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The interconversions of monophenyl and diphenyl 1,2-bis-
(ketenes) 1a?* and 1b2 with the corresponding cyclobutenedi-
ones 2 were first reported in 1961.2 Subsequent studies of this
family have included bisketenes 1c—e, 3, and 4, and in a few
cases the bisketenes were detected by infrared (IR) spectroscopy
at low temperatures.>~> However, none of these bisketenes have
been observed by NMR, no measurements of their rates of
conversion to the more stable cyclobutenediones have been
reported, and there have been no interpretations offered of the
factors governing their reactivities in re-formation of the
cyclobutenediones.
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We have recently studied the trimethylsilyl-substituted buta-
1,3-diene-1,4-diones 5—7 generated by photochemical and
thermal ring opening of the corresponding cyclobut-3-ene-1,2-
diones 2. Bisketene § (R = Me3Si) is thermodynamically stable
relative to 2,9 ® while bisketenes 6 and 7 can be generated and
observed at room temperature, but the corresponding cy-
clobutenediones 2 are more stable and are re-formed from 6

1a (R = Ph, R = Hy*8
1b (R = R! = PR)3+d
le R = R! = Me)*$
1d (R = OH,R! = H)**
le(R =R'=H)
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and 7 at elevated temperatures.®4 1,2-Bis(ketenes) are found
by photoelectron and dipole moment measurements,% and by
calculation,®f to favor the twisted almost perpendicular con-
formations shown.
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We have now applied the method of laser flash photolysis
(LFP) generation of nonstabilized bisketenes from cyclobutene-
diones with their detection by time-resolved infrared spectros-
copy (TRIR), which is well suited for studies of ketenes because
of their distinctive IR bands near 2100 cm™!.7 The results are
given in Table 1 along with new results for 1a and 1b and
previous data on 6 and 7.%

Bisketenes 1a—c, 3, and 8—11 generated by LFP-TRIR all
show two IR bands near 2100 cm™! (Table 1), and as suggested
for 3% these are assigned to a coupled vibration of the two
ketenyl groupings. The generation of 8—11 has not been
reported previously and was achieved by the photolysis of the
appropriate cyclobutenediones,® which either are known®<4 or
are prepared®*P from the corresponding 4,4-dichlorocyclobut-
2-enones.8® High-level ab initio calculations® of 1c¢ give good
agreement with the observed band positions and their relative
intensities (Table 1). Experimentally®® only a single IR band
at 2084 cm™! was observed for the persistent bis(trimethylsilyl)
bisketene 5, and although the calculations predict two bands at
2089 and 2090 cm™! for the bis(SiH3)-substituted compound,
these are close together and to the predicted position, so this
result is also in good agreement with experiment.

Bisketene 3 has been pursued by several groups,* and we
report the first kinetics of ring closure of 3 to benzocyclobuta-
dienedione 12, measured in CH;CN by TRIR, both by measuring
the decay of the absorption of 3 at 2128 cm™! (kobs = 1.9 x
10* s7!) and by measuring the rate of re-formation of 12 at
1781 cm™! (kobs = 1.8 x 10* s™1). The recovery of the signal
of 12 was not complete (Figure 1), indicating that some loss of
starting material had occurred.
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Recent ab initio calculations in this laboratory have predicted
that bisketenes that are thermodynamically unstable relative to
the corresponding cyclobutenediones nevertheless have ap-
preciable kinetic barriers to ring closure.®® We calculate that,
at the MP2/6-31G*//MP2/6-31G* ab initio level, 3 is 38.2 kcal/
mol] less stable than 12, with a dihedral angle of 34.2° between
the exocyclic ketenyl groups. The appreciable lifetime of 3 at
room temperature (Figure 1) shows that, even in this case, with
a strong thermodynamic driving force and a geometry fixed in
a suitable orientation, there is still a barrier to ring closure. We
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Table 1, Infrared Spectra and Ring Closure Kinetics of 1,2-Bis(ketenes) in CH;CN

vy, v2 (cm™)) L/L?

no. R! R? calc? obs® calc? obs¢ kobs (s™1)? S SE°
la H Ph 2103, 2127 0.55 (1.70 £ 0.13) x 107 4.8
1b Ph Ph 2096, 2110 0.75 (3.89 £ 0.15) x 1072 1.8
1c Me Me 2098, 2113 2092,2114 1.41 1.82 0.0
5 Me;Si Me;Si 2089, 2090¢ 2084 1.60¢ 23.0
6 MesSi Ph 2076" 2.03 x 10764 124
7 MesSi Me 2101* 437 x 1076+ 11.5
8 Me Ph 2093, 2112 0.60 0.9
9 EtO Me;Si 2090, 2104 1.33 -3.0
10 CN Ph 2116, 2140 2.68 1.5
11 Br Ph 2105, 2132 0.98 (—6.8)
3 2062, 2133 2072, 2128 0.96 0.81 1.9 x 10¢

2 Relative IR intensities. ® 25.0 °C unless noted. © Calculated ketene stabilization energy of substituents, ref 6h. ¢ MP2/6-31G*//MP2/6-31G* for
1c and 5, HF/6-31G*//HF/6-31G¥* for 3. ¢ (23 % 2)°C. fReference 1b. ¢ For SiH;. * Reference 6¢. | Using the SE value of —7.7 of Cl for Br.

Table 2. Kinetic Parameters for Conversion of
1,3-Butadiene-1,4-diones (O=C=CRCR!'C=C=0) to0
Cyclobutenediones

R, R! solvent 177 kobs? Ef AHf¢ ASHd

Ph, Ph (1b) isooctane 5.5 (5.51 £0.13) x 1073
hexanes 25.0 (3.89 +£0.15) x 1072 16.8 163 —10.4
isooctane 33.5 (9.03 &+ 0.25) x 1072
CDCl; 55 (229+0.10) x 1072
CDCl; 250 (1.26+£0.01) x 107! 154 148 -—128
CDCl; 335 (3.01+£0.18) x 107!

Ph,H (1a) isooctane 24.0 (1.70 £0.13) x 10~* 19.7 19.1 -11.7
isooctane 33.5 (4.19+0.10) x 10~
isooctane 54.5 (3.70 £0.12) x 1073
CDCl3 240 (5.56+0.09) x 10™* 196 190 -9.5
CDCl; 33.5 (1.62 £0.05) x 1073
CDCl; 54.5 (1.234+0.02) x 1072

2In °C. 2In s™'. ¢ In kcal/mol. ¢In cal/(K-mol).
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Figure 1. Transient IR absorption traces observed upon 308 nm
photolysis of benzocyclobutenedione (12) in CH3CN. (a) Generation
and decay of bisketene 3 at 2128 cm™'; single-exponential fit gave a
lifetime of 52 us. The inset shows the transient IR spectrum of the
bisketene. (b) Bleach and partial recovery of the precursor carbonyl
band at 1781 cm™'; single-exponential fit of the growth gave a lifetime
of 54 us.

further tested these predictions for the monophenyl and diphenyl
bisketenes 1a and 1b. Upon photolysis of 3-phenylcyclobut-
3-ene-1,2-dione (2a) in CDCl; at 2 °C in an NMR tube with
350 nm light for 8 min, the 'H NMR signals of 2a decreased
and spectra consistent with the formation of 1a appeared: 'H
NMR (CDCl3) 6 3.62 (s, 1), 7.14 (m, 2), 7.34 (m, 3); IR (CDCl;)
2127 (vs), 2103 (vs). The 2a/la ratio was 55/45 and remained
constant on further photolysis, suggesting that a photostationary
state was attained. The formation of phenylacetylene from a
bis(decarbonylation) reaction was observed, as has been found
in other such photolyses.%~¢ After cessation of photolysis, the

conversion of 1a back to 2a was monitored by 'H NMR by
observing the decay of the signal at 6 3.62 or the increase of
the signal at 6 9.57 for the cyclobutenyl hydrogen of 2a, with
approximate rate constants of 7 x 107 s~! at 22 °C for both
processes. The decrease in UV absorption due to 1a or the
increase of the absorption due to 2a gave good first-order ki-
netics, with the same rate constant for either process (Table 2).

Photolysis of diphenylcyclobutenedione (2b) in pentane at
—195 °C gave a change in the UV spectrum with a decrease in
the Amax of 2b at 260 and 320 nm and formation of bisketene
1b with strong absorption at low wavelength and a shoulder at
220 nm, which re-formed 2b with good first-order Kinetics
(Table 2). The UV spectrum of diphenylacetylene was also
observed. At 33.5 °C the rate of ring closure of the 2,3-diphenyl
bisketene 1b exceeded that of the monophenyl analogue 1a by
factors of 216 (isooctane) and 186 (CDCls). The greater
reactivity of 1b is consistent with the lower stabilizing influence
of phenyl as a ketene substituent relative to hydrogen, as shown
by the calculated (HF/6-31G*//HF/6-31G*) AE = —2.6 kcal/
mol for the isodesmic reaction of eq 2.5

AE = —2.6 kcal/mol

PhCH=C=0 + CH,=CH,

CH,=C==0 + PhCH=CH, (2)

Bisketenes 1c and 8—11 were more reactive in ring closure
than 1a and 1b and could not be observed at room temperature
by conventional photolysis and detection techniques. Under
TRIR conditions these species were observed, but the rate
constants for their ring closure were too slow to measure with
our apparatus. These results are consistent with simple predic-
tions based upon the ab initio calculated stabilizing energies of
ketenes for different substituent groups. Thus the stabilization
energy 2SE (Table 1) for 1a exceeds that of the more reactive
1b, while 1¢ and 8—11, which have lower 2SE values, could
not be observed. The silyl-stabilized ketenes 7, 6, and 5 have
progressively larger >SE values than 1a and are progressively
less reactive.

In conclusion, laser flash photolysis combined with time-
resolved infrared spectroscopy permits the direct observation
of the o-quinoketene 3 and the first measurement of the kinetics
of its ring closure. Conventional photolysis and UV detection
have elucidated the formation of a wide variety of 1,2-bis-
(ketenes) and their ring closure back to the parent cyclobutene-
diones. A span of reactivities of 10'0 between 3 and 6 has been
measured, while the bis(trimethylsilyl) derivative § undergoes
ring closure at an undetectably slow rate. Molecular orbital
calculations illuminate the factors governing the relative stabili-
ties of these interconverting isomers.
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