#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Direct observation of o-benzyne formation in
photochemical hexadehydro-Diels—Alder (hv-
HDDA) reactionst

Xiaonan Ma,® Jan Maier, @< Michael Wenzel,? Alexandra Friedrich, & ¢
Andreas Steffen,* Todd B. Marder, ©*< Roland Mitri¢ @ *@ and Tobias Brixner & *@

i ") Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 9198

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Reactive ortho-benzyne derivatives are believed to be the initial products of liquid-phase [4 + 2]-
cycloadditions between a 1,3-diyne and an alkyne via what is known as a hexadehydro-Diels—Alder (HDDA)
reaction. The UV/VIS spectroscopic observation of o-benzyne derivatives and their photochemical
dynamics in solution, however, have not been reported previously. Herein, we report direct UV/VIS
spectroscopic evidence for the existence of an o-benzyne in solution, and establish the dynamics of its
formation in a photoinduced reaction. For this purpose, we investigated a bis-diyne compound using
femtosecond transient absorption spectroscopy in the ultraviolet/visible region. In the first step, we observe
excited-state isomerization on a sub-10 ps time scale. For identification of the o-benzyne species formed
within 50-70 ps, and the corresponding photochemical hexadehydro-Diels—Alder (hv-HDDA) reactions, we
employed two intermolecular trapping strategies. In the first case, the o-benzyne was trapped by a second
bis-diyne, i.e., self-trapping. The self-trapping products were then identified in the transient absorption
experiments by comparing their spectral features to those of the isolated products. In the second case, we
used perylene for trapping and reconstructed the spectrum of the trapping product by removing the
contribution of irrelevant species from the experimentally observed spectra. Taken together, the UV/VIS
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Introduction

After the discovery of a [4 + 2]-cycloaddition reaction between
a conjugated diene and an alkene by Diels and Alder in 1928, it
took almost 70 years until Johnson*® and Ueda’** explored the [4 +
2]-cycloaddition between a diyne and an alkyne. This latter reac-
tion is now known as a “hexadehydro-Diels-Alder” (HDDA) reac-
tion so named by the Hoye group in 2012 as a logical extension of
the dehydro-Diels-Alder reaction." Instead of forming cyclohexene
derivatives, the HDDA reaction™™ is believed to produce a highly
reactive o-benzyne intermediate, and is of much current interest
due to its unusual reactivity/mechanism* and numerous
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photo-initiated HDDA reactions, and we deduce the time scales for their formation.

applications in synthetic chemistry.”*** A series of reports within
the last three years,** examining the HDDA reaction from a more
mechanistic viewpoint, demonstrate the immense versatility of
HDDA-generated o-benzynes, including reaction with an alkyne
forming a highly reactive benzocyclobutadiene® or reaction with
electron-deficient thioamides giving stabilized ammonium ylides
in a new type of [3 + 2]-cycloaddition.”* These and other examples
emphasize the importance of HDDA-generated o-benzynes for the
discovery of new reaction pathways.

Although the HDDA reaction is becoming increasingly useful
in synthesis, intriguing questions remain. Does o-benzyne really
form as an intermediate during the HDDA reaction? Can we
confirm the existence of o-benzyne derivatives as initial products
of the HDDA reaction in solution? In reported investigations on
the HDDA reaction, o-benzyne was inferred indirectly by “back-
tracking” its structure from the products resulting from trapping
reactions, ie., a secondary product of the HDDA reaction.'*¢ A
trapping reaction of unique interest is the double hydrogen
transfer, first reported in 2009 by Tsui and Sterenberg.** This
transfer of two vicinal hydrogen atoms from solvents was further
investigated in more detail by Hoye et al."” correlating the reac-
tivity of different solvents with the degree of eclipsing of two
adjacent C-H bonds among their low-energy conformers. A
subsequent promising trapping reaction is that of perylene with

This journal is © The Royal Society of Chemistry 2020
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traditional*>** and HDDA-generated*” o-benzyne derivatives,
generating new polycyclic aromatic hydrocarbons. However,
trapping experiments do not provide a direct observation of the
proposed o-benzyne intermediate, and UV/VIS spectroscopic
evidence for o-benzynes in solution remains elusive.

The formation, characterization, and application of benzynes
has fascinated chemists for more than 90 years due to their
Kekulé-type diradical structure, special role in combustion and
astrochemistry, and great potential in synthetic chemistry.**> o-
Benzyne was first proposed as an intermediate in 1927 by Bach-
mann and Clarke,** and IR,”>** microwave,®** NMR,**® and
photoelectron®"* spectra of 0-benzynes have been reported in the
last half century. A recent report,” however, explains that the
NMR data® of an o-benzyne generated inside of a hemicarcerand
do not belong to an o-benzyne inside the molecular cage, but
instead, the signals result from a species formed from a reaction
of the o-benzyne with the molecular cage. This had been one of
the very few reports of the spectroscopic identifications of an o-
benzyne in “solution” at room temperature. There are only few
investigations of electronic absorption spectra in the ultraviolet/
visible (UV/VIS) range, in the gas phase or in low-temperature
matrices.”*® To the best of our knowledge, the electronic
absorption spectrum, i.e., the UV/VIS spectrum, of o-benzyne in
solution, has not been reported.

In addition to the thermal HDDA reaction discussed above,
the photochemical HDDA (hv-HDDA) reaction has also been
reported recently, initiated by UV excitation at low temperature
(=70 °C). The reaction cascade and corresponding trapping
product were found to be identical to those formed thermally.*
Extending the previous work which employed continuous-wave
illumination, we show herein that using time-resolved excita-
tion and transient absorption spectroscopy makes the direct
detection of o-benzynes possible, and allows us to deduce their
formation dynamics. In our study, we employed ultrafast spec-
troscopy that has proven to be a powerful tool by which to
elucidate chemical reaction mechanisms, identifying the
product as well as the pathways leading to it.

Thus, we performed ultrafast pump-probe (transient
absorption) spectroscopy in the UV/VIS region and accurate
quantum chemical calculations to explain the observed tran-
sient spectra in order to investigate the excited-state dynamics
and photochemical reaction of bis-diyne compound Me-BD-Me
(Fig. 1, top left), where Me is -CH; and the bis-diyne (BD) is —4-
Ce¢H,—~(C=C),~(CH,);—(C=C),-4-C¢H,—. We combine transient
absorption measurements with intermolecular trapping strate-
gies (Fig. 1, bottom) in tetrahydrofuran (THF) solution (path 1),
using self-trapping (paths 2 and 3), and the reaction with per-
ylene (path 4). Thus, we obtained spectroscopic evidence for the
existence of the o-benzyne Av-HDDA cascade and recorded the
highly plausible transient UV/VIS absorption spectrum of an o-
benzyne species in solution for the first time.

Results and discussion

Transient absorption experiment

The transient UV/VIS absorption spectra of Me-BD-Me in THF
following UV excitation at a central wavelength of A = 295 nm

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Compounds and reactivity scheme. Chemical structure of the
bis-diyne investigated, 1,11-bis(p-tolyllundeca-1,3,8,10-tetrayne (Me-
BD-Me, top left) with Me = —CH3, BD = —4-CgH4—(C=C),—(CH,)z—
(C=C),—-4-CgH4—. We also show the hv-HDDA reaction-generated o-
benzyne species (Me-BZ-Me, top center) and the following trapping
reactions with tetrahydrofuran (bottom left, path 1), a second Me-BD-
Me (self-trapping, bottom center, path 2 and 3), and perylene (bottom
right, path 4).

are shown in Fig. 2, which display the optical density difference
spectra (AOD) in the 320-670 nm regime. The transient
absorption spectra of Me-BD-Me in CHCI; and CH;CN are dis-
played in Fig. S1f with similar manner.

The transient absorption signal is dominated by a cascaded
sequence of positive peaks extending from the VIS to the near-
UV range with dynamic changes observed from sub-picosecond
to several-nanosecond time scales. The positive peaks can be
attributed to excited-state absorption of initially populated
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Fig. 2 Transient UV/VIS absorption spectra in 320-670 nm regime.
Data are shown for Me-BD-Me dissolved in THF upon photoexcitation
at 295 nm in the delay ranges of (a) 500 fs to 15 ps, (b) 15 ps to 300 ps,
and (c) 300 ps to 3.8 ns.
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states as well as the ground-state and excited-state absorption
resulting from intermediates or final photoproducts, to be
assigned below. No negative ground-state bleach from the
initial bis-diyne is observed in the recorded spectral window as
the measured static UV/VIS spectrum of Me-BD-Me in THF
(Fig. S27) indicates its electronic absorption to be mostly in the
deep-UV (<300 nm) range. The transient absorption spectra of
Me-BD-Me in THF, CHCl;, and CH;CN are qualitatively similar,
and three spectral bands are observed in all three cases. At early
pump-probe time delays (Fig. 2a, S1a and d¥), the pronounced
positive band at 350-450 nm (subsequently referred to as band
1) appears immediately upon excitation and loses amplitude on
a several-picosecond time scale (see below for a global fit and
quantitative data). Band 1 of Me-BD-Me in different solvents
shows multi-peak character (Fig. S3t). Taking Me-BD-Me in THF
as an example (Fig. 2a), two pronounced peaks (2.98 eV/416 nm
and 3.44 eV/360 nm) with comparable intensities were observed
at 0.5 ps delay for Me-BD-Me, while an additional shoulder (3.14
eV/395 nm) of the 2.98 eV/416 nm peak is also observed.
Subsequently, the 2.98 eV/416 nm peak rapidly decays together
with the shoulder, while the 3.44 eV/360 nm peak undergoes
red-shifting as a new band grows at 3.34 eV/371 nm (Fig. 2b).
Similar spectral character and behaviors can also be observed
for Me-BD-Me in both CHCI; and CH;CN. Considering the fast
decay behavior, we tentatively attribute the multi-peak band 1 to
the excited-state absorption (ESA) band of the initially popu-
lated S, state of Me-BD-Me. The observed decay of band 1 within
hundreds of picoseconds might correspond to the electronic
deactivation (S; — So) or the following photochemical trans-
formation to bleach the S; state. During the peak red-shifting
process in the range of 50 to 100 ps delay, the 416 nm peak of
the ESA band also decays and disappears with a similar time
scale, which confirms that the red-shifting is a result of the
decay of ESA and the growing of a new band at 371 nm. We
performed TD-DFT calculations®*®” on the structurally opti-
mized S, state of Me-BD-Me in THF solution with the CAM-
B3LYP* functional and def2-TZVP**° basis set, which predicted
two vertical transitions with pronounced oscillator strength, i.e.
S; — S, (1.31 eV/946 nm) and S; — S¢ (2.73 €V/454 nm). The
latter is reasonably consistent with the experimentally observed
peak at 2.98 eV/416 nm, while the S; — S, transition is beyond
our probe wavelength range. Note that the calculated (454 nm)
and experimentally observed wavelength (416 nm) show
a discrepancy of 2.98 eV (416 nm) — 2.73 €V (454 nm) = 0.25 eV,
which is still in the expected confidence range of DFT calcula-
tions of electronic transition energies that are conventionally
associated with errors of 0.3 eV. A clear rise in the transient
spectra can be observed at the red edge (Fig. 2a, b, S1a, b, d and
et), which shows a decay process similar to band 1, and implies
the existence of an extra positive band in the near-infrared
regime. Such an observation is consistent with the calculated
S;1 — S, ESA band. The peaks at 3.14 eV/395 nm and 3.44 eV/
360 nm observed in band 1 may originate from vibrational
progressions or excitations to higher states.

The disappearance of band 1 indicates excited-state deacti-
vation that subsequently leads to the rise of a strong and narrow
band (band 2, peak at 3.35 eV/370 nm) in the 350-400 nm region
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(Fig. 2b, S1b and e¥) that builds up within hundreds of pico-
seconds. Band 2 is slightly red-shifted from the 3.44 €V/360 nm
peak of band 1; apparently bands 1 and 2 are strongly over-
lapped with each other in the 350-450 nm regime. It is difficult
to conclude whether band 2 is newly formed but overlapped
with band 1, or band 2 is subsequently transformed from the
350-400 nm part of band 1, which we attempt to clarify by the
quantitative target analysis in the following sections. We
postulate that this corresponds to the photochemical genera-
tion of a reactive intermediate formed from the excited bis-
diyne, namely the o-benzyne (Me-BZ-Me), discussed further
and confirmed below. The TD-DFT calculations also predicted
the vertical excitation energy of o-benzyne Me-BZ-Me to be 3.33
eV/372 nm (S, — S;), which is consistent with the experimen-
tally observed energy of band 2, i.e. 3.35 eV/370 nm.

In the following step (Fig. 2c, Sic and ff), band 2 slowly
decays with the concurrent rise of a new band (band 3) at even
shorter wavelengths (320-370 nm), visible as a shoulder of band
2. Several peaks can be observed within band 3, which may
originate from vibrational progressions. The sequential nature
of the photoreaction sequence (band 1 — band 2 — band 3) is
nicely observed by the occurrence of isosbestic points at 393 nm
(Fig. 2a, b, S1a and bt), 368 nm (Fig. 2¢c) for Me-BD-Me in THF
and CHCl;, and at 388 nm (Fig. S1d and etf) and 356 nm
(Fig. S1ft) for Me-BD-Me in CH;CN.

We performed a target analysis of the transient UV/VIS
absorption spectra to confirm the sequential process of reac-
tive steps, obtain time constants, and assign the associated
species. Singular-value decomposition indicated the presence
of four linearly independent components (species I, II, III, IV)
above the experimental noise level, and three time constants
[t1(I — II), 7(II — III), 75(II — IV)] describing their temporal
evolution. The target analysis, therefore, employed the
assumption of a sequential kinetic model consisting of three
steps (I — II — III — IV) with any possible decay of species IV
occurring beyond the maximum time delay and, thus, not
observable. The set of species-associated spectra (SAS) obtained
and corresponding fitted time constants of this analysis, as well
as others further discussed below, are shown in Fig. 3a and
summarized in Table 1. The quality of the fit is shown in
Fig. S4t1 with time traces at selected probe wavelengths, while
the target analysis fitted concentration evolution of each tran-
sient species of Me-BD-Me and perylene in CHCI; are displayed
in Fig. S5.1

As shown in Fig. 3a, d and e (red and orange curves), the
target analysis successfully isolated the bi-exponential decay (I
— II—) of band 1 observed in the transient absorption spectra
(Fig. 2). Such a bi-exponential decay of an ESA band can be
explained by a typical non-radiative decay of the excited state via
a pronounced potential energy barrier,” ie., the initially
populated excited state (species I) relaxes [t4(I — II)] within the
S; potential energy surface until it reaches a local minimum
(species II). Then, the trapped wave packet must overcome an
energy barrier [1,(II — III)] to reach a conical intersection (CI)
associated with further photochemical conversion.

Regarding process I — II, we firstly exclude two potential
assignments that might in principle show up on a several

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Species-associated spectra (SAS) obtained from target analysis
of transient UV/VIS spectra. Data are shown for Me-BD-Me in (a) THF,
(b) @ 50/50 mixture of THF and 1,4-dioxane, (c) 1,4-dioxane, (d) CHCls,
and (e) CH3zCN. The sequential model (I — Il — Il = IV) was applied
for the target analysis to estimate the SAS and corresponding time
constants which are listed in Table 1. See text for detailed assignments.
The scale bar in each subplot corresponds to an absorbance change of
5 mOD.

picoseconds time scale in the early stages of excited-state
evolution following optical excitation: (1) vibrational relaxa-
tion in the excited state, i.e., the wave packet escaping from the
initially populated Franck-Condon area, can be excluded as we
observed neither red-shift nor spectral narrowing during the I
— 1II process; (2) we also exclude ultrafast solvation, because
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solvation is usually highly dependent on solvent polarity
whereas, in our case, the fitted time constants of I — II show no
significant change upon varying the solvent, from high-polarity
acetonitrile (¢ = 35.95) to low-polarity 1,4-dioxane (¢ = 2.21).
Next, the DFT/TD-DFT calculations indicate that both the
ground (S,) and excited state (S;) of Me-BD-Me have two
conformers with comparable energies: the “open” conforma-
tion in which the two -C=C-C=C- units are relatively far from
each other and the “closed” conformation in which the two
-C=C-C=C- units are close to each other (see Fig. S61). The
“open” conformation was shown to be the structure of ground-
state Me-BD-Me in the solid state by single-crystal X-ray
diffraction,® and our DFT calculations on Me-BD-Me also
indicate a preference for the open conformation with AG(Open)
— AG(Closed) = —3.3 k] mol " in favor of the open conformer.
However, it is logical to assume that the “closed” conformation
leads to an increased HDDA reaction probability between the
two —-C=C-C=C- units in the excited state because the two
units have to approach each other for the reaction to occur.
Thus, we tentatively attribute the process I — 1II to the excited-
state isomerization of Me-BD-Me from “open” to “closed”
conformation or other structural alteration for assisting the
subsequent HDDA reaction, although this particular assign-
ment cannot be proved unambiguously with the available data.
As the electronic absorption spectrum is normally insensitive to
such structural conformational changes, the SAS of species I
and II are similar to one another and differ only by their asso-
ciated time scales. These time constants of several picoseconds
are consistent with the typical time scales of intramolecular
excited-state isomerization.®**®* We note that the TD-DFT
calculations are not accurate enough (at a ~0.3 eV confidence
level) to predict the small differences between the transient
absorption spectra of species I and II. The isomerization
process includes no drastic changes in geometry and the elec-
tronic states should be able to follow the geometry adiabatically.
Larger differences in the spectrum might be expected if the
geometry change during the isomerization gave rise to new
electronic couplings. This does not seem to be the case,

Table 1 Time constants (with 2¢ error limits) obtained by target analysis with a sequential kinetic model of Me-BD-Me in various solvents and

with co-reactants

BD? in THF” BD? in THF?/D° BD? in D¢ BD in CH;CN
(I — I)/ps 3.17 + 0.28 2.77 £+ 0.31 2.62 + 0.24 3.03 £ 0.32
1,(I — TI)/ps 48.5 4+ 5.0 50.5 + 4.7 51.3 £ 4.5 63.2 + 5.9
(Il — IV)/ns 4.03 £ 0.78 4.15 + 0.76 4.64 + 0.82 2.47 £ 0.30
BD in CHCl, BD? + PY in CHCl, P? in CHCI,
7,(I — I0)/ps 5.27 + 0.45 6.58 + 0.59 1.92 4+ 0.15
1,(I — II)/ps 70.2 £ 5.8 741 +7.8 24.8 + 2.6
5(IlT — IV)/ns 7.47 +£1.21 6.45 & 1.10 5.46 + 1.09°

“ BD: bis-diyne, i.e., Me-BD-Me. ” THF: tetrahydrofuran. ¢ D: 1,4-dioxane. ¢ P: perylene. ¢ The transient absorption spectra of perylene were fitted
with a three-step model (I — II — III—), wherein the third time constant indicates the decay of species III, i.e. 75 (III—), instead of 73 (III —

IV). See Fig. S5 for details.

This journal is © The Royal Society of Chemistry 2020
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however, according to the experimental evidence and the
calculations.

The process II — III produces pronounced absorption bands
centered at 370 nm with formation time constants of 48.5 ps (in
THF), 70.2 ps (in CHCl;) and 63.2 ps (in CH;CN), respectively,
visible in the green curves in Fig. 3a, d and e. Species III then
slowly converts [t3(IIl — IV) = 3-5 ns] to species IV, visible as
a new band with a vibrational progression at shorter wave-
lengths (left peak(s) in blue curves of Fig. 3). While we assign
species I and II to be the initially populated S; state in the
“open” form and its relaxed “closed” conformer, respectively,
the assignment of species III and IV requires more consider-
ation. As we mentioned above, the vertical excitation energy of
o-benzyne (Me-BZ-Me) is 3.33 eV (S; — S;), which is consistent
with the experimentally observed energy of band 2 (3.35 eV).
However, such consistency alone is not sufficient to assign band
2 to the benzyne species. Considering the fact that an experi-
mental electronic spectrum of benzyne species in solution has
not been reported previously, direct comparison with other
experimental data is difficult. Therefore, we turned to an indi-
rect procedure by performing a series of intra and intermolec-
ular trapping experiments on benzyne that, together with the
consistent DFT description, makes the assignment possible,
which is discussed in the following sections.

If we assume the observed sequence (I — II — III — IV) to
be the hv-HDDA reaction, species III, with a strong absorption
band (band 2) at ~370 nm, might belong to the o-benzyne
derivative (denoted as Me-BZ-Me) generated. Then, species IV
(band 3) can be assigned to secondary products of reactions of
the o-benzyne with abundant possibilities, highly depending on
the chemical environments. In order to identify the photo-
products, and assign the transient absorption features, we
carried out different time-resolved intermolecular trapping
experiments as described in the following paragraphs. The
strategies were designed to confirm the existence of the tran-
sient o-benzyne spectrum in our transient absorption observa-
tions. Our objective is the assignment of the slowly rising band
3 observed in transient absorption spectra (see Fig. 2c, S1c and
) of Me-BD-Me in THF, CHCl;, and CH;CN, ie., species IV
from the target analysis (see Fig. 3).

Double-hydrogen transfer

As a first possibility, we consider the scenario that double-
hydrogen transfer from an alkane solvent generates the
benzene species Me-H,BZ-Me (Fig. 1, path 1). This is plausible
because THF was reported to be a relatively good 2H donor (with
ayield of ~60%) for reaction with o-benzyne.'” Thus, we carried
out transient absorption measurements on Me-BD-Me in 1,4-
dioxane and a THF/1,4-dioxane mixture because the 2H transfer
yield is almost zero in 1,4-dioxane."

The results of transient absorption measurements on Me-
BD-Me are shown for a 3.8 ns delay in Fig. 4a for THF (red), a 50/
50 mixture of THF and 1,4-dioxane (pink), and pure 1,4-dioxane
solvent (light pink), and the results of the corresponding target
analysis are displayed in Fig. 3b for the 50/50 mixture, and in
Fig. 3c for pure 1,4-dioxane. It is clear that band 3 builds

9202 | Chem. Sci,, 2020, 11, 9198-9208
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Fig. 4 Comparison between transient absorption spectra of Me-BD-
Me and spectra of chemically isolated trapping products. (a and c)
Transient absorption spectra in the 320-500 nm region at 300 ps (gray
filled) and 3800 ps (colored solid lines) delay of Me-BD-Me in THF,
THF/1,4-dioxane, 1,4-dioxane (a) and CHCls (c). (b and d) Static
absorption spectra of chemically isolated Me-H,BZ-Me (navy line) and
of two self-trapping species (orange and green lines) in THF (b) and
CHCls (d). Several dashed lines are used for assisting the comparison.
See Fig. 1 for structural formulae, and text for details.

substantially even in 1,4-dioxane, although it is weaker than in
THF. Thus, it can be tentatively excluded that band 3 is domi-
nated by the Me-H,BZ-Me species. In order to provide more
direct evidence, chemical synthesis and purification of Me-
H,BZ-Me was conducted together with comprehensive struc-
tural characterization (ESI Note 2}). The measured absorption
spectrum of Me-H,BZ-Me (Fig. 4b, navy line) is located mostly at
wavelengths shorter than 320 nm, ie., outside the probe
window of our transient absorption measurements. Therefore,
although the double-hydrogen transfer is well-known as an
important secondary reaction following benzyne formation in
solution, any Me-H,BZ-Me contribution to band 3 must be very
small even if the species is formed. The Me-H,BZ-Me species
can be safely excluded as a potential assignment of the slowly
formed band 3 following band 2 at 370 nm.

Intermolecular self-trapping by bis-diyne

With Me-H,BZ-Me excluded to be responsible for transient
absorption band 3, we performed chemical separation of
a thermal reaction of Me-BD-Me. Two dominating and stable

This journal is © The Royal Society of Chemistry 2020
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products were separated using flash chromatography. The
structural characterization confirmed a product with a dimeric
structure, ie., a naphthalene derivative,”** denoted Self-
trapping-1 with its structure illustrated in Fig. 1 (path 2,
green). In addition, an indane product (Self-trapping-2, Fig. 1,
path 3, orange) and a fragment (Fig. 1, path 3 gray) were also
isolated and identified.®* Although the isolated products arose
from a thermal reaction, it has been reported that the HDDA
products arising from both the thermally and photochemically
generated o-benzyne intermediate are the same.* Thus, it was
assumed that the electronic state of the o-benzyne intermediate
is the same in both cases. Fig. 4b and d show the absorption
spectra in THF and CHCl;, respectively, of the two products Self-
trapping-1 (orange) and Self-trapping-2 (green). It can be seen
that these spectra match the transient spectral features of band
3 for both THF and CHCl; (vertical dashed lines in Fig. 4). This
correspondence indicates that HDDA-generated o-benzyne is
probably self-trapped by an extra aryl butadiyne moiety of Me-
BD-Me (for a plausible reaction mechanism see ref. 94). With
the most plausible assignment of band 3 thus in place, band 2
at ~370 nm can be concluded to be the o-benzyne species.

In addition to the direct interpretation of the transient
spectra in Fig. 4, we compare the steady-state absorption spectra
of the isolated products with the SAS from target analysis in
Fig. S10.7 It can be seen that the SAS of species IV in THF and
CHCI; are consistent with spectra of the isolated products, i.e.,
Self-trapping-1 (at ~335 nm) and Self-trapping-2 (at ~354 nm
and ~368 nm). The trapping experiment thus provides evidence
that the observed band 3 can be tentatively attributed to the self-
trapping product of o-benzyne with Me-BD-Me itself, and that,
in turn, band 2 probably belongs to the prior o-benzyne inter-
mediate from which the self-trapping species emerges.

Intermolecular trapping by perylene

An alternative strategy for trapping o-benzyne is its reaction with
species containing -C=C- bonds such as in a m-conjugated
system reported recently (without time resolution).'>'**%#7:8 We
also made use of this reaction, but again employing femtosecond
time-resolved techniques. The trapping product is expected to
absorb in the >400 nm wavelength region where the transient
absorption of the reactant bis-diynes is sufficiently weak to allow
the largely unhindered observation of the trapping products.
Among the reported options, perylene, with its absorption in the
400-450 nm region," is ideal for our application. In such cases,
we have to consider that the intermolecular trapping process
occurs as a bimolecular reaction with diffusion-controlled
kinetics.””*® To promote the diffusion and enable us to
observe the trapping product within our maximum delay range,
we employed low-viscosity CHCl; as a solvent for the perylene
trapping experiments. Meanwhile, according to our target anal-
ysis, Me-BD-Me shows the slowest self-trapping reaction in CHCl;
compared with reactions in THF and CH;CN (see Table 1). Thus,
utilizing CHCl; minimizes the interference of the self-trapping
reaction in the delay range employed. Although perylene can
also be excited directly at our pump wavelength (295 nm), the
remaining ground-state concentration should be sufficient for
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trapping o-benzyne, as the molar extinction coefficient of per-
ylene at 295 nm is small (Fig. S117).

We carried out transient absorption measurements on Me-
BD-Me and on Me-BD-Me/perylene (1: 5 concentration ratio),
referred to as “trapping mixture”, both in CHCI; solvent under
otherwise similar conditions as described in the sections above.
Again, we performed a target analysis using a sequential model
on the temporal-spectral maps measured, and the resulting SAS
are displayed in Fig. 5a (trapping mixture) and Fig. 5b (pure Me-
BD-Me). For comparison, we also measured the transient
absorption spectra of pure perylene in CHCl; under identical
concentration and excitation conditions, such as excitation
wavelength and power, which produced the transient absorp-
tion spectra shown in Fig. S12a and b,T and the target analysis
results shown in Fig. 5, S12c and d.f

The transient spectra of Me-BD-Me in CHCI; display features
similar to the ones in THF or 1,4-dioxane, while UV-excited per-
ylene contributes multi-peak structures originating from ground-
state bleach and stimulated emission in the 380-520 nm wave-
length range (Fig. S121) which persist until the maximum delay

(a) Me-BD-Me + Perylene

Species |

(b) Me-BD-Me

——Species |

—— Species Il

—— Species |V

—— Species Il

550 320 350 400 450 500 550

320 350 400 450 500

(c) Perylene (d)

Trapping product
—— Reconstructed («=0.1 $=0.1)

320 350 400 450 500 550 320 350 400 450 500 550

(e) Reconstructed spectra (f) Reconstructed spectra

4=0.1p=0.1 0=0.1$=0.1
0=0.2 p=0.1 0=0.1p=0.2
«=0.3 p=0.1 «=0.1p=0.3

320 350 400 450 500
Wavelength (nm)

550 320 350 400 450 500 550
Wavelength (nm)

Fig. 5 Reconstruction of o-benzyne trapping with perylene in CHCls
solvent using SAS. (a) SAS from target analysis of transient absorption
of Me-BD-Me/perylene mixture [Su(N,A)], wherein N stands for the
numbering of species from the target analysis. (b) SAS of pure Me-BD-
Me [Sg(N.A)]. (c) SAS of pure perylene [Sp(N,A)]. (d) Reconstructed
spectrum of trapping product [St(2), pink line] calculated by St(1) =
Sm(4,2) — aSp(3,4) — 8Sg(3,4), and steady-state absorption spectrum of
chemically isolated trapping product (gray filled). (e and f) Recon-
structed spectra of trapping products using different weighting
parameters « (e) and g (f). The scale bars correspond to an absorbance
change of 5 mOD.
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Table 2 Possible species and their representative SAS and transient absorption spectra in the trapping mixture of Me-BD-Me and pure perylene

in CHClz upon UV photolysis

Species Representative SAS Transient spectra
Mixture Mixture SAS4, Sy(4,4) Mixture, Ap(4,t)
Perylene Perylene SAS3, Sp(3,1) Perylene, Ap(A,t)
o0-Benzyne Me-BD-Me SAS3, Sg(3,4) Me-BD-Me, Ag(4,t)
Trapping product Reconstructed, St(A) Reconstructed, Ap(A,t)

Of minor importance

Self-trapping products

time (3.8 ns). Such a structural signature also appears in the
transient absorption spectra of the trapping mixture (Fig. S137),
i.e., they are superimposed on the weak signals of the expected
trapping products. Upon UV photolysis, both bis-diyne (Me-BD-
Me) and perylene can be excited to their respective S; states.
Hence, as listed in Table 2, several components might contribute
to the transient absorption of the trapping mixture after several
nanoseconds of electronic deactivation and reaction: the excited
state of perylene, hr-HDDA-generated o-benzyne, o-benzyne-
perylene trapping product, and self-trapping products which
are, however, expected to be of minor importance. In order to
extract the desired trapping signal from the mixture of all
possible contributions, we employed two spectral reconstruction
strategies to remove the perylene and o-benzyne contributions as
explained further below. As the most reliable reference, we iso-
lated the o-benzyne-perylene trapping product (ESI Note 31) and
measured its absorption spectrum (see Fig. 5d). Although quan-
titative dynamics of bimolecular reactions in solution have been
extensively reported for other species, the precondition for these
studies is that only one of the reactants can be excited by the
pump pulses.’® % Thus, we limit our analysis to a qualitative
discussion due to the existence of both excited bis-diynes and
excited perylene.

Target analysis with a sequential model (I — II — III — IV)
successfully reproduced the transient absorption spectra of bis-
diynes and their corresponding mixture with perylene in CHCl;,
as can be inferred by the quality of the fit (Fig. S16t). For the first
strategy, we removed the contribution of unreacted o-benzyne
and perylene from the SAS of the trapping mixture and, thus,
“manually” reconstructed the “spectral signature” of the trap-
ping product. As summarized in Table 2, the SAS4 of the
mixture [Sy(4,4)] arises from unreacted perylene [corresponds
to SAS3 of perylene, Sp(3,4)], unreacted o-benzyne [SAS3 of Me-
BD-Me, Sg(3,4)], trapping product [Sr(4)], and ignorable self-
trapping products. With proper proportionality constants, the
spectrum of the trapping product can thus be expressed as Sy(A)
= Sm(4,1) — aSp(3,A) — PBSs(3,A). Considering the highly
complicated nature of the system, accurate estimation of factors
a and @ is challenging. In the first step, the factor « = 0.1 was
fitted as it minimizes the spectral modulation in the range of
380-520 nm. The factor 8 = 0.1 was subsequently used to reach
a convincing spectral shape without an unreasonable negative
signal. The resulting reconstructed spectrum of the trapping
product from transient absorption (Fig. 5d, black) is consistent
with the spectrum of the chemically isolated product (gray).
Nevertheless, an additional band can be observed in the longer

9204 | Chem. Sci, 2020, 1, 9198-9208

wavelength regime (460-510 nm), which cannot be attributed to
the simple 1 : 1 trapping product, but might belong to a double
(2:1) adduct structure with extended conjugation.” Mean-
while, although values of the factors « and 8 are determined
with some uncertainty, we found that alternations of « (Fig. 5e¢)
or @ (Fig. 5f) do not substantially change the shape of recon-
structed spectra. Therefore, we assign the reconstructed spec-
tral feature to the expected trapping product.

(a) (b)

Me-BD-Me + Perylene
300 ps

——20ns

\ ——38ns

320 350 400 450 500 550 320 350 400 450 500 550

(c) (d)
~ [ Trapping product

4 Reconstructed 300 ps

Reconstructed 2.0 ns

—— Reconstructed 3.8 ns

1 1 L 1
550 320 350 400 450 500 550

Perylene

300 ps
——2.0ns
——38ns

1 L 1 1
320 350 400 450 500

(e)

Reconstructed 3.8 ns
4=0.5 p=0.6
«=0.7 p=0.6

a=0.9 =0.6

®

Reconstructed 3.8 ns
0=0.7 $=0.5
«=0.7 $=0.6
«=0.7 p=0.7

320 350 400 450 500
Wavelength (nm)

550320 350 400 450 500 550
Wavelength (nm)

Fig. 6 Reconstruction of o-benzyne trapping with perylene in CHCls
solvent by using transient absorption spectra at selected delay times
(300 ps, 2.0 ns and 3.8 ns). (a) Time-resolved transient absorption
spectra of Me-BD-Me/perylene mixture [An(At)]. (b) Time-resolved
transient absorption spectra of Me-BD-Me [Ag(A.t)]. (c) Time-resolved
transient absorption spectra of perylene [Ap(A,t)]. (d) Reconstructed
transient absorption spectra of the trapping product [At(A.t), colored
lines] calculated by At(At) = Auw(At) — aAp(At) — BAg(AL), and the
absorption spectrum of the chemically isolated trapping product (gray
filled). (e and f) Reconstructed transient spectra of trapping products at
3.8 ns delay time by using different weighted parameters « (e) and g (f).
The scale bars correspond to an absorbance change of 5 mOD.
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In addition, as a second method to obtain the trapping
product signature, we removed the contribution of pure per-
ylene from the transient spectra of the trapping mixture and,
thus, “manually” reconstructed the time-resolved spectra of the
trapping product during its formation. This was done by sub-
tracting the transient absorption spectra of pure perylene
[Ap(2,t), Fig. 6¢c] and bis-diyne [Ag(A,t), Fig. 6b], with suitable
proportionality constants, from the spectra of the trapping
mixture [Am(A,t), Fig. 6a] at selected delay times, Ap(4,t) =
An(At) — aAp(A,t) — BAg(A,t), to obtain the spectral contribution
of the trapping product [Ar(2,t)].

Again, the factor « was optimized to « = 0.6, so that the
modulation of perylene in the reconstructed spectra can be
minimized in the 380-520 nm regime. Meanwhile, as illustrated
in Fig. 6d (gray filled) the trapping products have no absorption
in the spectral region >550 nm, Ze., Ar(A,t) = 0, and the factor
for the o-benzyne contribution was optimized to § = 0.6 so as to
make the reconstructed spectra [Ay(A,f) — adp(A,t) — BAg(4,t)] as
close as possible to the spectral baseline (A4 = 0). The recon-
structed spectra at selected delay times are shown in Fig. 6d
(colored lines) in comparison with the isolated spectrum (gray).
One can clearly see the rise of a positive band at 400-510 nm
from 0.3 ns to 3.8 ns time delay, which is very similar in spectral
range and shape to the reconstructed SAS (see Fig. 5d, black
line) obtained from target analysis. Analogously to the discus-
sion above, the precise values of the factors « (Fig. 6e) or
B (Fig. 6f) do not affect significantly the spectral feature of
reconstructed spectra at 3.8 ns delay time. This provides further
evidence that indeed the trapping product of HDDA-generated
o-benzyne with perylene was observed in our experiments.

Considering both trapping experiments together, we have
successfully observed and confirmed the existence of trapping
products of o-benzyne intermediates. By backtracking the
reaction sequence, we believe that the most plausible assign-
ment for the strong transient absorption band centered at
372 nm is the Av-HDDA reaction-produced o-benzyne interme-
diate, which arises from excited-state bis-diyne (Me-BD-Me,
400-450 nm) with a time constant of ~50 ps, and decays on

S, BD
FC \
S, BD
relaxed
hv-HDDA
hv B
___i' "'i(_:g_nical
A\, intersection
A Thermal HDDA Trapping
_________ reactions
Diradical \»
7 Sy benzyne Trapping
products

Fig. 7 Schematic illustration of the mechanism of the photochemical
(hv) and thermal HDDA reactions. The hy-HDDA mechanism (blue
path) is revealed by the present work, while the thermal HDDA
mechanism was reported by Wang et al?® and included here for
comparison.
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a nanosecond time scale via self-trapping by an additional bis-
diyne or by perylene trapping.

Lastly, the thermal-HDDA reaction was reported to occur via
a stepwise(-like) mechanism with a diradical intermediate,*®
which is a reaction from the electronic ground state in contrast
to the photoreaction we describe in the present manuscript (see
a comparative illustration of reaction pathways in Fig. 7). The
hv-HDDA reaction relies on the UV excitation to populate the S,
state directly, from which the wave packet might decay via a S,/
So conical intersection leading to a highly efficient reaction.

Conclusions

In this work, the UV-induced photochemistry of the bis-diyne
compound Me-BD-Me, where Me is -CH; and BD is —4-CgH,-
(C=C),~(CH,);~(C=C),-4-C¢H,—, was measured by femto-
second transient absorption spectroscopy in the UV/VIS region
and in a 100 fs to 3.8 ns time range. We deduced multi-
sequential kinetics for which, in the first step, the UV-populated
first excited singlet state of Me-BD-Me isomerizes from an
“open” to a “closed” conformation [t;(I — II) = 2-5 ps]. The
following processes are the formation [1,(II — III) = 50-70 ps]
of an intermediate and its slow decay [t3(III — IV) > 3 ns]. By
employing intermolecular trapping strategies via trapping
reactions with a second Me-BD-Me molecule, as well as reaction
with perylene, we assigned the process II — III, observed
experimentally, to be the formation of the o-benzyne interme-
diate in the hv-HDDA reaction. Use of the trapping strategies
allowed us to circumvent the general insensitivity of UV/VIS
transient absorption spectroscopy to chemical structure. The
HDDA-generated o-benzyne species from Me-BD-Me displayed
an absorption at ~372 nm. To the best of our knowledge, this is
the first report which spectroscopically confirms the existence
of an o-benzyne species in solution as a product of the ~v-HDDA
reaction. The HDDA-generated o-benzyne has seen rapidly
increased general interest and application in organic syntheses
during the last eight years.® A wide variety of substrates have
been investigated for reaction with HDDA-generated o-ben-
zynes. They range from small molecules such as furan'® to
highly complex natural products.*

Experimental section
Sample preparation

Me-BD-Me was synthesized according to the literature.”* The
general information on chemical synthesis and isolation is
summarized in ESI Note 1. In all transient absorption spec-
troscopic  experiments, samples dissolved in
spectroscopic-grade solvents (Sigma-Aldrich) as received. The
static absorption spectra for sample preparation were measured
with a JASCO V-670 UV/VIS spectrometer.

were

Spectroscopic measurements

The details of the ultrafast transient absorption setup have been
described elsewhere.'*®'* Briefly, a commercial 1 kHz Ti:sap-
phire laser system (Solstice, Spectra-Physics) delivered 120 fs
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pulses centered at 800 nm. The ~100 fs excitation pulses (A,ump
= 295 nm) were derived from the second-harmonic output of
a commercial nonlinear optical parametric amplifier (TOPAS
White, Light Conversion). Approximately 0.5-1.0 pJ pulse
energy was measured at the sample position. The broadband
UV/VIS probe pulses were generated by focusing a small portion
of the Ti:sapphire laser fundamental into a linearly moving
CaF, window, resulting in a white-light spectrum between
320 nm and 670 nm. Pump and probe beams were spatially
overlapped in a flow cuvette with a sample thickness of 200 um
which, at the chosen sample concentration, led to an optical
density of 0.5 at 295 nm. The polarizations of the pump and
probe beams were set to the magic angle of 54.7°. A cross
correlation of ~120 fs between pump and probe pulses was
achieved. The pump-probe delay time was varied up to 3.8 ns by
delaying the probe beam with a mechanical translation stage
(M-IMS600, Newport). Every second pump pulse was blocked by
a chopper driven at 500 Hz. After passing the sample, the probe
pulses were dispersed in a spectrometer (Acton SP2500i,
Princeton Instruments) and detected shot-to-shot by a CCD
camera (Pixis 2K, Princeton Instruments). During the transient
absorption measurements, the sample solution was circulated
through a 0.1 mm thick flow-cell (48/UTWA2/Q/0.1, Starna
GmbH) by using a micro-gear pump (mzr-4605, HNP Mikro-
systeme). We conducted a control experiment to verify the
reliability of our transient absorption measurements when
dealing with irreversible photochemical reactions (Fig. S177).
We measured the transient absorption spectra at 350 ps (orange
line) and then repeated the measurement (blue line) after
constant illumination, for 1 h, with the 295 nm pump beam
and, as can be seen in Fig. S17,7 we observed no significant
alteration of the transient absorption spectra, i.e., any irre-
versible photodegradation of the sample does not create any
uncertainty in the transient spectra. The transient data were
evaluated via target analysis*'® with the software package Glo-
taran based on the R-package TIMP.'"

Theoretical calculations

All TD-DFT calculations were executed with the Gaussian 09
program package,"” wusing the CAM-B3LYP functional
combined with the def2-TZVP basis set. Oscillator strengths
among excited states were calculated using the wavefunction
analyzer program Multiwfn.'** Dispersion effects were incor-
porated by the use of Grimme's dispersion correction with
Becke-Johnson damping'* and solvation was treated with the
polarizable continuum model."*
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