
6961 

carrying out preliminary experiments on the isocyanometh-
yllithium method of ring expansion and the National Science 
Foundation, Alfred P. Sloan Foundation, and Eli Lilly Co. for 
partial support of this work. Acknowledgment is also made to 
the donors of the Petroleum Research Fund, administered by 
the American Chemical Society, for partial support of the 
portion of this work that was carried out at Harvard. 

Supplementary Material Available: The observed and calculated 
structure factors for 14 (7 pages). Ordering information is given on 
any current masthead page. 

References and Notes 

(1) (a) University of Washington; (b) Harvard University; (c) Iowa State Uni­
versity; (d) Camille and Henry Dreyfus Foundation Grant Awardee, 
1972-1977. 

(2) R. Greenhouse, W. T. Borden, K. Hirotsu, and J. Clardy, J. Am. Chem. Soc., 
99, 1664(1977). 

(3) G. Wood and E. P. Woo, Can. J. Chem. 46, 3173 (1968). 
(4) Review: P. A. S. Smith and D. R. Baer, Org. React, 11, 157 (1960). 
(5) W. T. Borden and T. Ravindranathan, J. Org. Chem.. 36, 4125 (1971). 
(6) Preliminary communication: R. Greenhouse, T. Ravindranathan, and W. 

T. Borden, J. Am. Chem. Soc, 98, 6738 (1976). 
(7) W. L. Mock, Tetrahedron Lett., 475 (1972); L. Radom, J. A. Pople, and W. 

L Mock, ibid., 479(1972). 
(8) Three excellent reviews have recently appeared: G. Kobrich, Angew. 

Chem., Int. Ed. Engl., 12, 464 (1973); R. Keese, ibid, 14, 528 (1975); G. 
L. Buchanan, Chem. Soc. Rev., 3, 41 (1974). 

(9) E. J. Corey, F. A. Corey, and R. A. E. Winter, J. Am. Chem. Soc, 87, 934 
(1965); E. J. Corey and J. I. Schulman, Tetrahedron Lett., 3655 (1968). 

(10) J. R. Wiseman and J. A. Chong, J. Am. Chem. Soc, 91, 7775 (1969). 
(11) R. B. Woodward and R. Hoffmann, Angew. Chem., Int. Ed. Engl., 8, 781 

(1969). 
(12) See, however, (a) J. Leitlich, Angew. Chem., Int. Ed. Engl., 8, 909 (1969); 

(b) C. L. Osborn, D. J. Trecker, A. Padwa, W. Koehn, and J. Masaracchia, 
Tetrahedron Lett., 4653 (1970). 

(13) E. J. Corey and M. Chaykovsky, J. Am. Chem. Soc, 87, 1353 (1965). 

(14) U. Scholkopf and P. Bohme, Angew. Chem., Int. Ed. Engl., 10, 491 
(1971). 

(15) This assumes that flipping of the three-carbon bridge in 5 would be fast 
on the NMR time scale at room temperature. If bridge flipping were slow, 
seven signals would be anticipated. 

(16) See, for instance, M. A. McKinneyand P. P. Patel, J. Org. Chem., 38, 4059 
(1973), and references cited therein. 

(17) E. J. Corey and R. A. E. Winter, J. Am. Chem. Soc, 85, 2677 (1963). 
(18) See, for instance, R. R. Fraser and B, F. Raby, J. Am. Chem. Soc, 94, 3458 

(1972). 
(19) Review: H. M. R. Hoffmann, Angew. Chem., Int. Ed. Engl., 8, 556 

(1969). 
(20) B. V. Cheney, J. Am. Chem. Soc, 90, 5386 (1968). 
(21) Evidence of the strain present in the bicyclo[3.3.0]oct-1(2)-ene system, 

which 11 contains, has been reported by W. C. Agosta and S. Wolff, J. Org. 
Chem., 40, 1699(1975), 

(22) G. Germain, P. Main, and M. M. Woolfson, Acta Crystallogr., Sect. B, 24, 
274(1970). 

(23) The following library of crystallographic programs was used: C. R. Hubbard, 
C. O. Ouicksall, and R. A. Jacobson, "The Fast Fourier Algorithm and the 
Programs of ALFF, ALFFDP, ALFFT and FRIEDEL", USAEC Report IS-2625, 
Iowa State University Institute for Atomic Research, Ames, Iowa, 1971; 
W. R. Busing, K. O. Martin, and H. S. Levy, "A Fortran Crystallographic Least 
Square Program", USAEC Report ORNL-TM-305, Oak Ridge National 
Laboratory, Oak Ridge, Tenn., 1965; C. Johnson, "ORTEP, A Fortran 
Thermal-Ellipsoid Plot Program", U. S. Atomic Energy Commission Report 
ORNL-3794, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1965. 

(24) R. A. Alden, J. Kraut, and T. G. Traylor, J. Am. Chem. Soc, 90, 74 
(1968). 

(25) Although unlikely, it is possible in principle that dimer formation occurs 
in a stepwise fashion via 1,4 diradicals and that only in the reaction leading 
to 12 is hydrogen transfer involved in the rate-determining step. The tran­
sition state for hydrogen transfer in the diradical intermediate leading to 
12 would then have to be sufficiently high that all such diradicals formed 
dissociated back to two molecules of 8. On the other hand, hydrogen 
transfer in the diradical leading to 11, in order not to be rate determining, 
would have to have a lower activation energy than dissociation back to two 
molecules of 8. In addition, hydrogen transfer leading to 11 would have to 
have a lower activation energy than closure of the diradical to form a cy-
clobutane ring, since products of the formal [„2S + »2S] type are not iso­
lated. Ring closure competitive with dissociation in the other putative di­
radical would similarly be interdicted. 

(26) K. Kraft and G. Koltzenberg, Tetrahedron Lett., 4357 (1967). 
(27) K. Kraft and G. Koltzenberg, Tetrahedron Lett., 4723 (1967). 

Infrared Laser Induced Organic Reactions. 1. 
Irradiation of Ethyl Acetate with a Pulsed CO2 Laser. 
Selective Inducement vs. Thermal Reaction1 

Wayne C, Danen,* William D. Munslow, and D. W. Setser* 

Contribution from the Department of Chemistry, Kansas State University, 
Manhattan, Kansas 66506. Received April 11, 1977 

Abstract: Gas phase samples of ethyl acetate (1) were irradiated with a pulsed CO2 laser to produce acetic acid and ethylene. 
The elimination of HBr from isopropyl bromide (2) was used as an, internal standard to monitor thermal effects. Under nonfo-
cused conditions (£jrr = 0.7-0.8 J/cm2), ethylene was produced at 12-16% conversion per flash (CPF), nearly all of which was 
due to thermal processes. Under partially focused beam conditions (E\„ = 0.8-8.0 J/cm2), it was possible to demonstrate laser-
induced, nonequilibrium chemistry by showing that ethylene was produced in an amount that was greater than expected via 
the thermal route. These studies indicated that both low pressure and high energy of irradiations were necessary for the non-
equilibrium pathway. Because of the similarities in Arrhenius parameters for the decomposition of 1 and 2, it was possible to 
identify the amount of ethylene produced by both the thermal pathway and that produced via the nonequilibrium pathway. 

Much interest has developed recently in the use of intense 
infrared radiation to augment chemical reactions. Considerable 
effort has been directed toward isotope separation2 and un­
derstanding the multiple photon absorption process3 using 
small molecules, while little has been done with relatively large 
organic molecules.4 We wish to report the CO2 laser aug­
mented decomposition of ethyl acetate; a simple technique was 
employed by which the amount of laser-induced, nonequilib­
rium chemistry vs. simply heating was evaluated.1 

The thermal decomposition of ethyl acetate proceeds 
through a cyclic transition state to yield ethylene and acetic 

acid with a rate constant of k = 10 1 2 5 9 exp(-48 000/RT).5* 
This reaction can be induced with a pulsed CO2 laser under 
both nonfocused and partially focused beam conditions; eth­
ylene and acetic acid are the sole products as determined by 
gas chromatography and infrared spectroscopy of the reaction 

O 

CH3COCH2CH3 
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CH3CO2H + CH2=CH2 
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Figure 1. Plot of CPF(propylenc)/CPF(ethylcnc) vs. laser intensity for 
5 Torr of a 1:3 mixture of ethyl acetate and isopropyl bromide. 

mixture. The irradiated absorption band centered at 1055 
cm -1 is due mainly to the O-C2H5 stretching mode. Under 
nonfocused or weakly focused conditions at high (>20 Torr) 
pressure, ethyl acetate was shown to react in a thermal process 
in which all the molecules within the irradiated volume, re­
gardless of whether they absorbed laser radiation, had become 
completely vibrationally equilibrated. Under more highly fo­
cused and lower pressure conditions, a nonequilibrium reaction 
occurred in the sense that only those molecules excited by the 
infrared radiation reacted and that intermolecular V- V and 
V-T,R transfer did not occur prior to reaction. The occurrence 
of this moderately complex rearrangement involving the rup­
ture or formation of six bonds implies that at least a partial 
intramolecular redistribution of the deposited laser energy-
must occur even under focused conditions.6~'° 

Experimental Section 
All experiments were conducted in a reaction vessel which consisted 

of a cylindrical Pyrex tube of 1-cm path length and 3-cm diameter 
fitted with NaCl windows and a vacuum stopcock. Irradiation was 
accomplished with a Lumonics TEA 103 pulsed COi laser. The laser 
beam was directed through an iris of 1 -in. diameter to remove the outer 
fringes of nonuniform energy density. The energy of the nonfocused 
beam was determined to be 0.7-0.8 J/cm2 with a Lumonics Model 
20D pyroelectric detector; < 15% of the energy was absorbed per pulse. 
The pulse duration was measured with a Rofin Model 7415 photon 
drag detector and full width at half maximum found to be —150 
ns. 

All quantitative analyses were by gas phase chromatography. 

Results and Discussion 

Pulsing 20 Torr of ethyl acetate three-five times under 
nonfocused conditions produced acetic acid and ethylene at 
14 ± 2% conversion per flash (CPF) where CPF = (ethyl-
ene)/((ethylene) + (EtOAc)). The CPF was, within experi­
mental error, independent of the CO2 rotational line used 
within the frequency range 1050.5-1035.5 cm-1 provided that 
the energies of irradiation were comparable. 

The following experiments were performed to check for 
thermal effects. With 20 Torr of ethyl acetate and varying 
amounts (10-80 Torr) of CF4 the CPF was reduced to ~2% 
at high pressures of added bath gas. This result is consistent 
with either a temperature drop of the system due to the in­
creased heat capacity or collisional deactivation of the vibra­
tionally excited ethyl acetate. 

To evaluate thermal effects further, the HBr elimination 
from isopropyl bromide (k = 1013-6 exp(-47 800/i?7))5b was 
used as an internal standard. Since the activation energies for 
the acetate and bromide reaction are very similar, the ratio of 
the thermal rate constants is essentially temperature inde­
pendent. For a 1:3 mixture of isopropyl bromide and ethyl 
acetate the expected product ratio is ~4 for a thermal process; 
experimentally we found a ratio of 4 ± 1 from a mixture of 5 
Torr of isopropyl bromide and 15 Torr of ethyl acetate irra­
diated at 1049.6 cm -1 under nonfocused conditions. In the 
absence of ethyl acetate, isopropyl bromide did not undergo 
any reaction under either focused or nonfocused conditions 
when irradiated at this wavelength. 

As a check on the thermal ratio obtained from the Arrhenius 
equation, a mixture of 10 Torr of SF6 and 10 Torr of 1:3 mix­
ture of isopropyl bromide and ethyl acetate was irradiated at 
945.0 cm -1. Neither ethyl acetate nor isopropyl bromide 
reacted at this wavelength when irradiated in the absence of 
SF6. The SFg absorbed the radiation but did not itself undergo 
reaction at these laser intensities; hence, it served only as a 
thermal sensitizer. An average of three experiments yielded 
a value of 5.5 ± 1 for the ratio of CPF(propylene)/CPF(eth-
ylene). These experiments showed that the majority of the 
ethylene produced from irradiation of ethyl acetate alone under 
nonfocused conditions arose from thermal processes rather 
than from any selective, nonequilibrium laser initiation. 

In order to demonstrate unambiguously laser-induced 
chemistry prior to collisional redistribution of energy, it was 
necessary to focus the laser beam,9 thereby increasing the 
energy density of the pulse. The effect produced is displayed 
by Figure 1. As expected, at low energies of irradiation the 
CPF(propylene)/CPF(ethylene) ratio was near the thermally 
calculated value of ~4, but the ratio dropped dramatically as 
the intensity of radiation was increased. At 8 J/cm2, the ratio 
was only 0.6. Higher irradiation intensities were precluded by 
cracking of the NaCl windows under the more highly focused 
conditions. These experiments demonstrated that, as the energy 
density of incident infrared radiation was increased, the non-
equilibrium laser-induced pathway became increasingly im­
portant. 

The CPF(propylene)/CPF(ethylene) ratio was also moni­
tored as a function of reactant pressure at a constant laser in­
tensity of 2.1 J/cm2. The ratio decreased linearly from a value 
of 1.6 at 60 Torr to 0.8 at 5 Torr. This result demonstrated that 
as the number of collisions/second was reduced, the rate at 
which thermal equilibrium is reached was decreased, again 
allowing the nonequilibrium laser-induced pathway to become 
increasingly important. 

As a result of the similarities of Arrhenius parameters, the 
amount of ethylene produced via the laser-induced reaction 
and that produced via the thermal reaction may be calculated 
as follows for low percentage CPF. Assuming the CPF(ethy-
lene)/CPF(propylene) ratio can be partitioned as follows 

CPF(ethylene) 
CPF(propylene) 

_ (CPF(ethylene))thermal + (CPF(ethylene))ias, 
CPF(propylene) 

(EtOAc)(3.89 X IQ12 exp(-48 000/RT)) 

(isopropyl bromide)(3.98 X 1013 exp(-47 800/.RT)) 

+ 
(CPF(ethylene))iaser 

CPF(propylene) 

all values of the equation may be measured experimentally 
except the CPF(ethylene)iaser. For a typical experiment with 
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a laser intensity of 2.1 J /cm 2 and 5-Torr total pressure, the 
observed CPF(ethylene)totai = 19% and CPF(propylene) = 
28%. For a thermal rate constant ratio of 0.08, this yields a 
CPF(ethylene)iaser of 12%, indicating 64% of the ethylene 
produced was via the nonthermal, laser-augmented pathway 
under these conditions. 

Summary 

Our results demonstrate that under appropriate conditions 
a moderate-sized organic molecule can be induced to undergo 
a nonequilibrium reaction by multiple photon absorption from 
a high energy infrared laser pulse. The need to conduct such 
experiments at lower pressure and rather high laser intensities 
to minimize V-V and V-T,R intermolecular relaxation may 
be a general requirement particularly for large polyatomic 
molecules for which V- V relaxation rates are >0.1 of the gas 
kinetic collision frequency. Since the nonequilibrium laser-
induced reaction pathway follows the unimolecular pathway 
of lowest energy and since the laser pathway is competitive with 
collisional relaxation in the 1-Torr range, intramolecular re­
laxation of the absorbed laser energy is implied.6'10 
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Structure-reactivity relationships in acyl transfer reac­
tions are of interest in themselves and for the light they shed 
on the mechanism of the reactions. Structure-reactivity cor­
relations for the reactions of primary, secondary, and tertiary 
amines with substituted phenyl acetates show a break from a 
large (/3nuc = 0.9 ± 0.1) to a small (/3nuc = 0.2 ± 0.2) depen­
dence of the rate on the basicity of the attacking amine when 
the amine becomes some 4-5 pK units more basic than the 
leaving aryl oxide ion.2 This break has been interpreted as a 
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consequence of a change in rate-determining step, from rate-
determining amine attack with the most basic amines (/3nuc ~ 
0.2) to rate-determining aryl oxide expulsion from an addition 
intermediate, T=1=, with less basic amines (/3nuc ~ 0.9) (eq 
I).3-4 

The experiments reported in this and the subsequent paper 
were directed toward the goal of testing this interpretation 
directly in the closely related reactions of substituted diphenyl 
carbonates by generating the tetrahedral intermediate T* from 
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Abstract. The rates of reaction of quinuclidines with substituted diphenyl carbonates in aqueous solution increase sharply with 
increasing amine basicity (/3nuc = 1.0) until the amine is 3-5 units more basic than the leaving aryl oxide ion and then break 
to a small dependence on amine basicity (/3nuc = 0.3); corresponding breaks, with @\g = —1.3 and -0.2, are found with chang­
ing pK of the leaving group. This behavior is interpreted in terms of a change in rate-determining step from breakdown to for­
mation of the addition intermediate, as in the similar reactions of substituted phenyl acetates. The structure-reactivity data 
are described in terms of "effective charges" on the reacting groups and it is shown that the pK difference at which the change 
in rate-determining step occurs is a function of the absolute basicity of the attacking and leaving groups. In the reactions of 
phenyl acetates the kinetic partitioning of the intermediate through the transition states for expulsion of amine and aryl oxide 
reflects the thermodynamic partitioning of the reaction products at equilibrium. 
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