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Mechanism of the Cyclopropenone Decarbonylation Reaction. A Density Functional Theory
and Transient Spectroscopy Study
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The density functional theory analysis predicts that the thermal decarbonylation of cyclopropenones proceeds
by the sequential and regioselective cleavage of both single bonds in a three-membered ring. The initial
ring-opening process results in the formation of a reactive zwitterionic intermegliathich is separated

from the free alkyne and carbon monoxide by a very low energy barrier. Femtoseconé prohp transient
absorption spectroscopy experiments showed that light-induced decarbonylation is also a stepwise process
but apparently proceeds on the excited-state surface. The lifetime of the intermediate in the photodecarbonylation
reaction is very short and is dependent on substitution and solvent polarity. Thysamisyl-substituted
species decays with= 0.6 ps, bisei-naphthyl-substituted intermediate has a lifetime ef 11 ps, while the
bis(2-methoxy-1-naphthyl)-substituted analogue survives for 83 ps in chloroform and for 168 ps in argon-
saturated methanol. The loss of carbon monoxide from these intermediates results in the formation of
corresponding acetylenes in an electronically ground state. The addition of triplet quenchers does not affect
the dynamics or outcome of the reaction.

Introduction SCHEME 1

Since its first preparation in 195%;yclopropenones received o hvor A Q %?
considerable attention due to their description as possible 1 vor e R /C! — R_]
aromatic compoundsThe discovery of the cyclopropenone- R2 3 g €O _ Y @ “m
containing natural antibiotic penitricchas well as cyclopro- aR=Ph R,‘i H
penone-based protease inhibitbrenewed interest in this class  1r=pnhr =H 5 Re R'= “,OMe bR=R = Ph
of cyclic ketones. The three-membered ring of cyclopropenones2R=R'=Ph T O ¢ R=R'= p-MeOCqH,
is constructed of formally Sghybridized carbon atoms butis, 3 h E.;ﬁ:ﬁ:&fﬁ;‘ n ;;g_ﬂ:gﬁh_ﬁaphthyl

nevertheless, characterized by high thermal staBifity.he
chemical reactivity of cyclopropenones is dominated by two monoxide from bisketenes was also proposed to generate
processes:the nucleophilic ring opening, which results in the  intermediate, which then undergoes ring closure to form a
formation of acrylic acid derivativésand the loss of carbon  cyclopropenoné?
monoxide under high-temperature pyrolysis or in the presence While the thermodynamics of the photodecarbonylation
of various catalyst&>” reaction was studied in detafl .the data on the dynamics of

UV irradiation of cyclopropenones also results in a de- this process remains controversial. A relatively long-livees(
carbonylation reaction and the formation of corresponding 40 ns) transient has been observed in the nanosecond laser flash
acetylene®® (Scheme 1). This reaction often produces quantita- photolysis of cyclopropenong® On the other hand, picosecond
tive yields of alkynes and is characterized by a high quantum experiments on diphenylcyclopropenor guggested that the
efficiency (@ = 0.2—1.0)589 photodissociation is complete within the time resolution of an

Despite the widespread investigations of cyclopropenones, instrument (ca. 20 ps) and produces tolane in thestate!2
little is known about the mechanism of the decarbonylation The latter results were recently confirmed by the femtosecond
reaction. In fact, very few examples of direct mechanistic studies TUV absorption spectroscopy studies 2f Upon 267-nm
of [2 + 1] retrocycloaddition reactions have been reported. The excitation of the substrate, complex kinetics, including at least
density functional theory (DFT) study of the hypothetical reverse four processes, was observed in the picosecond time ddrhain.
process, the addition of carbon monoxide to a series of The last transient was identified as an excited state of tolane,
acetylenes (HECR, where R=H, F, OH, NH,, CHs, and Ph), while the first very short lived transient was assigned to the S
suggested that the cycloaddition proceeds by the sequentialstate of2 based on ground-state vibrational calculations. In
formation of G—C bonds’ Interestingly, the acyclic intermediate ~ contrast to these observations, some authors suggested that
in this stepwise cycloaddition reaction was predicted to have photodecarbonylation of cyclopropenones is a ground-state
an E arrangement of substituents. Its electronic structure can reaction of “hot” molecules rather than an excited-state protess.
be described as a resonance hybrid of a ketenylcarbene and dhis hypothesis was based on the fact that cyclopropenone
zwitterionic structure § Scheme 1). The loss of carbon Vertical excitation energies calculated using time-dependent (TD)

DFT and CIS methods were found to be much higher than the

*To whom correspondence should be addressed. E-mail: vpopik@ activation barrier for the decarbonylation step. Such a ground-

bgnet.bgsu.edu. state reaction, obviously, cannot produce triplet acetylene.
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Figure 1. Contour plots of potential energy surfaces for the extrusion of carbon monoxide from parent cyclopropenone (A) and phenylcyclopropenone
(B) calculated at B3LYP/6-3tG(d,p) level of theory. Numbers shown on the isoergic lines represent the relative energy in kcal/mol.

In this work we report a quantum-mechanical and time- Fock (HF) method and 6-31G(d,p) set. The 3-D relaxed
resolved spectroscopic study of the decarbonylation reaction of potential-energy surface (PES) scans for the decarbonylation
diaryl-substituted cyclopropenones. Bisxnisylcyclopropenone  of phenylcyclopropenondy), as well as parent cyclopropenone,
(3) and two naphthyl-substituted cyclopropenones, bis(1-naph- were conducted at the B3LYP/6-3G(d,p) level of theory in
thyl)cyclopropenone4) and bis(2-methoxy-1-naphthyl)cyclo-  terms of G—C2 and G—C3 distances (Scheme 1). The bottom-
propenonef), were selected as the substrates for transient UV  left corner of the contour plots corresponds to the energy of
Vis (TUV) and IR (TIR) experiments in order to satisfy the the starting cyclopropenone. Elongation of both-C? and G—
requirements of the femtosecond transient absorbance specC? bonds eventually leads to the release of carbon monoxide
trometers used in this studyQuantum mechanical calculations and the formation of an alkyne (upper-right corner).
were performed on phenyld) and diphenylcyclopropenones The PES plot for the decarbonylation of parent cyclopro-
(2) as well as bis-(4-hydroxyphenyl)cyclopropen@eviethoxy penone (Figure 1A) shows that the loss of carbon monoxide is
groups in 3" were replaced with OH groups to simplify a stepwise process. Synchronous cleavage of bbttC€and
calculations. In our opinion, this modification should not C!—C2bonds is unlikely since the simultaneous increase in both
significantly disturb the relative energies of the species involved carbon-carbon distances results in a steep rise in energy. The
in the transformations B. Some calculations (at a lower level valley on the PES follows the elongation of one of the©
of theory) were also conducted for representative specids of bonds, while the other bond remains virtually unchanged. Only

and bis(2-hydroxy-1-naphthyl)cyclopropenori®) when the first single bond of the cyclopropenone ring is almost
broken (at ca. 2.2 A), the cleavage of the second bond begins.
Results and Discussion The relaxed PES scan presented in Figure 1A does not show

the formation of the intermediate; however, geometry optimiza-

Thermal Decomposition of Cyclopropenones 23, and5. tion of the structure, which corresponds to the position on PES

Despite their high photochemical reactivity, diarylcyclopro- with coordinates 1.45 and 2.30 A, allowed us to locate the
penones are very stable compounds in the dark. In the absencenergy minimum. This structure has &-@? distance of 2.23

of nucleophiles, these substrates show no signs of decompositiord, a C'—C3 of 1.36 A, and is a real intermediate as frequency
even after prolonged heating at 10@. Thermolysis of calculations found no imaginary frequencies. These results agree
cyclopropenoneg, 3, and5 was conducted by refluxing DMSO  well with the previously reported DFT/CCSD study of the
solutions (189°C) of these compounds for 24 h. High- carbonylation of acetylerfe.

performance liquid chromatography (HPLC) analyses conducted The landscape of PES for the decarbonylation of phenyl-
during decomposition o2 showed that only starting material  cyclopropenone 1, Figure 1B) also suggests the stepwise
and product were present in the reaction mixture during the mechanism of carbon monoxide extrusion. In the case of
course of the reaction and that no stable intermediates werecompoundl, single bonds in the cyclopropenone ring are not
observed. The corresponding acetylenes were the only isolatableequal and the initial cleavage of thé-GC2 bond located next
products in this reaction (73% f&; 82% for 3; and 87% for to the phenyl ring requires substantially less energy than the
5), while the rest of the reaction mixture represented poly- cleavage of the &-C3 bond. It is also interesting to note that
unsaturated polymeric material. The latter is apparently formed the PES scan shown in Figure 1B clearly indicates that a rupture
by thermal polymerization of acetylenes. In other words, the of the G—C2 bond results in the formation of an intermediate
thermal decomposition of cyclopropenones results in a clean 6a. The latter then undergoes a dissociation of the € bond
decarbonylation to acetylenes; however, it requires a relatively to form the final products, phenylacetylene and CO. The

high temperature. optimized geometries, as well as some representative structural
Theoretical Analysis of the Mechanism of the Thermal parameters of cyclopropenongsand 2, intermediate$a and

Decarbonylation Reaction.Geometries of the species involved 6b, and transition states for the cleavage of the first{C?,

in the decarbonylation of cyclopropenongs2, and3' were 1781, and 2™SY) and the second carbewtarbon bond (&-C3,

preoptimized at the B3LYP/6-31G(d,p) level and then re- 1752 and27S?) are shown in Figure 2. The electronic energies
optimized using the extended triple6-311+G(3df,2p) basis of these structures are presented on the potential energy profiles
set. Some structures were also optimized using the Hartree for the decarbonylation of and2 (Figure 3).
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Figure 2. The B3LYP/6-31#G(3df,2p) optimized geometries of cyclopropenofiesd?2, ketenylcarbene intermediatéa and6b, and transition
states for the cleavage of the first'@C? 1™! and 275 and the second (& C8, 1752 and 2™?) carbonr-carbon bond. The bond distances are
shown in angstroms, while bond angles and dihedral angles (highlighted in italics) are in degrees.
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Figure 3. Schematic potential energy profile for the decarbonylation of phenylcycloproperdgnéeighenylcyclopropenone2), and bisp-
hydroxyphenyl)cyclopropenon@'j. Electronic energies were calculated at the B3LYP/6-3G{3df,2p) level.

The phenyl substituents in substraieand? lie in the plane ate6 is closer to the zwitterionic form since the ESP calculations
of the cyclopropenone ring and both molecules are perfectly predict a substantial negative charge on atoh{-.67 in6a
planar. The cleavage of the-€C? bond, and the formation of  and —0.53 in 6b) and the length of the &-C3 bond is very
the intermediatés is accompanied by a substantial change in close to double bond values. In addition, it is known that in
the molecular geometry. The phenyl group &tr@oves from singlet arylcarbenes the aromatic ring is usually coplanar with
the Z arrangement with respect to the substituent atnCthe the carbené’ while in 6a and 6b the phenyl ring is almost
starting material to a transoid position in ketenylcarbef@s  orthogonal to that plane. This geometry can be explained by
and 6b (Figure 2). To verify theE geometry of6a, we have the conjugative stabilization of an unshared pair of electrons
optimized the geometry of & isomer of 6a, where thezZ on the sp orbital by the aromatic substituent at.Jo test the
configuration was frozen, and found it to be 9 kcal/mol higher potential diradical nature of intermediaéa, we conducted
in energy than thd=-6a at the B3LYP/6-3%+G(d,p) level of unrestricted UB3LYP/6-31G(d,p) calculations. For the singlet
theory. TheZ-6a structure, however, does not correspond to a multiplicity, we obtained a structure with the same geometry
minimum on the PES. When structural restrictions are removed, and same energy as in closed-shell calculations, as well as with
the geometry optimization collapses to the starting cyclo- zero spin. The triplet state of intermedi&a was found to be
propenonel. Geometry optimization of th& analogue of the 10 kcal/mol higher in energy. Triplé&a can be described as a
transition state structurd™?2 ultimately converges tdba triplet phenylcarbene with a ketenyl substituent. The SOMO of
Furthermore, analysis of structures that correspond to the pointsthis structure is @-orbital at € and the SOMO-1 is a orbital
along the reaction path, which is presented as a dotted line inon the same atom. There is also some delocalization of the spin
Figure 1B, shows thaf to E dislocation of a substituent a?C  density into an aromatic ring and ketene moiety. We were unable

proceeds in parallel with the elongation of thé~<C! bond. to locate the saddle point on the triplet PES, which would lead
This displacement is accompanied by the rotation of the aromaticto the decarbonylation and formation of the phenylacetylene.
substituent around the?€CA" bond. In the intermediatéb, Overall, DFT calculations suggest that the ground state of
the phenyl ring at €is almost orthogonal to the?cC3—C! intermediate6 is singlet and that it reacts via the singlet

plane. The other phenyl ring at@etains its coplanarity with manifold. The experimental observation that a triplet-sensitized

the carbonyl group throughout the decarbonylation process. photolysis of cyclopropenones produces the same product as
As was mentioned above, the structure of the intermediate the direct irradiatioh supports this suggestion.

can be described as a resonance hybrid of ketenylcarbene and Figure 3 summarizes the relative energies (starting cyclo-

zwitterion. We believe that the electronic structure of intermedi- propenoned, 2, or 3 were selected as the reference points in
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respective reactions) for the loss of carbon monoxide from _10°M

cyclopropenonesl, 2, and 3' calculated at the B3LYP/6- nlooTTT N ¢

311+G(3df,2p) level. o MeO A OMe
As can be seen in Figures 2 and 3, the loss of carbon : CL 0

monoxide from cyclopropenonek 2, and 3' proceeds via : O @

sequential cleavage of2€C! and G—C! bonds. The rate- 1' /

determining step in both cases is cleavage of the firdt-(@) : J/g(‘)’

carbon-carbon bond, which requires ca.-325 kcal/mol of

activation energy (Figure 3). This value agrees well with the OMe MeQ,

experimentally observed high thermal stability of cyclopro- (= ()

penones. The cleavage of the second3&C") bond and the a a

loss of CO has a very low barrier and should proceed very

rapidly. In fact, the PES betwediy and27S2 as well as between 0 : .

6c and 352, is virtually flat. It is interesting to note that the 250 300 350 400 450 500 550

barrier for the loss of CO from the intermedidie is predicted A/ nm

to be higher by correlative MP2 (2.7 kcal m&] MP2(full)/6- Figure 4. UV spectra of cyclopropenone (5,56 1075 M, solid line,

311+G(d,p)) and HF (12.7 kcal mot HF/6-31+G(d,p)) and 102 M, dotted line) and bis(2-methoxynaphth-1-yl) acetylene (5
methods than DFT. In addition, both DFT and HF calculations x 1075 M, dashed line) in methanol.
predict that ketenylcarbene intermediatsand 6b are real
species as they are characterized by the minima on the ] ] Wwwww Y
corresponding PESs and have no imaginary frequencies. The AW, P 40:01305‘;:;

Time /ns

AOD

& b A b Ao -

phenyl substitution at €has little or no effect on the relative
energies of transition state§S1 and TS2 but somewhat
destabilizes the intermediatb. Introduction of p-hydroxy
substituents into the structure of diphenylcyclopropenone results
in a weak stabilization of the initial cyclopropeno8ebut has

little effect on the relative stability of the intermedi&@e(Figure

3). The DFT-optimized geometries of species involved in the
decarbonylation o8 are very similar to those d (Figure 2). 4
Overall, the DFT calculations predict that decarbonylation of
cyclopropenones is a stepwise process involving ketenylcarbene,
zwitterionic intermediate6. The lifetime of these intermediates,

however, is expected to be too short to allow for the detection —t
or trapping in a thermal reaction. 1600 1800 2000 2200 2400 2600 2800 3000

1843 cm™

Moy

AOD

Laser Flash Photolysis StudiesThe irradiation of cyclo- v/cm”
propenones?, 3, 4, and 5 in various solvents results in a  Figure 5. TIR difference spectrum observed from 0 to 30 ns following
guantitative conversion into the corresponding acetylenes. In 355-nm laser photolysis of cyclopropenor® o CCla. Insert shows
previous picosecortd and femtosecord pump-probe laser kinetic traces observed at 1843 chstarting material, 5) and 2130
flash photolyses of diphenylcyclopropeno®, the formation €™ * (carbon monoxide).
of triplet diphenylacetylene (tolane) was detected. In our opinion, photochemically induced decomposition of diaryl-substituted

however, results of TUV experiments dh using 267-nM  ¢yciopropenones were studied by both TIR and TUV spec-
excitation should be treated with caution. The efficient decar- oscopies in the nanosecond and picosecond time domains.

bonylation reaction® ~ 1) is complete within a picosecond Nanosecond TIR spectroscopic stitipf bis(2-methoxy-
(vide infra) producing tolane, which has an extinction coefficient naphth-1-yl)-cyclopropenone5) was conducted in carbon
at 267 nm 3-4 times higher than that of starting materil tetrachloride solutions. The TIR difference spectrum obtained

The 267-nm excitation of tolane produces a very strong signal, from 0 to 30 ns after the 355-nm laser pulse is shown in Figure
which is often difficult to separate from primary transients. In g
fact, in our femtosecond flash photolysis of diphenylcyclopro-  The laser irradiation of the ca. 4 mM solution of bis(2-
penone 2), we observed the signal of the State of tolane  methoxynaphth-1-yl)-cyclopropenor {n carbon tetrachloride
(formed within the time resolution of the instrument) even at resyits in instantaneous (on the time scale of the instrument)
the highest attainable flow rates (ca. 100 cm)=f solution bleaching of the starting material. This can be observed as a
through a flow cell. An additional complication arises from the strong negative band at ca. 1843 dr(Figure 5). This bleaching
fact that transients produced on photolysi2aid triplet tolane s accompanied by the instant formation of a broad absorbance
have Amax below 400 nm. As a result one has to rely on pang at ca. 2130 cm, which corresponds to thex frequency
featureless tail absorption for the transient assignments. of carbon monoxidé¥ The intensity of both the negative and

In an attempt to shift the UV absorbance of the starting the positive bands in the difference spectrum remains constant
cyclopropenone and the intermediates involved in the decar-for the duration of the experiment (s, insert in Figure 5).
bonylation reaction to a longer wavelength, we have prepared This observation allowed us to conclude that the decarbonylation
three cyclopropenones hisanisylcyclopropenone3j, bis(1- of the cyclopropenonBis complete within 30 ns after the laser
naphthyl)cyclopropenonet), and bis(2-methoxy-1-naphthyl)-  pulse.
cyclopropenones). The changes in the UV spectrum associated  Femtosecond TUV pumpprobe photolysis of cyclopro-
with decarbonylation o are shown in Figure 4. The UV spectra  penones, 4, and5 allowed us to detect a very rapid formation
of cyclopropenones3 and 4, as well as of corresponding and then a somewhat slower decay of a short-lived intermediate.
acetylenes, were reported previoudhf.The dynamics of the  The rise of a transient spectrum, which is complete in ca. 400



Cyclopropenone Decarbonylation Reaction J. Phys. Chem. A, Vol. 110, No. 5, 2006753

0.14

) £
0.12+ 0.015 5
| 3 ©=0.624 £ 0.036 ps
0.10 4 8
£ 1 2
5 0.08
m ! 7 D Q0
© 0.06 < Tinfe/ps 8
O E
O 0.04
< |
0.02 4
| e ey e e 0.0004
0004 400 450 500 550 6/00 650 700 750 800 . r r .
: A /nm 400 500 600 700
T v T T T T T T T M T
0.4 0.8 1.2 1.6 2.0 2.4 ) ] A/nm o ]
time / ps Figure 7. Transient spectra recorded every 0.4 ps (solid lines) following

. ) ) . 267-nm excitation of cyclopropenon8)(in methanol. The spectrum
Figure 6. The formation of a transient spectrum induced by 90-fs epresented with a dashed line was recorded 10 ps after the pulse. Insert
pulsed photolysis of ca. 0.23 mM solution of 5 in Ar saturated methanol. shows a kinetic trace observed at 454 nm. Curve represents the
The insert shows changes in the difference-tiNs spectrum recorded  caicylated fit to a double exponential equation.

every 50 fs after the pulse (spectra are not corrected for “chirp”.)

TABLE 1: Lifetimes for the Formation and Decay of
Transients Produced in Photolysis of Cyclopropenones 3, 4, c
and 5 in Various Solvents s
solvent AmadNM  Trisglfs® T/ps 0044 M ©=30.5¢0.4 ps
[=]
3 MeOH/AM 454 350+ 160 0.624+ 0.036 a °
42 CHCIy/Ard 628 163+ 31 10.8£ 0.3 [e)
55 n-pentane/ChCl, (7:3) 649 194+ 21 38.9+1.0 <
CHCl 658 214+ 47 83.4+ 1.0 * Tmerps
CHsCN 644 234+ 14 744+ 15 0.02 1
MeOH/ArM 639 232+ 9 168.1+ 2.7
(268+ 16)F
MeOH/G;f 639 246+ 74 162.1+ 1.4 . ': NN
(266+ 13y A
MeOH/1,3-GHe? 641 219423 1652+ 4.1 000l Siasiizosocasazen
2 dexcitation = 267 NM.? Aexcitation = 400 nm.¢ The formation and the 400 500 A/ nm 600 700

decay of the intermediate were followed at 454 nm3p630 nm for

4, and 645 nm fob. ¢ Argon was constantly bubbled through a solution
during experiment® The lifetime of the excited state shown in
parentheses was measured from the decay signal at 5000mygen
was constantly bubbled through a solutiémn the presence of 23 mM
1,3-cyclohexadiene.

Figure 8. Transient spectra recorded every 40 ps following 267-nm
excitation laser photolysis of biganisylacetylene in methanol. Insert
shows a kinetic trace observed at 484 nm. Curve represents the
calculated fit to a double exponential equation.

_ o with Amax= 484 nm (Figure 8). This transient has a lifetime of
fs following a 94-fs pulsed irradiation of cyclopropendhat 7 = 30 ps in argon-saturated methanol and can be assigned to
400 nm, is shown in Figure 6. the S state of the acetylend.The relatively long lifetime of

The formation of transient spectra with a similar rise-time S bis.p-anisy|acety|ene allows us to conclude that the excita-
were observed in the photolysis of lpsanisylcyclopropenone  tion of bissp-anisylcyclopropenone3] does not result in the
(3) and bis(1-naphthyl)cyclopropenond) (in methanol. The  formation of corresponding acetylene in an electronically excited
formation rate of intermediate is virtually independent of the gstate.
solvent polarity and the presence or absence of various additives The 400-nm excitation of cyclopropenoi argon-saturated
(Table 1). methanol produces a transient spectrum, which shows a

The dynamics of big-anisylcyclopropenones] decarbonyl- maximum atl = 639 nm, a shoulder at ca. 550 nm, and a
ation was studied using 267-nm pump pulses. Similar excitation negative absorbance band at 467 nm (Figure 9). A similar
of 2 produced complex dynamics interpreted by the authors as spectrum withlma at ca. 628 nm is produced upon irradiation
S, — 81— Sytolane)— T1olane)SEQUENCE. The major difference  of bis-o-naphthylcyclopropenond) (Figure 10). It is interesting
between cyclopropenone® and 2 is that the former has a  to note that thelmax value of the transient spectrum produced
stronger absorbance at 267 nm than thepkésyisylacetylene, in the photolysis of5 is solvent dependent and shows a-10
therefore reducing the probability of secondary photochemistry. 19-nm red shift in nonpolar aprotic solvents (Table 1).
The transient spectrum formed in the 94-fs pulsed photolysis The decay of both transients is complete within 0.5 ns and
of 3 at 267 nm in methanol is shown in Figure 7. It has a does not result in the formation of any new absorbance in the
maximum atl = 454 nm and a weaker band at ca. 665 nm. visible spectrum. The transient spectrum produced upon pho-
The decay of this transient follows simple first-order kinetics tolysis of 5 shows a clean isosbestic point at 505 nm (Figure
with a lifetime of r = 0.624 4+ 0.036 ps in argon-saturated 9). The decay of this transient is concomitant with the growth
methanol. No observable transients are produced in the UV  of absorbance at 380 nm, which corresponds to the ground state
vis range (Figure 7). of bis(2-methoxy-1-naphthyl)acetylene (insertin Figure 11). The

The direct 267-nm excitation of bjsanisylacetylene direct excitation of the bis(2-methoxynaphth-1-yl)acetylene
results in the formation of a very different transient spectrum produces a long-livedr(> 10 ns) transient spectrum (Figure
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Figure 9. Transient spectrum recorded 1 ps after the 90-fs 400-nm methanol (circles), chloroform (triangles), and pentadiehloro-

pulsed laser photolysis of cyclopropendne Ar-saturated methanol

methane mixture (squares) following 400-nm pulsed laser photolysis

(solid line, subsequent spectra were recorded every 80 ps). Spectrun'pf 5. The insert illustrates growth of _absorbance at 380 nm, which is
produced in photolysis of bis-(2-methoxynaphth-1-yl) acetylene is concomitant to the decay of the transient absorbance at 650 nm. Curves

shown as a dashed line.
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Figure 10. Transient spectrum recorded in photolysis of cyclopro-
penoned in Ar-saturated methanol.

9), which is assigned to a;state of the alkyne (vide infra).
We can conclude that, as is in the case of ppamnisyl
cyclopropenone3, the decarbonylation of cyclopropenobe
produces the ground state of the corresponding alkyne.

represent the calculated fit to a single-exponential equation.

The lifetime of the transient produced in 400 nm photolysis
of 5 strongly depends on solvent polarity (Figure 11, Table 1).
Thus, decay of this transient in methanol is more than four times
slower than in a pentarenethylene chloride mixture.

MO Analysis of the Photodecarbonylation ReactionThe
properties of frontier orbitals in all of the cyclopropenones
studied (—5) are very similar. The HOMO and HOMO-1 are
very close in energy and are mostly localized on the carbonyl
oxygen (Figure 12). The HOMO lies in the plain of the ring,
while HOMO-1 is orthogonal to that plane. The major compo-
nent of the LUMO, on the other hand, is an antibonditiy
orbital of an endocyclic double bond. In aryl-substituted
cyclopropenones, the LUMO has also substantial coefficients
on aromatic carbons.

According to TD DFT calculations, cyclopropenon2ss,
and4, as well as the parent cyclopropenone, have two close-
lying singlet excited state®.Both can be approximated as n
— p* states. $is produced mostly by the HOM©> LUMO
transition and is a symmetry-forbidden excitation, which is
reflected in a very low oscillator strength (Table S1). The weak
Sy — S; band is not usually visible in the electronic spectra of
diarylcyclopropenones because of its overlap with a much
stronger $— S, absorbance (e.g., Figure 4). In fact, we were

The interesting feature of the transient spectrum shown in able to observe a very weak (leg~ 0.3) longer wavelength
Figure 9 is a negative absorbance at 467 nm, which cannot beband only in solutions of diphenylcyclopropeno2g &nd only

explained by bleaching of the starting mate&aince the latter

in nonpolar solvents. The HOMO-* LUMO is a symmetry-

does not absorb at this wavelength (Figure 4). In addition, the allowed transition and is characterized by an almost 4 orders
growth of absorbance at 467 nm occurs at the same rate as thef magnitude increase in oscillator strength. The-S S,
decay at 639 and 550 nm. These observations suggest that thabsorbance, therefore, has a higher extinction coefficient(log
negative absorbance comes from the probe-pulse-induced emis= 4—4.5).

sion of the transient, meaning that the intermediate produced The Nature of the Transient. Two mechanisms of photo-

in the photolysis of cyclopropenories formed in an electroni-
cally excited state of singlet multiplicit}?. Similar induced

chemical decarbonylation of cyclopropenones have been dis-
cussed in the literature. One group suggested that photochemical

emission bands at ca. 470 nm were observed in transient spectraecarbonylation of cyclopropenones is a ground-state process,

produced upon photolysis & in other solvents (acetonitrile,
chloroform, and pentaremethylene chloride mixtures). How-

which just utilizes the energy of electronic excitation to cross
the ground-state activation barrier. We believe that experimental

ever, we have not seen strong negative bands in the transientiata contradicts this hypothesis. The short-lived species observed

spectra of cyclopropenonés-4, apparently due to the fact that

in the femtosecond photolysis of cyclopropenordess are

such band should lie ca. 170 nm to the blue from the major formed within 156-350 fs. According to the Energy Gap L&,

absorbance band. For compoudmd3, it would appear below

the rate of $— & internal conversionkic) for 5 should be

the short-wavelength limit of our spectrometer (400 nm), while around 10s~! and even slower for cyclopropenors4. The

for the bisei-naphthylcyclopropenoned), the weak emission
band overlaps with the laser pulse.

upper limit for radiationless deactivation of thge S S state
is ca. 1081 s7121 |n other words, the rate of formation of the
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Figure 12. Graphical representation of frontier molecular orbitals of diphenylcyclopropenone 2 calculated at B3LYRB¢3d1,2p) level.
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transient is too fast to be explained by the internal conversion
to the ground state of cyclopropenone. In addition, the-UV
vis spectra of the transients are very different from the ground-
state spectra of cyclopropenon8s4. Finally, radiationless
return to the ground state of the cyclopropenone before the
transition state of the decarbonylation reactio81) is unlikely € po-
to result in quantum yields close to unity, which were observed
experimentally foR2. Assignment of the ground-state intermedi- ©
ate structures to the observed transient is also unlikely since
. [4\]

excited cyclopropenone has to undergo bond cleavage and~ 0.1
dissipate remaining ca. 40 kcal mélenergy within few O
molecular vibrationd2 Therefore, we can conclude that the <
transient is formed in an electronically excited state. The _
observed stimulated emission provides strong support for this 0.0-ﬁ
conclusion (Figure 9).

It has been also suggested that the transient in question is
the § state of cyclopropenone, which is produced by the rapid 0 1 2
internal conversion from some higher excited stat&his Time / us

assignment cannot explain the substantial dependence of th%igure 13. Kinetic traces observed at 600 nm following 355-nm pulsed

transient lifetime on the solvent polarity (Figure 11). In addition, - 55er photolysis o in argon-saturated methanol, oxygen-saturated
the difference between the maxima in the emission (negative methanol, and in the presence of 21 mM of 1,3-cyclohexadiene. Insert

band in Figure 9) and absorbance spectra (Figure 4) gives ashows the spectrum of this transient reconstructed from kinetic traces
Stokes shift of ca. 4500 cr. This value corresponds to ca. 13  at different wavelength. Curves represent the calculated fit to a single-
kcal mol-! of S, vibrational relaxation energy, which is, in our ~ €xPonential equation.
opinion, too high for a rigid diarylcyclopropane molecule.
Finally, cyclopropenon& was excited by the irradiation into  species (Figure 13). We were quite puzzled by this observation,
the lowest energy absorption band, which should correspondsince TIR data shows that the decarbonylation reaction is
to S — S, excitation. complete within the nanosecond laser pulse (Figure 5). On the
In other words, experimental data suggest that the excitation other hand, decay of the picosecond transient does not produce
of diarylcyclopropenones results in the very rapid formation of any new species absorbing at ca. 600 nm (Figure 9). We also
the intermediate in its electronically excited state. This inter- found that continuous flashing of the cell with the stopped flow
mediate loses carbon monoxide to produce correspondingpump, which results in rapid bleaching of the starting cyclo-
acetylene in an electronically ground state. The strong stabiliza- propenones, was in fact producing the increasingly stronger
tion of this intermediate by polar solvents (Figure 11, Table 1) signal, which eventually saturated. Analysis of the reaction
allows us to suggest that the photochemically produced transientmixture at this point indicated a complete absence of the starting
has a zwitterionic structure similar to its ground-state counterpart material. To the contrary, the major component of reaction
6. mixture (above 90%) was bis(2-methoxy-1-naphthyl)acetylene.
Nanosecond Flash PhotolysisThe femtosecond pump Finally, when the methanol solution of the latter was irradiated
probe transient spectroscopy experiments on cyclopropenonest 355 nm, we observe a signal identical in intensity and decay
3, 4, and5 clearly indicate that the photochemical decarbonyl- rate to the one observed in the bleached solutidn ®he decay
ation of these substrates is complete within less than a of the transient produced by the laser flash photolysis of bis-
nanosecond. However, waand other¥ have reported that  (2-methoxy-1-naphthyl)acetylene shows the same dependence
pico- and nanosecond flash photolysis of cyclopropenoneson the concentration of 1,3-cyclohexadiene or oxygen. The
results in the formation of a transient with a lifetime in the femtosecond TUV experiments showed that excitation of this
nanosecond time domain. The 355-nm nanosecond laser flashalkyne results in a very rapid (ca. 1 ps) formation of a transient
photolysis of cyclopropenong also allowed us to observe a spectrum withimax = 608 nm (dashed line in Figure 9). This
strong transient signal with absorbance maximum at ca. 600transient shows very slow decay (less than 10% in 1.5 ns) and
nm (Figure 13). The decay lifetime of this transient in argon- apparently corresponds to a triplet excited state of bis(2-
saturated methanol is 47t 2.8 ns. The addition of triplet  methoxy-1-naphthyl)acetylene.
quenchers, such as 21 mM of 1,3-cyclohexadiene, or saturation Taking into account the fact that the decarbonylation reaction
of solution with oxygen results in a substantial increase in the of 5 is complete within a nanosecond, the duration and the
rate of decaycvcLoHexapiene) = 167.3+ 0.1 ns androz) = intensity of the Nd:YAG laser pulse (5 ns, 30 mJ puaksat
60.4+ 0.3 ns), suggesting the triplet multiplicity of the transient 355 nm) and the fact that bis(2-methoxy-1-naphthyl)acetylene

0.3+

rfnm

MeOH/1,3-Cyclohexadiene
t=167ns

MeOH / Ozr =60 ns
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has somewhat higher absorbance at 355 nm than the startingseometries were preoptimized using a B3LYP hybrid functional
material (Figure 5), we can assume that the nanosecond signabnd 6-31#G(d,p) basis set and then reoptimized using extended
is due to the secondary excitation of the product formed within triple-¢ basis at the B3LYP/6-31G(3df,2p) level. Zero-point

the duration of the laser pulse. vibrational energy (ZPVE) corrections, required to correct the
raw relative energies to 0 K, were obtained from B3LYP/6-
Conclusions 311+G(3df,2p) frequency calculations. Analytical second de-

rivatives were computed to confirm each stationary point to be
a minimum by yielding zero imaginary vibrational frequencies.
These frequency analyses are known to overestimate the
magnitude of the vibrational frequencies. Therefore, we scaled
ethe frequencies by 0.97722The IRC calculations for transition
states and relaxed scans of potential energy surfaces were
conducted at the B3LYP/6-31G(d,p) level. In the PES scans,
the G—C' and G—C! coordinates were fixed in steps, while
the other degrees of freedom were fully optimized. Each of the
two potential energy surfaces consisted of about 200 points,
corresponding to different values off€C! and G—C! dis-
tances. The vertical excitation energies were evaluated using

short-lived species. o .
: : _the Random Phase Approximation for a TD DFT calculation
The photochemical decarbonylation of cyclopropenones ap method, at the TD-B3PW91/6-31 G(3df,2p) level,

parently proceeds on the excited-state energy surface. The
excitation of cyclopropenone3 4, and5 results in the very
rapid formation of an intermediate in an electronically excited ~ Acknowledgment. Authors would like to thank Professor
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