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twoelectrophilicreactioncenters,namelythe a-carbon and the N2

group. In particular, classically known as dediazoniation, the
a-carbon typically reacts with a wide range of nucleophiles by
displacing the N2 group via a SN1(Ar) (dissociative unimolecular
nucleophilic aromatic substitution) or a SRN1(Ar) (dissociative
radical nucleophilic aromatic substitution) mechanism.3 On the
other hand, the N2 group is typically involved in diazo coupling
reactions via the electrophilic aromatic substitution (SEAr) mecha-
nism to form azo dyes.1

One potential downside arising from the multiple reactive
centers within the diazonium functional group is the increased
propensity of undesirable side reactions. In this context, a
commonly encountered example is the reaction of diazonium
ions with water, either as a solvent or from the atmospheric
moisture, to form phenol. Indeed aryl diazonium chloride is
only stable in water at up to 5 1C for a short period of time, and
is therefore typically used in situ without isolation. Their
stability can be increased by exchanging the counterions from
halides to redox inactive and chaotropic anions, such as [BF4]

�,
which enable aryl diazonium salts to be isolated and even safely
handled at elevated temperature for a short period of time.

Cucurbit[n]urils (CBn, n = 5–8) are a family of synthetic
macrocyclic compounds that are chemically stable, water soluble
and nontoxic.4,5 A CB molecule consists of a well-defined hydro-
phobic cavity with two symmetric carbonyl-group lined portals
that are electron-rich. CBs can form host–guest complexes with
small molecules driven by electrostatic interactions as well as
classical and non-classical hydrophobic forces. They can recog-
nize guests with a complementary shape, as illustrated by the
isolation of o-xylene from its isomers.6 Meanwhile, CB7 is capable
of forming a range of exceptionally strong complexes7 with
binding constants rivalling and even exceeding that of the well-
known biotin-avidin complex, one of the strongest noncovalent
bonds found in nature.8

Interestingly, complexation with CBs can modulate the stabi-
lity and, in some cases, the reactivity of the encapsulated guest
molecule.9 For instance, the cavity of CBs can catalyze azide–
alkyne Huisgen cycloaddition10 and Diels Alder reaction11 via
preorganization effects and enhancement of the local concen-
tration, while van der Waals pulling by the cavity wall has been
shown to facilitate the retro-Diels Alder reactions in the gas
phase.12 The electron-rich portal of CBs, on the other hand, was
shown to stabilize a cationic reaction intermediate of 2,2,6,
6-tetramethylpiperidin-1-oxyl (TEMPO), which subsequently
enables efficient biphasic oxidation of alcohols.13 Furthermore,
the portal can also modulate the p
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stabilization of drugs in situ.14 Recently, the binding between CB7
and 4-nitrophenyldiazonium has been reported.15 Moreover it was
shown that in the presence of CuCl, the complexation can promote
decomposition of the guest into a mixture of 4-nitrobenzene (61%)
and 4-nitrophenol (33%). Nevertheless, the mechanistic role of CB7
in aryl diazonium chemistry remains unknown.

Herein, we report the modulation of the reaction pathway of
phenyl diazonium [PhN2]

+ ions via site-specific deactivation using
host–guest complexation with CB7 (Fig. 1). In particular, we show
that encapsulation of a [PhN2]

+ ion inside CB7 can effectively
deactivate the a-carbon site towards SN1(Ar) reaction with water
molecules, resulting in a B60-fold increase in stability (half-life
t1/2 = 1.30 � 106 s, i.e. 15 days) compared to free [PhN2]

+ ions in
aqueous media at 25 1C, which represents the first example of
lifetime enhancement of aqueous diazonium ions via supramo-
lecular means. Computational modelling of transition states
indicates that deactivation of the a-carbon site can be attributed
to the electrostatic interactions between the cationic diazonium
group and the CB7 portal. Notably, however, the N2 group of an
encapsulated [PhN2]

+ ion remains active towards diazo coupling
with strong nucleophiles via the SEAr pathway, as the N2 group
protrudes slightly further away from the CB7 portal. The com-
bined reactivity modulation effects allow the formation of
azo compounds using a two-month-old aqueous solution of
[CB7–PhN2]

+.
We began our investigation into the potential role of CB7

in modulating aryl diazonium chemistry by studying the
well-established SN1(Ar) reaction of [PhN2]

+ ions with water mole-
cules.3 In particular, the reaction readily occurs in aqueous media
at room temperature, as indicated by the decreasing intensity of
the UV-vis absorption peak at B260 nm and B300 nm
(Fig. S1 and S2, ESI†). Despite the convenience of UV-vis spectro-
scopy, we observed that UV irradiation can increase the rate of
decomposition (Fig. S3–S5, ESI†). We therefore turned to non-
optical techniques, particularly 1H NMR, for tracking the reaction
kinetics.

Evolution of the 1H NMR signals of 10 mM [PhN2]
+[BF4]

� in
D2O contained in a brown NMR tube was measured by in situ
1H NMR over the course of 30 hours, as shown in Fig. S6 (ESI†).

At time = 0, three NMR peaks (d = 8.58, 8.31 and 7.98 ppm) can
be observed which correspond to the three proton environ-
ments in a [PhN2]

+ ion. As time progresses, the NMR signals
from [PhN2]

+ ions weaken while a new set of three NMR peaks
(d = 7.32, 6.99 and 6.92 ppm), which corresponds to phenol,
gradually grows. Given the known initial concentration of
[PhN2]

+ and the linear correlation between concentration and
total area under the NMR peaks, we can plot the absolute
concentration of [PhN2]

+ against time (Fig. S7, ESI†). The
linearity in the plot of ln(concentration of [PhN2]

+) against time
confirms that the reaction obeys the first order rate law as
expected (Fig. S8, ESI†), and reveals the reaction rate constant k
to be 3.19 � 10�5 s�1 at 25 1C with a corresponding half-life t1/2

of [PhN2]
+ = 2.17 � 104 s, i.e. 0.25 days. Further measurements

also confirm that the reaction rate is practically pH-
independent in the pH range of our work (Fig. S9, ESI†).

Host–guest complexes of CB7 and [PhN2]
+ readily form via

aqueous self-assembly, upon mixing of the corresponding sample
solutions. The encapsulation of a [PhN2]

+ ion by the CB7 cavity is
evident by the up-field shift of its NMR peaks as shown in Fig. 2a. In
particular, the significant upfield shift of Hb (Dd = 0.94 ppm)
indicates that it resides deep inside the CB7 cavity, while the less
notable shift of Ha and Hc suggests that they sit slightly closer to the
deshielding region of the carbonyl portal,16 which is consistent with
the energy-minimized molecular model of the 1 :1 host–guest
complex (Fig. 2b). Further support for the 1 :1 binding stoichiometry
was found in the mass spectra of the host–guest complex sample
measured by electrospray ionization mass spectrometry (ESI-MS) as
shown in Fig. S10 and S11 (ESI†). In particular, the mass spectra
showed 1 :1 complex [CB7–PhN2 + H]2+ at m/z 634.2 (Table S1, ESI†).
Collision cross section (CCS) values were defined using ion mobility
mass spectrometry. DTCCSN2 of [CB7–PhN2 + H]2+ (337.8 Å2; DTCCSN2

for [CB7 + 2H]2+ is 334.7 Å2) indicates encapsulation of [PhN2]
+ deep

inside the CB7 cavity. We note that it has not been possible to
precisely extract the binding constant using UV-vis or NMR titrations

Fig. 1 Schemes of (a) typical [PhN2]+ reactive pathways via SN1(Ar) and
SEAr mechanisms, and (b) modulated pathways upon encapsulation of the
[PhN2]+ ion by CB7, where the SN1 route is effectively hindered.

Fig. 2 Formation of [CB7–PhN2]+ inclusion host–guest complexes. (a)
Stack plot of 1H NMR spectra of CB7 (bottom), [PhN2]+[BF4]� (middle) and a
1 : 1.5 mixture of [PhN2]+[BF4]� and CB7 (top) in D2O at 25 1C monitored
using a 400 MHz NMR instrument, which confirms the characteristic
upfield shift of the NMR peaks of [PhN2]+ upon host–guest complexation.
(b) Molecular model of [CB7–PhN2]+ optimized at the CPCM/wB97XD/
6-31G* level of theory, supporting the NMR peak assignment.
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Strikingly, despite the effective deactivation of the a-carbon,
we discovered that the N2-group of a [CB7–PhN2]

+ complex
remains active towards diazo coupling reactions, as illustrated
by the diazo coupling reaction with 2-naphthoxide ions using
aged samples of [PhN2]

+ and [CB7–PhN2]
+ in water (Fig. 4 and

see ESI,† Section S9 for details). In particular, for freshly
prepared [PhN2]

+ and [CB7-PhN2]
+ samples, i.e. Dt = 0, both

samples rapidly produced the azo dye (Sudan I) upon addition
of excess 2-naphthoxide ions. Extraction and quantification of
Sudan I using UV-vis spectroscopy indeed confirmed that the
diazo coupling reaction of the [CB7–PhN2]

+ complexes pro-
ceeded without any notable hindrance (yield = 92%) with
respect to that of the [PhN2]

+ ions (yield = 94%). For samples
aged for 1 day, diazo coupling was observed for [CB7–PhN2]

+

complexes with a yield as high as 77%, whereas the reaction
yield in the absence of CB7 rapidly dropped to 6%. Interest-
ingly, Sudan I formation can be observed in a [CB7–PhN2]

+

sample that has been aged in water for 70 days (yield 3%). The
retainment of the N2-group reactivity in [CB7–PhN2]

+ complexes
can be attributed to the N2 group being protruded slightly
further away from the CB7 portal (Fig. 2b) and therefore
unaffected by the host–guest complexation. Furthermore, the
observed regioselectivity (SN1(Ar) vs. SEAr) is shown to be
generic across other nucleophilic substrates, including cresols
and aniline (Fig. S19, ESI†).

We report the host–guest complexation between CB7 and phenyl
diazonium ions in aqueous media, which represents a relatively rare
example of CB binding to a highly reactive guest molecule. More-
over, our results show that the complexation can selectively mod-
ulate the reaction pathway of the encapsulated guest via deactivation
of the a-carbon site while keeping the reactivity of the N2-group
intact. Our findings represent the first example of lifetime enhance-
ment of aqueous diazonium ions via supramolecular means, featur-
ing a B60-fold increase in stability (half-life t1/2 = 1.30� 106 s, i.e. 15
days) compared to free [PhN2]

+ ions in aqueous media at 25 1C.
Computational modelling indicates that CB7 can electrostatically
destabilize the transition state of the SN1(Ar) pathway. Interestingly,
the N2-group of a [CB7–PhN2]

+ complex remains active towards

diazo coupling reaction as illustrated by using [CB7–PhN2]
+

samples that were aged in water for as long as 70 days. Site-
specific reactivity modulation, especially to distinguish differ-
ent reactive centers within the same functional group, using
artificial supramolecular hosts is rare and challenging to
realize.23 Our supramolecular approach can potentially be
extended to modulate reaction pathways of other small organic
molecules, and open new possibilities for reactive chemistry of
organic molecules in aqueous media.
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Fig. 4 Bimolecular SEAr reactivity of (a) [PhN2]+ and (b) [CB7–PhN2]+ in
water over time. Photographs showing resultant reaction mixtures pre-
pared by adding 2-naphthoxide (2NP) into free [PhN2]+ (1.3 mM) and the
mixture of [PhN2]+ (1.3 mM) and CB7 (1.9 mM) solutions aged for 0, 1, 2, 20
and 55 and 70 days. Corresponding % yields are also shown.
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