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Dynamic Covalent and Noncovalent Assembly of o-Nitrosocumene
in Organic Solvents and Water
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Ortho-nitrosocumene (0-NC) exhibits dynamic N,N bonding,
interchanging monomer and E/Z-azodioxide dimer structures, the
extent of which depends on environment. As a solid, o-NC is a Z-
dimer; in organic solvent, monomer is favored; and in water, dimers
are favored. A supramolecular assembly of o-NC is observed as a
separate species by NMR in water, shown to be a novel nanometer-
sized aggregate containing ~2000 molecules.

Assembly of molecules into structured domains enables the
Dynamic
covalent bonding (DCB) offers a unique modality for temporal,

formation and function of molecular systems.

yet rigid molecular assembly, with linkage strengths between
'loose' noncovalent attractions and the 'tight' covalent bonds of
stable molecules.! DCB finds application in smart materials such
as self-healing and shape-memory polymers.2 Nitrosobenzenes
undergo DCB to reversibly form E- and Z-azodioxides.3* Our
recent study of p-nitrosocumene evaluated its assembly
properties in water as influenced by organic hosts.> For
isomeric o-nitrosocumene (0-NC), the focus of this report, the
nature of its DCB assembly (Scheme 1) is found to be strongly
medium dependent (even in the absence of hosts) and a new
noncovalent ‘NMR-active’ nanoassembly is discovered in water.
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of monomeric o-NC, upon cooling, afford colorless crystals of
the Z-azodioxide dimer, Dz(anti), whose structure was
determined by X-ray diffraction (Fig. 1). This dimer has an N,N
bond length of 1.32 A with ONNO angle of 1.9° and contains
phenyl rings twisted ~71° out of the azodioxide plane with anti
i-Pr groups geared to the phenyl ring planes.

Fig. 1 X-ray structure of 0-NC dimer crystal, Dz(anti)

Upon dissolution in organic solvents, colorless o-NC crystals
yield green solutions containing mostly monomeric (M) o-NC.
At high concentrations (typically > 0.1 M) and low temperatures
(<25 to -70 °C), E/Z-azodioxide dimers (D) form and are
observable by IH-NMR spectroscopy. The M,D interconversion
is slow on the NMR timescale, yielding distinct, sharp IH-NMR
signals for M and D species, which remain fully equilibrated at >
-50 °C. Figure 2 shows the o-NC *H-NMR spectrum at 31 °C in
CD30D and upon cooling to -71 °C. The warmer solution
contains almost entirely o-NC monomer (red M labels) while in
the colder solution o-NC dimers (blue and green highlights)
predominate. Warming the cold solution regenerates the M-
rich composition. To assign the o-NC Dz dimer NMR signals, o-
NC Dz crystals were dissolved in CDsOD at -68 °C to give a
colorless solution, yielding only the blue-highlighted signals of
Fig. 2 (Fig. S10). The remaining minor set of o-NC dimer signals
(green highlights, Fig. 2B) are assigned to the De dimer. At low
temperature, the Dz population of o-NC predominates over the
De and M forms, with M predominating at ambient.

Noteworthy features of the Fig. 2 spectra include: (a) highly
shielded H, and highly deshielded He signals in M due to the
strong shielding cone of the oriented nitroso group,’*8 and (b)
distinct Dz NMR signals for diastereotopic i-Pr methyl groups at
low temperature due to hindered N-phenyl rotation.?
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EXSY (exchange spectroscopy) NMR2C is employed to probe
the M, Dz, De interconversion pathways in CDCl; and assign the
1H-NMR signals of Dz and De (Figs. S11-S13). Chemical exchange
is observed for M,Dz and M,De but not between Dz,Dg, indicating
that the covalently linked dimers interconvert only by
dissociation/reassembly and not by N,N bond rotation, as also
found for the parent nitrosobenzene.l! DFT calculations!? of
N,N cleavage barriers give AG* = 94 kJ/mol and 110 kJ/mol for
D, to 2M and De to 2M dissociations, respectively (Fig. S36).

Given the different dipole moments of the o-NC forms
(computed!! as M 4.60, Dz 8.69, and De 0.10 debye), a solvent
polarity effect on the extent of N,N bond formation might be
expected. Knowing the M, Dz, and De H-NMR signal
assignments, we have examined the medium effect on the
degree of D assembly for o-NC. VT-NMR experiments in CDCls,
(CD3),CO, CD30D, CD3CN and D,O were conducted, and results
for the D-to-2M (monomerization) interchange are given in
Table 1. An internal standard (mesitylene or dimethylsulfone)
was used to quantitate concentrations and an internal CDsOD
capillary3 was used to monitor sample temperature.

As noted in Table 1, solution phase N,N bond dissociation
energies (BDEs) of 36-55 kJ/mol (8.6-13 kcal/mol) are observed
for the azodioxides. These weak solution BDEs are the basis for
nitrosobenzene N,N dynamic covalent bonding. N,N bond
formation is counter-balanced by -TAS factors favoring N,N
cleavage to monomer such that M, Dz and De forms of o-NC are
all populated at readily attainable concentrations and
temperatures. The data for o-NC in CDClz are similar in
magnitude to that of nitrosobenzene!®14in CDCls, which has AH’
=55.5,42.5 kJ/mol, AS® =219, 185 J/K mol, and AG* =-9.8, -12.5
kJ/mol for Dz and De monomerization, respectively. In organic
solvents at 298 K, monomeric o-NC is favored. Less polar organic
solvents (CDCls, (CD3),CO) favor M (AG® -7.1 —-9.0 kJ/mol) more
than polar organic solvents (CD30OD, CDsCN) (AG® -2.3 — -4.5
kJ/mol). A large change is observed in water, favoring D
formation (AG® 14.3 — 17.4 kJ/mol) even at mM concentrations,
1000 x lower than required for D assembly in CDCls.
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Fig. 2 'H-NMR spectrum (500 MHz, 0.130 M in CD30D) of 0-NC at (A) 30.5 °C (mostly M
(red)), (B) -71.4 °C (mostly D; (blue)) * CDsOH residual solvent, # mesitylene internal
standard.
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Table 1 o-NC D-to-2M conversions solvent effect by VT-NMR analysis®

Solvent [total AH® as® AG° 298K K., 298 K aT
(e)° 0-NC] (kJ/mol) (J/mol*K) (kJ/mol) (M) (°c)
D, | 54.8%1.9 209+7 7.4+03 2042
€DCly 0.363 -44.8-
4.8 M 35.2
(48) De | 412+08 162+3 7.1+0.1 18+1
D, | 48.8:0.8 194 +3 9.0£0.1 3842
(cD,),cO 0.275 55.9-
(20 M | b, | 386:08 1533 71%01 1841 303
D, | 453%11 160 + 4 23+0.1 2.640.1
€D,0D 0.190 -47.2-
33 M 296
(33) D¢ | 353:05 13342 43101 56%0.1
D, [ 49.1£03 1801 45102 6.1£0.4
CD,CN 0.109 : -39.4-
38 M 28.1
(38 De | 39711 147 +4 41+0.1 5201 8
&
D, | 544%17 1246 17.4+0.1 0.00088 +
0,0 0.546 0.00003 33—
(80) mM 0.0032 + 37.2
3+ 1. + .3+0. . -
De | 393:16 845 143+0.1 0.0001
D, o - i15)7) 137
AinD,0° | 21.4M 25
D¢ - - -12.2 137

(a) R2>0.99 for all Van't Hoff linear regressions, (b) solvent dielectric constant at 25 °C
(c) aggregate in D,O

The driving force for D assembly of o-NC in water is thought
to arise from specific H-bonded stabilization of the azodioxide
structures in water, in combination with the hydrophobic
effect,’> the latter indicated by a lower AS° in D,O than in
organic solvent (Table 1). DFT calculations also predict dimer
preference in water compared to M preference in chloroform
(Figs. S34 and S36). In support of preferential H-bonded
solvation of D structures by water, the computed AG® for 2M
dimerization to Dz is 7.9 kJ/mol more exergonic when two
explicit water molecules hydrogen-bonded to the oxygen atoms
are included (Fig. S40).

As 0-NC concentration in D,0 is increased above ~¥1 mM, a
new set of IH-NMR signals appear, which eventually become
the major component of the spectrum as shown in Fig. 3 (violet
highlights).16 These new signals are sharp, appear in a constant
ratio, and are more shielded than the 0-NC M and D signals in
water. Additionally, we notice that the solution becomes turbid
with increasing additions of o-NC. The newly emerging NMR
signals in water appear to be new forms of o-NC and are
observed only in aqueous medium. We propose that an ‘NMR
aggregate’ forms in water (see Scheme 2, violet highlight). The
NMR aggregate retains its own sharp, discrete NMR signals.

Of particular note, the methyl region of the spectrum shows
a 4:1:1 d:d:br-s set of signals ascribed to aggregate i-Pr methyl
groups. Most diagnostic of the aggregate signals is the doublet
at 5.5 ppm, which must belong to a new form of 0o-NC monomer,
based on its chemical shift (i.e. within -NO shielding cone). By
integration, the starred signals of Fig. 3C can thus be assigned
to a ‘new’, more shielded o-NC monomer. The smaller signals
at 0.75 - 1.0 ppm are presumed to be methyl i-Pr groups of E/Z-
azodioxides, also in a new, more shielded environment. Scheme
2 depicts the full 0-NC assembly process, including the NMR
aggregate phase of M, Dz, and De (designated Aum, Az, and Ag).17

EXSY-NMR analysis of the DO sample confirms the
exchange of the proposed aggregate phase components (Aw, Az,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 'H-NMR spectra at ambient of 0-NC in D,0 at (A) 0.75 mM, (B) 1.5 mM, (C) 3.0 mM.
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Ag) with 'free' M, Dz, and Dg structures, respectively. Fig. 4
shows EXSY-NMR correlations for the methyl signals of the D,0
sample. The aggregate i-Pr methyl signals exchange with the
free M, Dz, and Dg i-Pr signals, confirming their assignments
(dashed lines of Fig. 4). Likewise, the other proton resonances
of free M exchange with the corresponding Ay signals (Figs. S30-
S31), and the same is observed for Dz/A; and Dg/Ag signal
exchanges, confirming these interconversions and yielding the
signal assignments. Exchange due to dynamic covalent N,N
bonding within the aggregate phase components (Aw/Az and
Am/Ae dotted lines of Fig. 4) is also observed.18

As the amount of o-NC (as stock solution in DMSO-dg) is
increased incrementally beyond 1 mM, more NMR active
aggregate is observed (Fig. 3). Quantitation by NMR signal
integration relative to a Me,;S0O; internal standard shows that
the dissolved M and D signals remain steady at their saturation
values, while the aggregate signals grow in intensity. The
solution also grows more turbid and not all the added o-NC is
being observed in the NMR spectrum (Fig. $26).1°

DOSY NMR analysis20 (Fig. S33) provides diffusion constants
and related hydrodynamic radii of the M, D, and A components
in D,O (Table 2). DOSY radii of M and D are 2.5 and 3.5 A,
respectively, at the expected order of magnitude. The A
component signals all show the same larger radii of ~ 33 A,
consistent with a single dynamic ensemble of Ay, Az, and Ag in
the NMR aggregate. Interestingly, time incremental DOSY
measurements show that, after an initial ‘relaxation’ period, the
aggregate ‘droplet’ size remains roughly constant for hours,
with a radius of ~¥3 nm and a composition of MgDzDe. This
stoichiometric ratio of aggregate components remains constant
regardless of the total amount of NMR aggregate present in
solution, as expected for an equilibrated o-NC phase. While
persistent in size, the NMR active aggregate is metastable, and
its NMR signal diminishes over hours as a bulk phase separation
(droplet coalescence) slowly occurs (Fig. S28).

Using the DOSY-derived M, D, and A sizes, the NMR active
aggregate of o-NC in D,0 is estimated to contain ~ 2000
molecules.?! This aggregate phase is hydrophobic and gives rise

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 2D EXSY NMR spectrum (D,0, 500 MHz) of 2.40 mM o-NC, methyl region. Depicted
is (as in Scheme 2) chemical exchange between free M and D in solution (solid lines),

between M and D within aggregate phase (dotted lines), and between free M,D with
aggregate M,D (dashed lines) (see S30-S32 for full EXSY spectra).

to ~0.5 ppm shielding of its component NMR signals, compared
to 0-NC structures dissolved in D,0. The equilibrium constant K
for monomerization within the aggregate is ~137 M (Table 1),
160,000 x that in D,O (AAG® ~ 29.8 kJ/mol).

Table 2 DOSY diffusion coefficients and hydrodynamic radii of M, D, and A forms of 0-NC

Monomer Dimer Aggregate
Time (hrs) D? R® D? R® D? Rb
3.2 9.67 2.54 6.34 3.87 0.624 39.3
7.5 10.3 2.39 7.59 3.23 0.717 34.2
12 10.2 242 7.35 3.34 0.733 334
15 9.92 2.47 6.70 3.66 0.743 33.0
23 10.1 243 7.14 3.44 0.820 29.9

(a) D = Diffusion coefficient (101 m?/s), (b) R = hydrodynamic radius (A) from Stokes-Einstein Eq.
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In summary, we find a strong medium effect on the degree
and nature of 0-NC assembly. Monomer is favored in organic
solvent and N,N-bonded azodioxide dimer is favored in water.
Additionally, nm-size aggregates, displaying sharp NMR signals,
form in water. Such an ‘NMR-active aggregate’ has not been
previously reported for a nitrosobenzene. Indeed, we believe
the formation of NMR-active aggregates of small organic
molecules in waterl? is more common-place than currently
realized or reported. The environmental effects on o-NC
structure (its degree of DCB) between being dissolved in water
and being within the NMR aggregate are dramatic, resulting in
shielded signals for the latter (Fig. 3) and a large free energy
preference for M in the aggregate but for D in water (Table 1).
This further contrasts to the pure Z-dimer form of o-NC in the
neat solid state. The NMR-aggregates of o-NC in water are
meta-stable, lasting hours in ambient water and having a
roughly constant volume/size, suggesting an energy-minimum
structure of the nanoaggregate. In D,0, chemical exchange in-
and-out of the NMR aggregate is observed by EXSY NMR, which
also shows M,Dz and M, De exchanges both inside and outside of
the NMR aggregate. Full understanding of NMR-active organic
aggregate formation
generality will provide unprecedented opportunities to perform
organic transformations in a sustainable manner.2223 Further
study of the assembly processes of o-NC in water as influenced
by organic hosts is underway.>
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