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ABSTRACT: The 266 nm laser flash photolysis of phtaloyl peroxide (2) in
liquid acetonitrile solution at room temperature has been investigated. Upon
266 nm laser irradiation, 2 is effectively photodecarboxylated leading to the
formation of o-benzyne (1) and two equivalents of CO,, yet a small fraction
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of photolyzed 2 follows a different pathway leading to 6-oxocyclohexa-2,4-

dienylideneketene (3) and one equivalent of CO,. Compound 3 is kinetically reactive and reacts in the microsecond time scale
following a first-order kinetic law. The presence of 1 in the photolysis experiment is confirmed by trapping experiments with
methyl 1-methylpyrrole-2-carboxylate (6). The Diels—Alder reaction between 1 and 6 occurs under the selected experimental

conditions on a time scale shorter than 100 ms.

B INTRODUCTION

1,2-Dehydrobenzene or o-benzyne (1) was first proposed as a
reactive intermediate in 1927 by Bachmann and Clarke.' In the
following years, Wittig”® greatly contributed to the under-
standing of its structure and reactivity. In 1953, Roberts et al.*
found, in an elegant experiment, that when [1-'*C]-
chlorobenzene is reacted with potassium amide in liquid
ammonia, [1-'*CJaminobenzene and [2-'*C]aminobenzene are
formed in nearly the same proportions. This experiment
provided very strong evidence for the existence of 1 as a
reactive intermediate in polar liquid phases (Scheme 1). The
fascmatm% history of 1 is the subject of several review
articles.””
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On the basis of the large (37.5 + 0.2 kcal/ mol)®” singlet—
triplet energy gap and short (124 + 2 pm)'® bond length, 1 is
better described as a strained alkyne than as a biradical.
Notably, metal complexes containing 1 forming part of the
metal coordination sphere have been crystallized, and their
structures have been resolved by X-rays."' ™"

The strained triple bond present in 1 and in arynes in general
enables them to part1c1pate as reactive intermediates in
nucleophilic additions, pericyclic reactions such as Diels—
Alder cycloadditions, 15 dlpolar cycloaddltlons, metal-cata-
lyzed'"” reactions, and others.'® Therefore, it is not surprising
that the search for easy-to-handle precursors of 1 still attracts
much attention.'” It is remarkable that more than 75
independent natural products have been synthesized using
aryne intermediates.”” A significant number of those synthetic
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steps involving 1 or arynes in general proceed with a high
degree of regioselectivity. Although useful models able to
explain these regioselective trends are emerging,”' real-time
mechanistic studies are still missing,

When it comes to spectroscopy of functional groups,
Chapman and co-workers were the first to provide an infrared
spectrum of 1 in argon matrices at 8 K by photolysis of phtaloyl
peroxide 2.°> Chapman and co-workers observed that 1 reacts
with furan even at 50 K, forming 1,4-dihydronaphtalene-1,4-
endoxide (Scheme 2). In a remarkable work, Radziszewski et

Scheme 2. Synthesis and Reactivity of 1 in Argon Matrices
0200

revisited the IR spectrum of 1 in inert cryogenic matrices
and finally located the weak (2.0 + 0.4 km/mol) C=C
stretching vibration of 1 at 1846 cm™, ! which is 120 em ™ less
than that previously predicted by theoretical calculations.”*
Because 1 is very reactive, the large body of spectroscoplc
data about it has been collected in the gas”*° or solid'® phase
at low temperatures. Spectroscopic data of 1 in liquid solution
at room temperature is very scarce. In this regard, the NMR
spectra of 1 trapped in the cavity of a hemicarcerand in liquid
[D8]-THF measured by Warmuth deserve special mention.””
Although much structural and spectroscopic information has
been collected on 1, temporal information is still missing at
least in the liquid phase. In this regard, time-resolved
spectroscopy, especially with IR detection, has proven to be a
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good choice in the study of reactive intermediates and reaction
mechanisms.”* >

In this paper, I describe a systematic investigation of the
photolysis of 2 at room temperature in liquid acetonitrile using
time-resolved FTIR spectroscopy. The main goal is to
determine whether 1 can be generated from 2 by the action
of a single 266 nm photon.

B RESULTS AND DISCUSSION

1. UV—Vis Spectroscopy. The electronic spectrum of 2 in
acetonitrile at room temperature is located entirely in the UV
section, and it is asymmetrically divided into two regions by a
shallow minimum around 270 nm (solid curve, Figure 1a). The
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Figure 1. (a) Electronic spectrum of phtaloyl peroxide 2 in
acetonitrile. The solid curve represents the experimental data.
Absorption maxima are indicated by the arrows. The bars represent
the electronic spectrum as calculated using TDDFT (see text for
details). The blue dashed line at 266 nm represents the wavelength of
the laser employed for photolysis. (b) Three dimensional plot
corresponding to the electron-density shift induced by the 266 nm
laser excitation. (c) Lewis structure of 2 with the same orientation as
that used for the difference electron density representation.

low energy region features two partially resolved absorptions
peaking at 297 and 289 nm and the high energy region a much
broader band with a maximum at 243 nm. For understanding
the underlying nature of those electronic transitions, time-
dependent density functional theory (TDDFT) was employed.
The solid bars in Figure la represent the BP86/def2-aug-
TZVPP-TDDEFT calculated electronic spectrum of 2 in which
solvent effects were considered. As anticipated, the lowest
energy transition, peaking at 297 nm, is mainly of HOMO —
LUMO character, whereas its neighbor band at 289 nm is
mostly the result of a HOMO-2 — LUMO transition (for
details, see the Supporting Information). Interestingly, the
TDDFT calculation shows that, close to the excitation
wavelength (blue dashed line, Figure 1a), there is a transition
that is mainly of HOMO-1 — LUMO character, although it
contains contributions of higher energy excitations. To take
into account the contribution of the complete set of individual
excitations to the final electronic state, the difference of
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electron-density between the initial and final states requires
consideration. Figure 1b shows the difference electron density
plot for the transition most resonant with the 266 nm
wavelength together with the Lewis structure of 2 for better
visualization. The blue and red regions in the difference
electron density plot represent negative and positive values,
respectively. The electron density plot suggests that, upon 266
nm laser excitation, electron density from ring-7 electrons is
transferred directly into the carbonyl carbon atoms and oxygen
atoms of the peroxide unit simultaneously. One can anticipate
that the simultaneous allocation of electron density on the CO,
moieties in 2 might induce their desired coherent photo-
dissociation, leading to 1.

2. Rapid-Scan Time-Resolved FTIR Spectroscopy.
Figure 2a shows the FTIR absorption spectrum of CO, in
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Figure 2. (a) Scaled and shifted FTIR spectrum of CO, in CH;CN.
(b) Scaled and shifted FTIR spectrum of 2 in CD,CN (black) and
CH;CN (gray). (c) Difference absorption spectrum recorded 100 ms

after 266 nm pulse excitation of the sample of 2 in Ar-purged CD;CN
(black) and CH,CN (gray).

acetonitrile in the spectral region from 1900 to 2400 cm™". The
strongest IR absorption of CO, peaks at 2343 cm™" as indicated
by the arrow. Figure 2b illustrates the scale and shifted FTIR
absorption spectrum of 2 recorded in deuterated (black curve)
and nondeuterated (gray curve) acetonitrile to circumvent the
lack of IR transparency of acetonitrile in the region from 1350
to 1600 cm™'. The strongest absorptions of 2 are located at
1287 and 1765 cm™". A normal-mode analysis conducted at the
B3LYP/TZVP level of theory indicates that the 1287 cm™
absorption is due to the coupling of ring stretching and in-plane
bending of the C—H and C=O bonds along the entire
molecule, whereas the 1765 cm™ is the result of out-of-phase
and in-phase stretching combinations of both C=0 groups in
2. Figure 2c shows a representative time-resolved difference
FTIR absorption spectrum recorded 100 ms after 266 nm pulse
excitation of 2 in acetonitrile under an inert argon atmosphere.
The bands pointing downward arise from the increased
transmission in the spectral region where 2 strongly absorbs
and indicates its clean photolysis. Concomitantly, a new strong
band at 2343 cm™ due to CO, appears (compare to Figure 2a).
The temporal formation of this band cannot be resolved with
the limited time resolution of our rapid-scan FTIR setup (~60
ms).

Remarkably, there is no formation of IR absorption bands in
the regions around 1287 and 1765 cm™', where 2 strongly
absorbs. The absence of pump-induced absorptions around
1765 cm™', where carbonyl-containing compounds significantly
absorb, is a strong indication that 2 is efficiently photo-
converted to 1 and 2 equiv of CO, (path a, Scheme 3) in a
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Scheme 3. Photolysis at 266 nm of 2 in Liquid Acetonitrile at
Room Temperature
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single photon process. Furthermore, bands around 1287 cm™

due to photoproducts are expected to be less intense than that
of parent 2 because the coupling mechanism with the C=0
oscillators is no longer operating and they might well be buried
in the baseline noise.

Organic reactive intermediates usually have lifetimes on the
microsecond time scale and therefore the temporal resolution
that rapid-scan FTIR spectroscopy provides is insufficient. In
the next section, to circumvent the intrinsic temporal
limitations of rapid-scan FTIR spectroscopy on the one hand
and to establish the presence of elusive intermediates in the
photolysis of 2 on the other, photolysis experiments on 2
monitored with nanosecond temporal resolution are described.

3. Step-Scan FTIR Spectroscopy. Representative step-
scan time-resolved difference absorption spectra recorded 200
ns (red), 4 us (orange), 16 us (green), and 80 us (blue) after
the absorption of a single 266 nm laser pulse by 2 in liquid
acetonitrile are illustrated in Figure 3a. All transient spectra
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Figure 3. (a) Step-scan FTIR difference absorption spectra recorded
for 200 ns (red), 4 us (orange), 16 us (green), and 80 us (blue) after
266 nm laser-pulsed photolysis. The arrow indicates the spectral
evolution of the transient IR absorption band with time. (b) DFT
simulation of the 200 ns transient absorption spectrum (see text for
details).

show a negative absorption at 1767 cm™, indicating the net
photolysis of 2 and a gigantic positive absorption at 2343 cm™
due to the simultaneous generation of CO,. Even at the
shortest delay time, 200 ns, both the transient depletion of 2
and the formation of CO, measured by their corresponding IR
resonances are in their corresponding stationary values,
indicating that the primary process leading to the actual
dissociation of CO, from 2 and its thermal equilibration occur
in time scales well below those accessible by the step-scan
spectrometer. In contrast with the rapid-scan experiments, the
step-scan difference absorption spectra show a previously
undetected transient absorption at 2140 cm™'. The species
responsible for the 2140 cm™" absorption reacts following a
(pseudo)first-order kinetic law with a time constant of 22.5 us,
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and 80 us after the laser excitation, it is no longer detectable
(blue spectrum, Figure 3a). A careful analysis performed on a
large set of experimental data shows there is an additional weak
absorption at 1636 cm™" that decays with a time constant equal
to that measured for the 2140 cm™' absorption. The
absorptions at 1636 cm™" (carbonyl) and 2140 cm™' (ketene)
are ascribed to 6-oxocyclohexa-2,3-dienylideneketene (3). This
assignment is supported by the similarity to the IR absorptions
(1650 and 2139 cm™') of 3 isolated in inert cryogenic
matrices.” > Also, Liu et al.”> generated 3 by 308 nm laser
photolysis of 2-phenyl-3,1-benzoxan-4-one in acetonitrile at
room temperature and observed a transient absorption at 2135
+ 2 cm™' that decayed following first-order kinetics in the
microsecond time scale. Furthermore, the transient absorptions
of 3 are readily quenched if methanol is added to the
acetonitrile solution before photolysis.

The step-scan experiments suggest there are two competing
mechanisms in the photolysis of 2. On the one hand, the
resonance photoejection of two CO, molecules from 2 leads to
the desired formation of 1 (path a, Scheme 3), and on the other
hand, the ejection of a single CO, molecule from 2 leads to the
ultimate formation of 3 (path b, Scheme 3). For quantification
of the proportions of these competing photodissociation
pathways, spectral simulations were carried out. Figure 3b
shows the simulated transient spectrum at 200 ns using the
theoretical IR spectra of the species 1—3 and CO, obtained
from DFT (B3LYP/TZVP) calculations (for details, see SI). In
the simulation, an 80% yield of 1 and a 20% yield of 3 is
assumed. The nice agreement between experiment and theory
suggests that the 266 nm photolysis of 2 in acetonitrile is a
feasible route to 1 in liquid solution.

The limited time-resolution (200 ns) of the step-scan
spectrometer does not allow one to resolve the formation of
3. The formation of 3 can take place by incomplete
photodecarboxylation of 2 coupled with an oxygen atom
transfer (path b, Scheme 3). This incomplete photodecarbox-
ylation pathway might occur in an excited or a ground potential
energy surface with or without benzopropiolactone 4 as reactive
intermediate. Alternatively, 1 could react with CO, (in cage),
leading to 3 with 4 as a reactive intermediate (Scheme 4).

Scheme 4
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If the latter pathway is operating, conducting the photolysis
in a CO, atmosphere should enhance the formation of 4 and 3.
The CO group in 4 gives rise to a strong IR resonance at 1904
cm™! in Ar matrices at 8 K>' Therefore, the presence of 4
could be readily observed in the time-resolved FTIR experi-
ments. Furthermore, DFT calculations suggest the trans-
formation 4 — 3 is exergonic (AG = —9.0 kcal/mol), but it
is hampered by a thermal barrier of 5.4 kcal/mol. For
establishing whether 1 reacts with CO, leading to the ultimate
formation of 3, the step-scan experiments on 2 were carried out
in CO, atmosphere. These experiments showed that the yield
of 3 is unaffected by the presence of CO, in the reacting
system, and therefore 3 should be formed directly from 2 by
incomplete photodecarboxylation. Because the absorptions
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bands of 4 were not detected, it can be concluded that 1 does
not react with CO, in liquid acetonitrile.

For further investigation of the possible participation of
elusive radical intermediates in the formation of 3, independent
step-scan experiments were carried out in the presence of
molecular oxygen. Surprisingly, the time-resolved difference
absorption spectra obtained in this way were formally identical
to those obtained in experiments under inert argon atmosphere,
which strongly suggests there are no radical intermediates on
the pathway leading to 3. From the body of these time-resolved
FTIR experiments, one can conclude that the primary
mechanistic steps leading to 3 occur on time scales shorter
than those available to the step-scan regime (<200 ns).

Before closing this section, it is necessary to clarify why 1 is
not directly observed in the nanosecond time-resolved FTIR
experiments. The distinctive IR absorption of 1, that is the C=
C stretching, peaks at 1846 cm™ in Ne matrices at 4 K.*
However, this absorption is extremely weak and therefore, as
expected, is not observed in the step-scan time-resolved FTIR
experiments. Other absorptions bands of 1 in the IR window
available in the experimental setup (1050—2800 cm™) include
ring stretchings with or without C—H bending contributions,
which are also too weak to be detected or masked by other
product absorptions. Therefore, for finally establishing the
presence of 1 in the 266 nm photolysis of 2 in acetonitrile at
room temperature, appropriate trapping experiments are
mandatory. In the next section, the necessary trapping
experiments on 1 that give rise to detectable IR spectral
changes are described.

4. Quenching Experiments. In neat solvent, 1 dimerizes
forming biphenylene $ (path a, Scheme 5).**** The IR

Scheme 5. Trapping Experiments on 1
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spectrum of authentic samples of 5 in acetonitrile shows
resonances at 1130, 1151, and 1261 cm™". The characteristic IR
bands of § could not be clearly observed in the time-resolved
FTIR experiments, presumably due to their intrinsic weakness
(e < 300 L mol~'cm™), the insufficient signal-to-noise ratio, or
because they might be simply masked by other product bands.
At any rate, this channel is clearly invisible in our experiments
and cannot account for the presence of 1.

The strategy to confirm the presence of 1 requires an
efficient trapping reaction easy to follow by IR spectroscopy.
Strong nucleophiles such as N3~ , SCN~, and NCO™
were considered first. These quenchers are strong IR
chromophores and are practically transparent to 266 nm
light; however, they react readily with 2 leading to the
instantaneous formation of phtaloyl anhydride. Therefore, they
had to be disqualified as trapping reagents. Alkyl azides such as
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octyl azide®® and 2 form acetonitrile solutions that are stable for
indefinite periods of time. Octyl azide is photo inert to 266 nm
laser hght however, the much anticipated [3 + 2] cyclo-
addition'® reaction with 1 does not take place in acetonitrile
solvent. DFT calculations suggest the [3 + 2] cycloaddition
between 1 and alkyl azides is hampered by a significant thermal
barrier.”' However, it is important to point out that [3 + 2]
cycloadditions between 1 and azides have been conducted via
photolysis of 2 in dichloroethane solvent at room temper-
ature.'” Conducting the photolysis of 2 in CO-saturated
acetonitrile gives rise to experimental data that is identical to
that obtained when experiments are carried out in Ar
atmosphere, thus confirming that a reaction between 1 and
CO giving rise to benzocyclopropenone requires activation.”’

Inspired by the quenching experiment on 1 with furan at 50
K in an argon matrix by Chapman,”* I decided to use the
Diels—Alder reactivity of 1 as a probe of its presence. For
enhancement of the IR sensitivity of the corresponding Diels—
Alder reaction, methyl 1-methylpyrrole-2-carboxylate (6) was
selected. This quencher has the benefit of containing a built-in
IR-CO chromophore whose temporal detection along the
quenching reaction should in principle be feasible. It can be
anticipated that the CO stretching frequency should shift to
higher frequencies in the Diels—Alder adduct 7 with respect to
that in 6 due to the missing conjugation in the final product.
Compound 6 has the disadvantage that its UV—vis spectrum
has a sharp maximum at 267 nm, which is very close to the
excitation wavelength. Because the opacity of quencher 6 is
high at 266 nm, “background” flash photolysis experiments on
6 alone in acetonitrile were carried out. The laser energy used
in the photolysis experiments with 6 alone was at least equal to
that employed in similar experiments with 2. Under these
experimental conditions, 6 does not undergo net photolysis,
which means all photoexcited molecules of 6 return back to the
ground state without experiencing any chemical transformation.
Having established 6 is resistant to the action of 266 nm laser
light, laser flash experiments with acetonitrile solutions of 2 and
6 (2:1) were carried out. Because of the inconvenient
absorption of 266 nm laser light by 6, the step-scan difference
absorption spectra are significantly perturbed by thermal
artifacts. Therefore, the millisecond rapid-scan time-resolved
technique was the only alternative left to circumvent these
experimental issues (a rapid-scan experiment requires approx-
imately 16 laser shots; a step-scan experiment requires
approximately 10600 laser shots).

The scaled and shifted IR spectra of 2 alone, and a mixture of
2 and 6 (2:1) in acetonitrile, are illustrated in Figure 4a. The IR
absorption band of 2 at 1710 cm™" is clearly resolved from that
of 6 at 1765 cm™". Figure 4b illustrates the transient difference
absorption spectrum recorded 100 ms after exciting with a 266
nm laser pulse, an acetonitrile solution containing 2, and
quencher 6. The 100 ms difference absorption spectrum shows
a photoinduced strong positive absorption band at 2343 cm™
due to CO, formation, indicating the successful decarboxylation
of 2 under these experimental conditions and negative
absorptions at 1710 and 1765 cm™, indicating that both 6
and 2 undergo net photolysis. In addition, the 100 ms rapid-
scan difference absorption spectrum shows a weak positive
absorption at 1731 cm™" (asterisk, Figure 4b). Although weak,
the 1731 cm™" absorption is reproducible on an experiment-to-
experiment basis. For better understanding of the results of
these rapid-scan experiments, the transient spectrum at 100 ms
was simulated using the calculated IR spectra of the species
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Figure 4. Quenching benzyne 1 with 6. (a) Black: scaled and shifted
FTIR spectrum of 2. Blue: scaled and shifted FTIR spectrum of a
solution containing 2 and 6 (2:1). (b) Difference absorption spectrum
recorded 100 ms after 266 nm laser photolysis of a sample solution
containing 2 and 6 in a molar ratio of 2:1. The asterisk marks the IR
absorption of the reaction product between 1 and 6. (c) A simulation
of the difference absorption spectrum illustrated in (b) using the DFT
theoretical IR spectra of all of the species involved (see text for
details).

involved in this quenching experiment (path b, Scheme $).
Figure 4c shows the result of such a simulation (see Supporting
Information). The excellent agreement between experiment
and theory is very gratifying and indicates the quenching of 1
was finally successful.

An upper bound for the photolytic yield of 1 can be
calculated from the magnitudes of the negative absorptions of
precursor 2 (5.57 mOD) and quencher 6 (1.65 mOD) at 1708
and 1768 cm™', respectively (Figure 4b). Now, taking into
account the extinction coeflicients of 6 and 2 at the peak of the
CO stretching maxima, they are equal to 0.76 and 1.93 X 10° L
mol™ cm™, respectively. The desired limiting yield for the
formation of 1 is 75%. In the previous section, an 80% yield was
calculated based on DFT simulated time-resolved step-scan
FTIR spectra. It is remarkable that both calculated photolytic
yields agree. This coincidence suggests the DFT calculated IR
spectra can be employed for quantitative estimation and
simulation of time-resolved FTIR spectra. Previous synthetic
work has shown that Diels—Alder reactions with 1 are
quantitative."” The experiments presented here confirm the
synthetic findings. Before closing this section, I would like to
mention that when methyl furan-2-carboxylate is employed as a
quencher similar results are obtained, indicating that Diels—
Alder reactions provide a convenient way to trap 1 in liquid
acetonitrile.

B CONCLUSIONS

o-Benzyne 1 has found numerous synthetic applications;
however, real-time mechanistic studies on 1 in liquid solution
are scarce and restricted to low-temperature conditions. I have
confirmed that phtaloyl peroxide 2 is a suitable precursor of 1
in liquid acetonitrile solution when irradiated with 266 nm laser
light. Reactant 1 is formed after the simultaneous loss of two
CO, molecules from 2, a process that cannot be temporally
resolved with a step-scan FTIR spectrometer. In another
competing, but less efficient, photolytic pathway, 2 ejects a
single CO, molecule, and ketoketene 3 is formed. As expected,
3 reacts readily with methanol. The existence of 1 was
confirmed by means of its Diels—Alder reactivity with 1-
methylpyrrole-2-carboxylate 6.
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I am currently engaged in the application of the current
protocol to asymmetric derivatives of 2 with the intention of
detecting arynes in solution directly using time-resolved IR
spectroscopy.

B EXPERIMENTAL SECTION

General Methods. Acetonitrile was obtained from a commercial
supplier, and it was stored for at least 2 days under molecular sieves (3
A) prior to use. Phtaloyl peroxide was prepared according to a
literature method.’® Biphenylene and methyl 1-methylpyrrole-2-
carboxylate were purchased from commercial providers and used as
supplied.

Step-Scan Time-Resolved FTIR. Our step-scan instrument has
been described elsewhere;* therefore, only a brief description is
presented here. Stock solutions (250 mL) of phtaloyl peroxide (1—3
mmol L") were circulated through a CaF, cell (0.2 mm path length)
by means of a peristaltic pump. Photolysis took place inside the probe
chamber of the step-scan spectrometer by the fourth harmonic pulses
(266 nm, 7 ns) of a Nd:YAG laser. For avoiding thermal artifacts in
the transient spectra, the energy of the 266 nm pulses was attenuated
to 7 mJ/pulse before the sample cell. For circumventing extended
irradiation times, the measurements were conducted with 6 cm™!
spectral resolution.

DFT Calculations. DFT calculations were performed with
ORCA.* Geometry optimizations were carried out in two stages to
obtain the best compromise between accuracy and computing time. In
the first stage, the Becke—Perdew functional BP86*"" was used in
conjunction with the Ahlrichs-VDZ**** basis sets by invoking the
resolution of the identity (RI)* approximation. In the second stage,
the geometric parameters, previously obtained, were further refined
using the hybrid B3LYP*** functional in conjunction with the
Ahlrichs-TZVP* basis set by invoking the RIJCOSX*® approximation.
Solvent effects were taken into account through the conductor-like
screening model (COSMO).**° For characterizing the nature
(minimum or saddle point) of the optimized geometries, numerical
frequencies were computed by two-sided numerical differentiation
using step increments of 0.002 bohr.

The electronic spectra were calculated within the framework of the
time-dependent density functional theory (TDDFT).>"*> The first 16
excited states were computed using the BP86 functional in conjunction
with the defZ—aug—TZVPP53 basis sets.
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