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ABSTRACT

The photolysis reactions of (8-cyano-7-hydroxyquinolin-2-yl)
methyl (CyHQ)-caged amines have been investigated using
time-resolved spectroscopy methods. Unexpectedly, an uncon-
ventional Hofmann-Martius rearrangement reaction with high
yield and regioselectivity occurred during the photolysis of some
CyHQ-protected dialkylanilines (such as compounds 1a and 2a).
To have more insights into the mechanism of this unexpected
photorearrangement reaction, we characterized the reaction
intermediates directly using time-resolved spectroscopy. Our
new results showed that the anionic form of compound 1a was
photoexcited to the singlet excited state, then a heterolytic cleav-
age of the C-N bond took place to give CyHQ+ and the corre-
sponding aniline. Thereafter, the recombined intermediate 6
was found to appear in about 19.7 and 44.3 ps for 1a (A) and 2a
(A), respectively, before the generation of an ortho-substituted
aniline (1b and 2b) via the excited-state deprotonation of 6.
Thus, a logical photodynamic mechanism of this photoinduced
Hofmann-Martius rearrangement reaction was deduced. This
new insight into the reaction mechanisms may be helpful for the
design of novel related photoactivatable aniline molecules and
for understanding other similar photorearrangement reaction
mechanisms.

INTRODUCTION
Photoremovable protecting groups (PPGs) are of increasing inter-
est in the fields of photochemistry and photobiology and are
employed as powerful tools for investigating physiological pro-
cesses by encapsulating bioactive molecules or secondary

messengers (1–4). A large variety of PPGs have been discovered
for use in protecting and releasing various functional groups. To
fully understand the criteria that govern the photorelease proper-
ties of selected PPGs, time-resolved techniques were employed
to study the dynamics of the PPGs to find out the photocleavage
pathways and reaction rates, the excited-state properties and so
on (1,5,6), which had vital significance in expanding the current
library of PPGs and the uncaged functional groups with desired
properties and applications. Among the well-studied PPGs, the
(8-cyano-7-hydroxyquinolin-2-yl)methyl (CyHQ) demonstrated
outstanding properties: being stable toward spontaneous hydroly-
sis in the dark in simulated physiological buffer solution, suffi-
ciently sensitive to both one- and two-photon excitation, and
working well in living organism (5,7–9).

The photoactivation of different functional groups and biological
compounds (including tamoxifen, 4-hydroxytamoxifen, and mifepri-
stone analogs) caged by CyHQ were proven to be successful. On
the other hand, aryl alkyl ammonium salts of CyHQ generated a cor-
responding ortho-substituted dialkylaniline after photoexcitation via
an unconventional photorearrangement reaction, instead of releasing
the corresponding aniline (Scheme 1) (5,10). This reaction was
observed in a series of CyHQ-protected anilines (1a and 2a as
examples), which generated the rearranged products in high regiose-
lectivity (1b and 2b): only ortho-substituted dialkylanilines were
found and confirmed by 1H, 13C, DEPT-135°, and two-dimensional
NMR spectra. Moreover, the rearranged products of 1a and 2a were
characterized by HPLC and the product yields were high (85% and
95%, respectively) (10). This Hofmann-Martius type photorear-
rangement reaction of N-alkylanilines with such high yields and
regioselectivity have rarely been reported. The first report on the
rearrangement of an N-alkylanilines reaction was published by Hof-
mann et al. (11,12), and the reaction required harsh conditions (cat-
alyzed by hydrohalides at a high temperature) and had low product
yield and regioselectivity. However, the solid-state Hofmann-
Martius rearrangement reaction mainly gave ortho-alkylated prod-
ucts, because the diffusion process was inhibited in the solid state
(13). Several groups carried out mechanistic investigations of the
thermal transformation of acid-catalyzed N-alkylanilines into ring-
alkylated aniline at the ortho- or para-position of the aniline ring,
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which revealed two main steps of the rearrangement reaction: the
dissociation of N-alkylaniline hydrohalide into two parts after heat-
ing at high temperature and the intermolecular alkylation of the
dissociated components (14–16). The form of the migrating alkyl
group was still obscure and species considered included radicals
(15), olefins (14), or carbocation species (14). The rearrangement
reactions of N-alkylanilines by UV irradiation were also reported,
while the ortho/para-isomer ratio of the products was not high (ca.
2–3) unless done for the para-blocked aniline (17,18). Still, little
was known about the mechanism of the Hofmann-Martius photore-
arrangement reaction, particular for the photorearrangement reac-
tion of CyHQ-protected N-alkylanilines with high yield and
regioselectivity. Scheme 2 shows a proposed mechanism of the
photorearrangement reaction of CyHQ-protected N-alkylanilines,
where heterolytic cleavage of the C-N bond takes place.

CyHQ-protected tertiary amines 1a and 2a were reported to
mainly undergo the photorearrangement pathway, whereas 3a
adopted the photolysis mechanism (Scheme 1 and Fig. 1). It is
of fundamental meaning to decipher the underlying photorear-
rangement mechanism and compare it with the mechanism of the
photolysis reaction of the CyHQ-protected compounds. UV-vis
absorption and resonance Raman (RR) spectroscopies together
with quantum chemical stimulations were used to determine the
ground-state properties of the molecule. In addition, the excited-
state dynamics after light irradiation were further elucidated by
employing femtosecond and nanosecond time-resolved transient
absorption spectroscopies (fs-TA and ns-TA). The same method-
ologies were also applied to study the photodynamics of N-((8-
cyano-7-hydroxyquinolin-2-yl)methyl)-N,N-diethylethanaminium
methanesulfonate (CyHQ-TEA) thoroughly, and the heterolytic
C-N bond cleavage was found to take place in about 70 ps in
the singlet excited state (5). CyHQ-TEA was used as a model
compound to help analyze the ultrafast photophysical and photo-
chemical mechanisms of the compounds examined here. To the
best of our knowledge, this is the first time to delve into the
mechanism of a Hofmann-Martius photorearrangement reaction
in CyHQ-protected dialkylaniline with direct time-resolved spec-
troscopic observation. The comparison of the comprehensive
mechanisms of the photorearrangement and photolysis reactions
will further shed light on the molecular design for photorear-
rangement of aniline with high yield and desired regioselectivity.

MATERIALS AND METHODS

Materials. The synthesis and characterization of 1a, 2a, 3a, and CyHQ-
TEA and the product analysis of their photochemistry were reported
previously (5,10).

Fs-TA experiments were performed on a commercial Helios pump-
probe transient absorption spectroscopy system (Ultrafast Systems), a

detailed description of which was reported previously (19,20). Briefly, a
femtosecond regenerative amplified Ti:Sapphire laser system generated
the amplified 150 fs laser pulses (k = 800 nm) that were split into a
pump beam and a probe beam. The pump laser beam was adjusted to
267 nm (the third harmonic of 800 nm) and the probe beam passed
through a CaF2 crystal to generate a white-light continuum (325–
650 nm). The 50 mL sample solutions with an absorbance of ~1 at
267 nm were prepared in a flowing 2-mm path-length quartz cuvette to
avoid the accumulation of photodecomposition products.

Ns-TA experiments were conducted on an LP920 laser flash spec-
trometer (Edinburgh Instruments Ltd.) with an instrumental set-up and
methods as described in previous work (19,20). Briefly, a white-light
continuum (280–800 nm) used as a probe light source was obtained from
a 450 W ozone free Xe arc lamp and a Q-switched Nd:YAG laser (the
fourth harmonic line at k = 266 nm) was employed as the pump laser
source. The 50 mL sample solutions with an absorption of ~1 at 266 nm
were prepared in a flowing 1 cm path-length quartz cuvette. After the
samples were photoexcited by a 266 nm laser beam, the probe light
passed through the solution at a right angle. The transmitted signals were
collected by a photomultiplier detector (for the kinetics mode) or an array
detector (for the spectral mode).

RR experiments were achieved on a home-made set-up that was
described previously (21). In the present experiments, the 266-nm laser
pulse (around 2 mW) produced from the fourth harmonic of an Nd:YAG
nanosecond pulsed laser was used as the probe beam to photoexcite the
flowing sample solutions. The Raman scattered signal was collected by a
liquid-nitrogen-cooled charge-coupled device (CCD) detector using a
backscattering geometry. The Raman bands of ACN were used to cali-
brate the Raman shifts with an estimated uncertainty of 5 cm�1. The
50 mL solutions with absorbance of ~1 at 266 nm in a 2-mm path-length
cuvette were prepared for use in the experiments.

Computational methods. Density functional theory/time-dependent
density functional theory (DFT/TD-DFT) calculations employing the
B3LYP method and the 6-311G** basis set and using a CPCM solvation
model of water were calculated using the Gaussian09 (22) software suite
installed on a high-performance computing cluster at the University of
Hong Kong. The calculated Raman spectra were obtained using a
Lorentzian function with a 10-cm�1 bandwidth for the vibrational
frequencies together with a scaling factor of 0.99. The calculated
absorption spectra of 1a (A) and 1a (N) were done using TD-DFT
calculations and the electronic absorption spectra were estimated by
GaussSum software using a half band width of 2500 cm�1 (23).

RESULTS AND DISCUSSION

UV-vis absorption and RR spectroscopies

The photochemical reactions of CyHQ-protected anilines take
place in aqueous solutions at pH 7.2. To identify whether the
neutral or anionic form of the CyHQ-protected anilines initiate
the photochemical reactions, UV-vis absorption and RR spectro-
scopies of 1a in different solutions were compared with the sim-
ulated spectra (Fig. 2 and Figure S1). The lowest absorption
band and the strongest absorption band appeared at 380 and
249 nm in an aqueous buffer solution (ACN/PBS v/v = 1:1, pH
7.2) and at 338 and 230 nm in a pure ACN solution individually

Scheme 1. Photoreactions of 1a and 2a in KMOPS [KCl 100 mM, 3-(N-morpholino) propanesulfonic acid 10 mM, pH 7.2] buffer solution following
365 nm photoexcitation.
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(Fig. 2a). Similar absorption bands were also observed in the
simulated absorption spectra of 1a (A) and 1a (N). Moreover,
CyHQ-OAc showed a similar absorption pattern as 1a with its
lowest energy absorption peaks at 330 nm (pure ACN) and
364 nm (neutral buffer solution), which were attributed to the
absorption of the neutral and anionic forms, respectively. The
much more facile deprotonation of the CyHQ molecules com-
pared to other 8-substituted-7-hydroxyquinolines appears due to

the presence of the strong electron-withdrawing effect by the 8-
cyano group (pKa of CyHQ-OAc was 4.9) (24,25). Therefore,
similar to the assignment of CyHQ-OAc, the absorption bands at
338 and 380 nm of 1a were mainly corresponding to the pheno-
lic (neutral) and phenolate (anionic) forms, respectively. The red-
shifting of the absorption peaks in the buffer solution indicated
that a deprotonation process of 1a occurred in the buffer solu-
tions in the ground state.

Scheme 2. Proposed mechanism for the Hofmann-Martius photorearrangement reaction.

Figure 1. Chemical structures of selective 8-cyano-7-hydroxyquinolinyl (CyHQ) salts of tertiary amines in anionic (A) and neutral (N) forms.

Figure 2. (a) Comparison of UV-vis absorption spectra of 1a in ACN/PBS (v/v = 1:1 pH 7.2) solution (black) and in ACN solution (red) with the cal-
culated absorption spectra of deprotonated 1a (blue) and its neutral form (green); (b) Resonance Raman spectra of 1a in various solutions with 266 nm
excitation at room-temperature. Solvent subtraction is marked as * in the spectra.
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Resonance Raman spectroscopy was used to provide more
precise assignments by giving fingerprint vibrational frequency
information. As shown in Fig. 2b, the anionic form of 1a mainly
existed in the mixed aqueous solution at a high pH value (ACN/
H2O v/v = 1:1, pH 10, made more basic by adding some NaOH)
(Fig. 2b). Compound 1a demonstrated that the vibrational Raman
shifts in near neutral aqueous buffer solution are similar to those
seen in the basic solution with obvious Raman bands at 682,
1306, 1338, 1493, 1591, 1601 cm�1. Thus, 1a mainly exists as
the phenolate form in the near neutral buffer solution, which was
in line with the UV-vis absorption results. Moreover, the calcu-
lated Raman spectra of 1a (N) and 1a (A) (Figure S1) were simi-
lar to the experimental data in ACN and ACN/PBS solution,
respectively. This further confirmed that 1a was deprotonated in
the near neutral buffer solutions in the ground state and the pho-
tochemical reaction was initiated by the anionic form of the
molecule. The absence of the phenolic form of 1a in neutral
aqueous solution is probably because of the lower pKa of the
phenol induced by the strongly electron-withdrawing nature of
the 8-cyano substituent group.

TA spectroscopies

To explore the ultrafast photoinduced C–N bond cleavage and rear-
rangement mechanism of 1a and 2a in aqueous solutions, fs-TA spec-
troscopy was employed to detect the short-lived intermediates
involved in the reaction. As discussed above, 1a (A) was the main
form of the ground state in neutral aqueous solutions. Upon 267 nm
irradiation, a characteristic transient absorption profile that is similar
to the lowest singlet excited state (S1) of CyHQ-TEA (A) was gradu-
ally produced from 0.4 to 1.2 ps with excited-state absorption (ESA)
bands at 336, 411, and 630 nm together with a stimulated emission
(SE) band at 472 nm (Fig. 3a). This process could be reasonably
assigned to the internal conversion process of 1a (A) from a higher

singlet excited state (Sn) to the S1 excited state. Subsequently, two
strong ESA bands at 336 and 630 nm decreased dramatically and the
band at 411 nm red shifted to 415 nm with decreased intensity in the
period from 1.2 to 6.31 ps (Fig. 3b). However, the SE band showed
a slight blue-shifting in this time delay range, which probably implied
a heterolytic C–N cleavage reaction from the S1 excited state of 1a
(A) (5). Two obvious processes were observed in Fig. 3c: three ESA
bands depopulated in intensity simultaneously until 30 ps; after
30 ps, the ESA band at 630 nm kept decreasing, while a small red-
shifting was observed in the band from 336 nm to 342 nm. Eventu-
ally, three ESA bands located at 342, 423 and 540 nm were clearly
seen at the 2.3-ns time delay (Fig. 3c), which agreed well with the
calculated transitions of the S1 excited state of 6 (Table S1). Thus,
these two processes corresponded to the production of the S1 excited
state of 6 (Scheme 2) and its deprotonation to generate 1b (A). The
ns-TA spectra were almost unchanged until 5 ms and correlated well
with the steady-state UV-vis absorption spectrum of the product 1b
(A) after the photorearrangement reaction (Figure S2a) and the kinet-
ics were not affected by oxygen (Figure S2b,c). Therefore, the spec-
tra observed in the ns-TA were mainly attributed to the absorption of
the ground-state product 1b (A).

Kinetic analyses were conducted on the characteristic absorp-
tion bands at 340 and 630 nm with exponential fitting functions.
Three similar time constants (0.3, 2.5, and 19.7 ps) were
obtained from the 340 and 630 nm bands, whereas a fourth time
constant (>3 ns) was only obtained by fitting the 630 nm band.
Taken together with the TA spectral analysis, the 0.3, 2.5 and
19.7 ps time constants were attributed to the production of S1
excited state of 1a (A), the photolysis process to generate
CyHQ+, and the formation of the S1 excited state of 6, respec-
tively. The fourth time constant (>3 ns) was assigned to the for-
mation of 1b (A) by deprotonation.

The photorearrangement reaction was also observed for 2a
with a higher product yield (95%) than 1a (85%) (10). We also

Figure 3. (a–c) fs-TA spectra of 1a after 267 nm photoexcitation in ACN/PBS (v/v = 1:1, pH 7.2) solution at various time delay ranges; (d) kinetics at
340 and 630 nm (solid lines indicate the best fit of the experimental data).
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employed fs-TA to investigate the ultrafast photochemical and
photophysical dynamics of 2a. Not surprisingly, the fs-TA spec-
tra of 2a after 267 nm photoexcitation in mixed ACN/PBS (v/
v = 1:1, pH 7.2) solution were similar to those observed for 1a
(Figure S3). The same photodynamic processes were observed
for 2a, and the lifetimes of these processes were in line with
those of 1a as well: 0.2 ps (production of vibrationally cooled S1
excited state), 3.7 ps (C–N bond cleavage), 44.3 ps (C–C bond
formation), and >3 ns (formation of the rearranged product 2b
(A)).

Unlike 1a and 2a, 3a mainly underwent the photolysis path-
way to release product 4 and its corresponding amine after

irradiation, which was similar with the reported results for
CyHQ-TEA (5). Although the ESA profiles of 1a and 3a were
similar, there were two differences in the two spectra (Fig. 4).
Firstly, the SE band reached its maximum at 1.2 ps for 1a
(Fig. 3a), whereas for 3a, it continually decreased from 1 to
11 ps and remained at the same intensity until 85.6 ps. Secondly,
unlike 1a, 3a presented a clear peak at 340 nm and a band tail
at 650 nm. With the solid evidence of the SE band and the spec-
tral reference from CyHQ-TEA (5), the initial TA spectra
(Fig. 4a) was assigned to the generation of the S1 excited state
of 3a (A). After 85.6 ps, the intense band at 340 nm declined
dramatically together with the disappearance of the broad band
tail at 650 nm, and the SE band decayed with a small blue-
shifting. Two isosbestic point at 440 and 550 nm were clearly
observed, which indicated a conversion of different species. The
spectral changes of 3a were similar with those of CyHQ-TEA
(5), thus the photodynamic pathways of 3a were assigned the
same way as for CyHQ-TEA, which were the generation of the
S1 excited state of 3a (A), a C–N bond cleavage, and an inter-
system crossing (ISC) of CyHQ+, and the time constants of each
of these processes were determined to be 8.1, 53.4, and 2400 ps,
respectively. The decay of the triplet excited state of CyHQ+ was
further traced by ns-TA (Figure S4), and the prolonged lifetime
(7 µs) in an argon-purged solution confirmed the existence of a
triplet excited state of CyHQ+, which then reacted with water to
generate photolysis product 4.

CONCLUSION
A comprehensive mechanistic study of the CyHQ salts of tertiary
amines with different photochemical dynamics (photorearrange-
ment and photolysis) was conducted by using UV-vis absoprtion

Figure 4. (a–c) fs-TA spectra of 3a after 267 nm photoexcitation in ACN/PBS (v/v = 1:1, pH 7.2) solution at various time delay ranges; (d) kinetics at
475 nm (solid line indicates the best fit of the experimental data).

Scheme 3. Proposed deactivation and photochemical reaction pathways
for 1a (A) and 2a (A) in buffer aqueous solution and the time constants
colored in black and red are represented for 1a and 2a, respectively.
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and transient absorption spectroscopy methods together with
results from RR experiments and quantum chemical calculations.
The CyHQ salts could deprotonate easily in neutral buffer aque-
ous solution due to the low pKa of the parent compounds and
mainly existed as the anionic form in aqueous neutral buffer
solutions. Upon photoexcitation, the heterolysis of the C–N bond
took place for all of the CyHQ-protected compounds, giving a
CyHQ+ and aniline/amine from the S1 excited state. In the
Hofmann-Martius photorearrangement mechanism, the released
CyHQ+ recombined with the ortho-position of the aniline to pro-
duce the rearranged intermediate 6 within 19.7 and 44.3 ps for
1a and 2a, respectively (Scheme 3). However, in the photolysis
pathway (exemplified by 3a), the released CyHQ+ went on to
form the triplet excited state via ISC in 2.4 ns and subsequently
reacted with water to generate the product 4 (Scheme S1). These
two reactions were highly selective and negligible amounts of
byproducts were found. This can have great importance for the
synthesis of ortho-substituted anilines and the photorelease of
bioactive amines for use in physiological experiments.
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Figure S1. Resonance Raman spectra of 1a in mixed ACN/
PBS (v/v = 1:1, pH 7.2) solution with 266 nm excitation at
room-temperature (top) and the calculated Raman spectra of 1a
(A) (middle) and 1a (N) (bottom) based on B3LYP/6-311G (d,p)
level of theory. Solvent subtraction is marked as *.

Figure S2. (a) ns-TA spectra of 1a in ACN/PBS (v/v = 1:1,
pH 7.2) solution upon 266 nm photoexcitation at various delay
times. (b, c) The kinetics of the characteristic absorption band
observed at 350 nm of 1a (black circles) in open air and in O2

saturated solutions, respectively. The solid lines indicate the fit-
ting to the experimental data. (d) ns-TA spectra of 2a in ACN/
PBS (pH 7.2) solution upon 266 nm photoexcitation at various
delay times. (e, f) Kinetics of the characteristic absorption band
observed at 350 nm of 2a (black circles) in open air and O2 satu-
rated solutions, respectively. The solid lines indicate the fitting to
the experimental data.

Figure S3. (a–c) fs-TA spectra of 2a after 267 nm photoexci-
tation in ACN/PBS (v/v = 1:1, pH 7.2) solution at various time
delay ranges, (d) kinetics at 340 and 630 nm (solid lines indicate
the best fitting of the experimental data).

Figure S4. (a) ns-TA spectra of 3a in ACN/PBS (v/v = 1:1,
pH 7.2) solution upon 266 nm photoexcitation at various delay
times. (b) The kinetics of the characteristic absorption band

observed at 528 nm of 3a in an argon-purged solution and open
air (inserted) conditions, respectively. The solid lines indicate the
fitting to the experimental data.

Table S1. The calculated wavelength (k) and oscillator
strength (f) of selective transitions for the S0 and S1 states of 6
are shown, and the TD-DFT calculation is based on the B3LYP/
6-311G** level of theory.

Scheme S1. Proposed deactivation and photochemical reaction
pathways of 3a in buffer solution.

Data S1. Optimized structural coordinates.
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