® thus making any
symmetrization procedure unnecessary. The mixing
times Dy (=1,,) used in the NOESYPH sequence are
given with the rate data in Tables 1, 5 and 7. The initial
relaxation delays (D;) were usually twice the mixing
times and always >2 s. However, the derived rate data
were insensitive to the choice of D,. In one series of
experiments, values of D, in the range 2-6 s gave rate
constants which agreed well within their experimental
uncertainties.

RESULTS AND DISCUSSION

2,6-Dimethylnitrosobenzene

Proton NMR spectra of a moderately concentrated
solution (ca. 0.5 M) of 2,6-DMNB in CDCl; were
obtained in the range 30-60°C. At 30°C, a strong

methyl signal attributed to the trans dimer was detected
together with a weak signal to higher frequency due to
monomeric 2,6-DMNB. On raising the temperature the
relative intensities of these two signals became closer as
the abundance of the monomeric species increased, until
by 60 °C the monomer was the more abundant species.
The chemical shifts (Table 1) were similar to those
reported earlier for a CD;CN solution.” Dilution of the
CDCl; solution altered the monomer/dimer population
ratio. On cooling this diluted solution to —40°C, a
third methyl signal appeared to low frequency of the
other two. This was clearly due to the cis-azodioxy
dimer of 2,6-DMNB, which has not been previously
detected in solution, although its presence in the solid
state has been shown by IR spectroscopy.’

Dimer-monomer exchange rates were measured from
'H 2D-EXSY experiments on a 0.5 M solution of 2,6-
DMNB in the range 30-60°C. The rate constants for
trans dimer - monomer conversion are given in
Table 1. From these data a value of 118 + 1 kJ mol !
was obtained for AH* for the dissociation process,
which compares with a value of 85 kJ mol~! obtained
by UV spectrophotometry.®

Using a less concentrated CDCIl; solution (ca. 0.1 M)
and heating to ca. 60°C, it was possible to obtain a
solution containing ca. 80% monomer. Rapid cooling of
this solution by inserting it into a precooled NMR
probe effectively freezes the monomer—trans dimer equi-
librium at its high-temperature concentration ratio
(N.B. at 0°C a solution of this concentration at equi-
librium would consist almost completely of the trans
dimer form). The monomer, however, quickly equili-
brates with the cis dimer over the period of a 'H
2D-EXSY experiment, and rates of exchange between
cis dimer and monomer were sufficiently fast to allow
their determination using the 2D-EXSY technique at
—10, —20 and —30°C. The rate constants for cis
dimer — monomer conversions were 0.13 s™! (263 K),
0.020 s~! (253 K) and 0.0031 (243 K), from which
Eyring activation parameters were calculated (Table 3).
The relatively low value of AG* (298 K) is probably
indicative of the large steric interactions between the
methyl groups on the adjoining rings in the cis dimer,
which destabilize its ground state relative to its disso-
ciation transition state.

3,5-Dimethylnitrosobenzene

The ambient temperature (30°C) 'H spectrum of 3,5-
DMNB in CDCl; showed only monomer to be present.

Table 1. Proton chemical shifts* and relative populations of solution species of 2,6-DMNB in CDCl,

6 (°C) 2,6-DMNB % trans-(2.6-DMNB), %
60° 2.62 51.4 245 48.6
50° 2.63 340 2.46 66.0
40° 2.63 12.8 2.46 87.2
30° 264 8.4 246 91.6

—40° 2.67 123 2.48 53.2

2 Relative to Me,Si.

0.5 msolution.

< Dilute solution. Poputations do not relate to the 0.5 m solution.
9 Uncertainties +10%.

cis-(2,6-DMNB), % k(trans-D —» M)9 T, (8)
— — 0.40 1.0
— — 0.10 10
— — 0.025 20
— — 0.0053 4.0
2.18 345 — —
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Table 2. Proton chemical shifts* and relative populations of solution species of 3,5-DMNB in CDCI,

8 (°C) 3,5-DMNB % (35-DMNB),
30 2.45 100 —_
10 2.45 95.6 2.24
0 2.45 85.7 2.23
~20 2.46 69.5 2.22
~30 2.47 50.3 2.22
-40 2.47 41.3 2.20

2 Relative to Me,Si.
b Using a mixing time of 3 s.
°Time-dependent NMR based on 3,5-methyl signals.

% k(D->M) (s") Method

4.4 0.59 2D-EXSY®
143 0.29 2D-EXSY®
30.5 6.0 x10-3 TD-NMR*®
497 38x10-* TD-NMR®
58.7 1.6x10-4 TD-NMR*©

However, on cooling, a second methyl signal appeared
(see Table 2), indicating the presence of a dimeric form,
but the isomeric identification of this species is difficult.
The dimeric species in the crystalline state is usually the
dominant dimer species in solution,®'# but unfor-
tunately no x-ray crystal structure of 3,5-DMNB has
been reported. Whereas steric interactions in 2,6-
DMNB dictate that the trans dimer be the favoured
structure, no appreciable steric effects are present in 3,5-
DMNB. It is partly for this reason that nitrosobenzene
(NB) and 3-methylnitrosobenzene (3-MNB) exist exclu-
sively as cis dimers in the solid state. However, 4-
methylnitrosobenzene crystallizes as the trans-azodioxy
dimer, so clearly crystal packing factors are also
important.

Methyl proton chemical shifts [Table 1 and Ref. 7
(Table 3)] show low-frequency displacements on going
from monomers to dimers, with the magnitudes of these
changes decreasing as the methyl groups are positioned
further from the nitroso substituent, and with cis dimer
shifts being greater than trans dimer shifts. With
3-MNB the shift changes are —0.18 (monomer - cis
dimer) and —0.08 (monomer — trans dimer).” Compari-
son of these values with the value of —0.27 (—40°C) for
3,5-DMNB (Table 2) strongly implies that 3,5-DMNB
is present as the cis-azodioxy dimer in CDCl; solution.

A study of the dynamic nature of the monomer—
dimer equilibrium of 3,5-DMNB posed certain prob-
lems. At above-ambient temperatures, where the
exchange rates would have been well suited for
2D-EXSY experiments, the dimer population was too
low for accurate studies, whereas at low temperatures
the equilibrium state was very slowly established. In
order to measure exchange rates over as wide a tem-
perature range as possible, 2D-EXSY experiments were
therefore performed at 10 and 0°C and time-dependent
spectra recorded at —20, —30 and —40°C. The
2D-EXSY experiments were carried out on the methyl
signals in the usual way,'® using a mixing time of 3 s,
and the derived rate constants are given in Table 2.

The time-dependent studies involved dissolving a
known amount of 3,5-DMNB in CDCl;, warming to
ca. 60°C to produce an exclusively monomeric sample
and then placing the sample in the NMR probe at the
chosen temperature. When thermal equilibrium was
established the relative intensities of the monomer and
dimer methyl signals were measured as a function of
time, for periods varying between 1 and 20 min.
Assuming that the signal intensities are directly related
to the relative concentrations of monomer and dimer,

rate constants for the dimer - monomer exchange were
calculated by the appropriate graphical treatment (see
below).

Kinetics of reversible dimer (D)-monomer (M) exchange
The system is described by

k
D=2M
k-1
This is not a trivial kinetic problem as it involves both
first- and second-order kinetics and, in the present
context, no assumption can be made regarding the neg-
ligible concentration of either species at any time.
Firstly, we write

d[D

AP ko1 — uo) W
At equilibrium d[D]/dt = 0, hence k_, = k[D],/[M].2,
where the subscripts e refer to equilibrium concentra-
tions. If the total solution concentration (based on
monomer moieties), [M] + 2[D], is denoted by ¢ and
[D]./[M].? = p, then

AP _ ke — 21072 - D) ®
= kipc* — 4[D]pc + 4p[D]* — [D])  (3)
Therefore,
> d[D] =k dt 4)
pc* — 4[Dlpc + 4p[D]* - [D]
and
J o diD] - j kdt (5)
1o 4P[D1* — (4pc + (D] + pc*>  J,
Integration of Eqn (5) (see Appendix) yields the rate law
(rs)--ms o

where the parameters g, b, x, y and gqp are functions of
the concentrations ¢, [D], and [D], (see Appendix).
The dimer — monomer rate constant, k, can therefore
be deduced from the slope of the graph of the logarith-
mic function in Eqn (6) versus time. The values calcu-
lated for the temperatures —20, —30 and —40°C are
given in Table 2. These values were then combined with
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Figure 1. Eyring plot of rate data for the dissociation of cis(?)-(3,5-DMNB),.

x, 2D-EXSY derived values.

the 2D-EXSY values and plotted according to the
Eyring rate theory (Fig. 1) to yield activation energy
data (Table 3.) The rate constants derived by these two
methods appear to be consistent and vindicate this
combination of 1D and 2D NMR methods for measur-
ing very slow chemical exchange rates.

2,6-Dimethylnitrosobenzene + nitrosobenzene

Having gained knowledge of the solution equilibria of
2,6-DMNB and NB separately, their two-component
mixture in CDCl; was investigated with the particular
objective of identifying any mixed 2,6-DMNB-NB
dimers which might be formed and measuring their
exchange properties with their respective monomers.

Both 'H and *3C spectra of an equimolar mixture of
2,6-DMNB + NB were recorded in the range 60 to
—50°C.

'H NMR studies

At 60°C only two methyl signals were observed due to
2,6-DMNB monomer and trans-(2,6-DMNB), dimer.
On cooling to 40°C, two additional signals appeared to
lower frequencies at  2.37 and 2.29. These were clearly
due to the mixed dimers, and comparison of chemical

39.00 40.00 41.00 42.00 43.00

10°K/T

®, Time-dependent NMR derived rate constants;

shifts (Table 1) led to the higher frequency signal being
attributed to trans-(2,6-DMNB-NB) and the other
signal to cis-(2,6-DMNB-NB). On gradual cooling to
—50°C all signal intensities changed such that the 2,6-
DMNB monomer population fell sharply, the trans-(2,6-
DMNB), concentration decreased slightly (but was
always dominant) and the two mixed dimers increased
in population, particularly the cis-(2,6-DMNB-NB)
which became the second most abundant solution
species at the lowest temperatures (Table 4). It should
be clearly recognized that these relative populations are
based on methyl signal strengths and therefore cannot
allow for the presence of NB monomer at ambient tem-
peratures and NB monomer and cis-(NB), dimer at low
temperatures.®. The population changes in the mixed
system are reflected in the spectra recorded at 30 and
—50°C shown in Fig 2. Figure 2 also depicts the
changes in the aromatic signals. These were not fully
assigned, but the signals in the range 6 7.4-7.0 are
attributed to the 2,6-DMNB (monomer + dimer)
protons and the higher frequency signals (6 8.1-7.5) to
the monomer and dimer NB protons. More specifically,
the weak doublet at § = 7.0 is attributed to the 4-
position proton of the DMNB ring of cis-(2,6-DMNB-
NB) and the weak multiplet at § 8.05 is probably due to
the 2,6-protons of the NB ring of one of the dimeric
species.

Table 3. Activation parameters for the dissociation of aromatic nitroso compounds in CDCl, solution

Compound Process AG *(298 K) (kJ mol-")} AH® (kJ mot-") AS* (J K-"mol-") Ret.
2,6-DMNB trans-D - M 87.9+0.1 1181 100+£3 This work
trans-D - M 78.72 85 21 9
cis-D -+ M 64904 97 +2 108 £10 This work
3,5-DMNB cis(?)-D—-M 68.3+1.4 96 +8 93 +32 This work
2,6-DMNB + NB trans-D® -+ M 79.44 £ 0.01 1126 11019 This work
cis-D®> > M 71.96 + 0.03 97 +10 85 + 32 This work
2,6-DMNB +3,5-DMNB trans-D®> = M 79.15+0.01 833 14£19 This work
cis-D° > M 726 0.1 98+5 85+18 This work
NB trans-D - M 70.0+0.3 94+4 82+16 8
cis-D->M 65.8 + 0.1 891 76+3 8

@ Calculated from Ref. 9.
® Mixed, unsymmetrical dimer.
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Table 4. Relative populations and chemical shifts of solution species arising
from 2,6-DMNB + NB in CDCl,

Relative populations® (%)

8 (:C) 2,6-OMNB  trans-(2,6-DMNB),

trans-(2,6-DMNB-NB)

cis-(2,6-DMNB-NB)

40 246 51.8 131 10.6
30 13.8 51.3 17.0 17.9
20 10.7 50.1 175 21.7
10 5.0 46.3 19.0 298
0 24 47.7 171 328
-10 0.6 48.2 16.8 345
-50 — 481 184 336
Chemical shifts, & (rel. to Me,Si)
30° 2.64 2.47 2.36 2.28
-30° — 19.1¢ 17.3¢ 17.8¢
129.4¢ 123.8f 123.3%¢
2 Error limits £2%.
b TH shifts.
©13C shifts.

9 Methy! signals.
¢3,5-Carbons.
£2,6-Carbons (NB ring).

9 Also signals at 124.6, 143.1 due to cis-(NB),.

13C NMR studies

Proton decoupled !'3C spectra of the mixture were
recorded at 30 and —30°C. At the higher temperature
signals due to trans-(2,6-DMNB), and monomeric NB
were observed and assignments were possible in most

(vnnl—ﬂ.C-DMNlh

30°C
{2,6-DMNB/NB)
trans
-50°C
8.0 15 10 2.1 25 2.3
ppm

Figure 2. 250 MHz 'H NMR spectra (aromatic + methyl regions)
at 30°C and -50°C of 2,6-DMNB + NB in CDCi, showing the
mixed dimer species (§ 2.28, 2.36). Full chemical shift and popu-
lation details are given in Table 4.

cases. In addition, weak signals due to traces of 2,6-
DMNB monomer were also detected. On cooling to
—30°C the spectrum became predictably more complex
and 31 signals were detected, four of these being very
weak and attributed to traces of the monomers of 2,6-
DMNB and NB. The remaining 27 signals represent the
full complement expected for the species trans-(2,6-
DMNB),, cis-(NB),, cis{(DMNB-NB) and trans-
(DMNB-NB). The signals were grouped into four main
spectral regions, namely 6 17-20 (methyl carbons),
121-125 (2,6-carbons, NB rings), 6 129-137 (3,5- and 4-
carbons), and § 141-144 (1-carbons). The four main sol-
ution species at —30°C are characterized by their
methyl and/or 2,6- and 3,5-carbon signals (Table 4).

Monomer—dimer exchange

Proton 2D-EXSY spectra of the methyl signals associ-
ated with this 2,6-DMNB + NB mixture were recorded
in the range 10-40 °C, using mixing times ranging from
1.5 to 0.2 s. The spectrum at 40 °C is shown in Fig. 3. It
is dominated by the intense signal due to trans-(2,6-
DMNB), . This signal, however, is not involved in any
exchange and its axial ridge'® does not detract from the
accuracy of the experiment. Exchange cross-peaks are
clearly observed between the two mixed dimers and
between the dimers and the 2,6-DMNB monomer.
Volume integrals of these diagonal and cross-peak
signals were measured and the D2DNMR program!?
used to evaluate the three rate constants involved from
the 3 x 3 kinetic matrix.!> The values are given in
Table 5. It will be noted that the direct cis—trans mixed
dimer exchange is negligible, implying that the detected
cross-peaks for this process were second-order artifacts
arising from slightly long mixing times.!3>~!” This result
is not surprising as it implies a negligibly slow rate of
rotation about the N=N bond in the mixed 2,6-
DMNB-NB dimers. Exchange therefore takes place
exclusively between the mixed dimers and their parent
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trans(2,6-DMNB),
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2,6 -DMNB/NB

trans cis
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Figure 3. Methyl region 250 MHz proton 2D-EXSY spectrum of
2,6-DMNB + NB in CDCi; at 40°C. Mixing time, 0.2 s; initial
relaxation delay, 2 s.

monomers, an analogous result to that found for the
NB system.?

The temperature dependence of the rate constants
(Table 5) provided an evaluation of the activation
parameters for the two processes using the standard
Eyring treatment (Fig. 4). The results are given in
Table 3. Since only the methyl signals were used for
monitoring the exchange, no information was obtained
regarding dissociation of the mixed dimers to the NB
monomer. However, this dissociation should be ener-
getically identical with that involving 2,6-DMNB
monomer, since both processes involve the same
transition-state intermediate.

2,6-Dimethylnitrosobenzene + 3,5-
dimethylnitrosobenzene

2,6-DMNB has been shown to dimerize preferentially
into the trans form, whereas 3,5-DMNB appears to

logy(k/T)
-1.50,

-2.004
—2.504
~3.004
=3.504
—4.00
~4.50

-5.00

Table 5. Rate data for dimer dissociation in the system 2,6-

DMNB + NB in CDCI,

Rate constants, k (s~')

8 (°C) T, (8) cis-D —» M? trans-D — MP cis-D -+ trans-D°
40 0.2 9.0 0.77 0.029
30 0.3 4.0 0.14 -0.041
20 15 0.61 0.031 0.023
10 1.5 0.19 0.007 0.003

2cis-(2,6-DMNB-NB) — 2,6-DMNB. Values accurate to +10%.
btrans-(2,6-DMNB-NB) — 2,6-DMNB. Values accurate to +50%.
¢cis-(2,6-DMNB-NB) — trans-(2,6-DMNB-NB). Values are zero
within experimental accuracy.

adopt the cis dimer form. A mixture of these two
nitroso compounds might therefore be expected to
display the results of competitive formation of both cis
and trans mixed dimers. A further point of interest is the
steric interactions of the methyl substituents in any
mixed dimer species formed.

Methyl region 'H 1D spectra of an equimolar
mixture of 2,6-DMNB + 3,5-DMNB were recorded in
the range 40 to —20°C. Eight signals (plus one impu-
rity signal) were identified at most temperatures, as
depicted in the spectrum at 10°C (Fig. 5). Comparison
of methyl chemical shifts with those of the 2,6- and 3,5-
DMNB components showed that the signals were prob-
ably due to the 2,6-DMNB and 3,5-DMNB monomers,
the dimers trans-(2,6-DMNB), and cis(?)-(3,5-DMNB), ,
and the mixed dimers cis- and trans-(2,6-DMNB-3,5-
DMNB). The signals for the monomer and symmetrical
dimer species were assigned without difficulty (Table 6),
but the assignments of the mixed dimer signals were in
doubt at this stage. In order to clarify these assign-
ments, and at the same time to measure the dimer-
— monomer dissociation kinetics of this system, a series
of 2D-EXSY spectra was recorded in the temperature
range 0-40 °C. The spectrum at 30 °C is shown in Fig. 6.
The four signals due to the mixed dimers are in two
groups and, by analogy with the 2,6-DMNB + NB
system, the higher frequency pair (signals 4,5) is attrib-
uted to trans-(2,6-DMNB-3,5-DMNB) and the other
pair (signals 1,3) to cis-(2,6-DMNB-3,5-DMNB).
Assignments within these two pairs were clearly ascer-

31.00 32.00 33.00

34.00 35.00 36.00

10°/T

Figure 4. Eyring plot of rate data for the dissociation of ( x) cis-(2,6-DMNB-NB) to 2,6-DMNB and (+) trans-(2,6-DMNB-NB) to 2,6-

DMNB.
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trans-(2,8-DMNB),

7

2,0-DMNB
3

3.5-DMNB

trans-(2,6/3,5-DMNB)

3,5-Me  2,6-Me

5
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cis-(2,6/3,5-DMNB)
2,6-Me 35-Me
3
1

4

2.6

24

2t2 ppm

Figure 5. Methyl region 250 MHz proton spectrum of 2,6-DMNB + 3,5-DMNB in CDCI, at 10°C showing the assignments of the solution
species (signals 1-8). Note the small %J(H,H) splitting of 3,56-methyls to H-4.

tained from the 2D-EXSY spectra since the cross peaks
identify the type of methyl groups (2,6- or 3,5-) common
to both monomer and mixed dimer species. Exchange
rate constants for this mixed system were measured
employing the 3,5-methyl signals since these had a more
favourable intensity distribution than the 2,6-methyl
signals. Evaluated rate constants are listed in Table 7.
Again, direct cis-trans mixed isomer exchange is negli-
gibly slow. Eyring plots based on these data were pro-
duced and activation parameters calculated. These are
given in Table 3 for comparison with the data per-
taining to the other nitroso compounds.

Ground-state and dissociation transition-state energy
data

The temperature dependences of the populations of the
solution species enable ground-state energy data for the
different equilibria to be evaluated in terms of the
standard thermodynamic functions AH®, AS® and
AG®. The magnitudes of these parameters for the pure

Table 6. Methyl proton chemical shifts* and relative popu-
lations® of species for 2,6-DMNB + 3,5-DMNB in

cDCl,
Population
Compound 2,6-Methyls  3,5-Methyls (%)
2,6-DMNB 2.64 — 23
3,5-DMNB — 2.48° 42.0
trans-(2,6-DMNB), 247 — 26.5
cis(?)-(3,56-DMNB), — 2,234 0.6
trans-(2,6-DMNB-3,5-DMNB) 2.36 2.42¢ 12.3
cis-(2,6-DMNB-3,5-DMNB) 2.28 2.20° 16.4
2At 30°C.
>At10°C.

At lower temperatures weak doublet splitting (%/ ~ 0.5 Hz) due
to coupling to H-4 is observed.
9Value at 10°C. Dimer not detectable at 30 °C.

2,6-DMNB and 3,5-DMNB systems have been com-
pared with those measured earlier® for NB (Table 8).
The positive AH® values indicate that the dimeric forms
of these nitroso compounds are thermodynamically pre-
ferred, which explains the solid-state dimeric structures
of NB and 2,6-DMNB. The exceptionally large value
for the 2,6-DMNB system reflects the particularly low
ground-state energy of trans-(2,6-DMNB),, and the
positive AG® value for its dimer =monomer equi-
librium indicates that dissolution of this compound at
room temperature leads to little dissociation of this
dimer. The large positive AS® values for all the systems
are typical of dimer-monomer dissociation equilibria.
These large entropy terms cause the Gibbs function
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Figure 6. Proton 2D-EXSY spectrum of methyl signals in 2,6-
DMNB + 3,5-DMNB in CDCI, at 30 °C. Diagonal signals are num-
bered according to Fig. 5. The exchanges observed are 1==56,
3=4 (second order), 3=8,4=8and 5=6.
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Table 7. Rate data for dissociation of mixed dimers in 2,6-
DMNB + 3,5-DMNB in CDCl,

k(cis-D - M)® k{trans-D - M)® k(cis-D — trans-D)¢
8 (°C) 1.7 (8) (s7") (s-") (s7")

40 03 6.1 0.45 e
30 1.0 1.9 0.15 0.011
30 0.2 28 f f
20 1.0 0.73 0.042 0.002
20 0.2 0.62 f !
10 4.0 0.15 0.014 0.001

0 4.0 0.021 f f

2 Mixing time in EXSY pulse sequence.

beis-(2,6/3,5-DMNB) — 3,6-DMNB. Values accurate to £10%.
°trans-(2,6/3,5-DMNB) — 3,5-DMNB. Values accurate to +50%.
d¢is-(2,6/3,5-DMNB) — trans-(2,6/3,6-DMNB). Values are zero
within experimental error.

®No cis — trans cross-peaks were detected owing to overlap of
exchange broadened signals. The calculation was adjusted to give
k{cis-D - trans-D) = 0.

fMixing time insufficiently long to determine these values.

changes, AG®, to increase appreciably with decreasing
temperature.

The activation parameters for the dimer-monomer
dissociation pathways are given in Table 3. As usual,
the AG¥ values have narrower error limits. As a result
of the positive entropy terms typical of dissociation
equilibria, the AG™* values decrease with increasing tem-
perature. At 298 K, values range from 88 kJ mol ! for
trans-(2,6-DMNB), to 65 kJ mol ™! for cis-(2,6-DMNB),.
The high value for trans-(2,6-DMNB),, which differs
significantly from that calculated from UV-visible spec-
trophotometry,” reflects the high stability of the trans-
azodioxy form due to the electronic influence of the
ortho methyl groups on the N=N bond. In general, the
trans dimers of all the compounds studied dissociate
more slowly than their cis counterparts, the difference in
AG™ values varying between 4 and 7 kJ mol ™! in most
cases. For 2,6-DMNB, however, this difference is 23 kJ
mol~! and arises primarily from the large difference in
ground-state energies of cis-(2,6-DMNB), and trans- (2,
6-DMNB), . Dissociation energies of the mixed dimers
appear to be very close to the average values for the
unmixed dimers. For example, the AG* value for disso-
ciation of trans-(2,6-DMNB-NB) is 79.44 kJ mol™?,
which compares very closely with 79.0 kJ mol~?, the
mean of the trans-(2,6-DMNB), value (87.9 kJ mol %)
and the trans-(NB), value (70.0 kJ mol ~}).

CONCLUSION

The main findings of this work can be summarized as
follows.

Proton NMR measurements have shown that the
energy associated with dissociation of trans-(2,6-
DMNB), in CDCI; is appreciably higher than that cal-
culated from UV-visible spectrophotometry on a
CH,Cl, solution. The cis-azodioxy dimer, cis-(2,6-
DMNB),, has been identified for the first time in solu-
tion.

The power of combining time-dependent NMR with
2D-EXSY NMR for measuring very slow rates of
exchange has been demonstrated for 3,5-DMNB in
CDCl;. Only one dimer of 3,5-DMNB (probably the cis
form) was detected and its dissociation tendency in
CDCIl; was similar to that of NB.

The mixtures 2,6-DMNB 4+ NB and 2,6-DMNB + 3,
5-DMNB in CDCI; have been studied by 1D and 2D
NMR methods and both cis and trans mixed dimers
identified for the first time. Their rates of dissociation to
their parent monomers have been accurately monitored
by proton 2D-EXSY studies.

APPENDIX

It was shown in the main text that for a reversible first-
order/second-order kinetic system
k
—2M

k-1

approaching equilibrium, an integrated rate law may be
obtained from

j[Dlx d[D]
1o 4P[D1? — (4pc + 1)[D] + pc?
Tables of standard integrals'® give

J' dx _ 1 1( 2ecx—b+/— )
a+bx+ex* /g 2ex+b+ /=

where g = 4ac — b%. In Eqn (5) a = pc?, b = —4pc — 1
and ¢ = 4p. Therefore, integration of Eqn (5) gives

[ - { ~8p[D] +4pc + 1 + «/—_q}]“’" _ ke
J—a | 8p[DI—4pc—1+/—¢ °

Now, g = —8pc — 1. Substitution for p and ¢ (see main
text) and rearrangement gives

= —[(c + 2[D])/(c - 2[D],)]?

= J'k de (5
0

[Dlo

Let
dp = ++/—q = (c + 2[D])/(c — 2[D],)

Table 8. Ground-state thermodynamic data for the monomer—dimer equilibria of aromatic

nitroso compounds

Equilibrium AH € (kJ mol-?) AS® (J K- mol-) AG © (298 K) (kJ mol-T)
cis-(NB),=2 NB 55.4+1.7 2137 -81+£03
trans-(NB),—=2 NB 425 #81.2 1795 -10.9+0.3
trans-(2,6-DMNB), =2 2,6-DMNB 278 11.4
cis(?)-(3,5-DMNB) =2 3,5-DMNB 184 -9.3
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Therefore,

1 —8p[D 4 1 (Dk
[_ n { 8p[D] + 4pc + 1 + qn}] — [,
dp 8p[D] —4pc — 1 + qp ) iy,

This may be expressed solely in terms of dimer concen-
trations [D] and [D], and total solute concentration c.
Evaluation between the limits leads, after rearrange-
ment, to

W {(cz — 4[D1.[D]o) (D), - [DJC)}
(¢* ~ 4[D1.[D]) (D), — [P

which can be written as

In (——L—’;Egi j Z) = —qpkt %)

where

a = [D](—c? + 4[D]o[D],) = —[D].x

b = c*([D], — [D].)

x = ¢? — 4[D]o[D],

y = 4[D].2 — [D],[D].) = —4[D].b/c?
First-order dimer — monomer dissociation rate con-

_ (¢t 2[D]. ki stants can therefore be evaluated from the slope of the
¢ —2[D], graph of the logarithmic function [Eqn (7)] versus time.
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