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41) for elution to yield 35 mg (8%) of (t)-(R)-13 [[a]@H, t21O 
(c  0.3, CHC13, optically pure)] and 13 mg (2%) of l-fluoro-l- 
(phenylseleno)-2,2-diphenylcyclopropane [mp 91-3 OC; [aI2'H# 

8.4), 2.16 (1 H, dd, J =  7.2, 14.4),7.2-7.35 (11 H, m), 7.4-7.55 (4 
H, m)l. 

Anal. Calcd for CZlHl7FSe: C, 68.66; H, 4.66. Found C, 68.49; 
H, 4.68. 

Phenyl (+)-(R)-l-fluoro-2,2-diphenylcyclopropaneseleno- 
carboxylate was isolated in 48% yield (0.38 9): mp 114-5", [.IU& 
+339O (c 1.2, CHCI,); 'H NMR (CDCl,) 6 2.25 (1 H, dd, J = 6.6, 
18.3), 2.47 (1 H, dd, J = 6.6,9.3), 7.1-7.5 (15 H, m); IR (Nujol) 
1710, 1500, 9.55 cm-'. 

+221° (C 0.12, CHC13); 'H NMR (CDCl3) 6 2.12 (1 H, dd, J = 7.2, 

Anal. Calcd for Cz2H1,FOSe: C, 66.84; H, 4.33. Found: C, 
66.73; H, 4.38. 
E. A 10-mL benzene solution of ester 3 (2 mmol prepared as 

in D above) and 1 mL of thiophenol were refluxed for 0.5 h. The 
usual workup procedure afforded phenyl disulfide (0.35 g) (mp 
57-8 O C ;  (+)-(R)-13 (0.16 g, 38%) [[aIz4Q +21.0° (c 1.5, CHCl,, 
optically pure)]; and phenyl (+)-(R)-l-fluoro-2,2-diphenylcyclo- 
propanethiocarboxylate (0.115 g, 18%) [mp '103-4 O C  (from 
hexane); [aI2'Hg +402O (c 0.5, CHCI,); lH NMR (CDCl,) 6 2.21 

H, m), 7.52 (2 H, d, J = 8); IR (Nujol) 1700, 1500, 970 cm-'. 
Anal. Calcd for CBH17FOS: C, 75.84; H, 4.92. Found C, 75.82; 

H, 4.97. 

(1 H, dd, J = 6.9, 18.3), 2.50 (1 H, dd, J = 6.9, 9.6), 7.1-7.4 (13 
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Absolute rate expressions for @-scission of the phenoxy radical from the 1-phenyl-2-phenoxypropyl radical, 
forming cis- and trans-@-methylstyrene, were determined by competition of @-scission (k,) with abstraction of 
hydrogen from trimethylstannane (k.b). Relative rates (k,/kab) were converted to absolute rates (ks) by using 
a rate expression determined for abstraction of hydrogen atom from tributylstannane by the phenylethyl radical: 
log [k+/(M-l s-l)] = (9.31 f 0.30) - (7.11 f 0.49)/8, where 0 = 2.303RT kcal/mol (errors are 2u). The resulting 
expressions for @-scission are log (kAb,/s-l) = (13.45 f 0.26) - (16.94 f 0.52)/8 and log (ks,&/s-l) = (13.41 f 
0.3) - (19.3 f 0.75)/8. The basis rate expression for abstraction of hydrogen from tributylstannane by the phenylethyl 
radical was determined in a competition of abstraction (kab) with self-termination (kJ, using the Smoluchowski 
expression for self-reaction of phenylethyl radical: log [2k,/(M-l d)] = 11.93 - 3.112/8. Combining the Arrhenius 
parameters with the enthalpy change for 8-scission leads to activation barriers for addition of phenoxy radical 
to trans- and cis-b-methylstyrene of 5.2 and 6.6 kcal/mol, respectively. 

Introduction 
A predominate structural cross-link in the macromo- 

lecular network of lignin is the aryl @-aryl ether linkage, 
-(ArOCCAr)-.2 Solid-state NMR studies suggest that 
alkyl aryl ether linkages may be present in modest extent 
in low-rank coalsS3 A detailed understanding of the 
free-radical4 and radical cation6 chemistry of lignin is 
necessary for the design of new processes of pulp prepa- 
ration,6 the understanding of pathways of hydrothermal 
conversion of biomass and coal to useful products,6 and 
understanding the process of coalification of lignocellulosic 
s t r ~ c t u r e . ~  The thermal decomposition of model com- 

(1) This work was supported by the Office of Basic Energy Sciences, 
US. Department of Energy (DOE),. under contract DE-AC06-76RLO- 
1830 with Battelle Memorial Institute, which operates the Pacific 
Northwest Laboratory for DOE. 

(2) Pearl, I. A. The Chemistry of Lignin; Marcel Dekker: New York, 
1967. 

(3) Lignite may contain up to 12% oxygen-substituted aliphatic car- 
bon: Solum, M. s.; Pugmire, R. J.; Grant, D. M. Energy Fuels 1989,3, 

(4) Simkovic, I. J. Macromol. Sci., Reo. Macromol. Chem. Phys. 1986, 
C26,67. 

(5) DiCoeimo, R.; Szabo, H.-C. J.  Org. Chem. 1988,53, 1673. 
(6) Poutama, M. L. A Review of Thermolysis of Model Compounds 

Relevant to Processing of Coal. Oak Ridge National Laboratory Tech- 
nical Document No. ORNL/TM-10637; Nov 1987. Available from the 
National Technical Information Service, U.S. Department of Commerce, 
5285 Port Royal Road, Springfield, VA 22161. 

(7) (a) Winans, R. E.; Hayatau, R.; Squires, T. G.; Carrado, K. A.; 
Both, R. E. Prep.-Am. Chem. SOC., Diu. Pet. Chem. 1990,35(2), 423. 
(b) McMillen, D. F.; Malhotra, R. Prepr.-Am. Chem. SOC., Diu. Pet. 
Chem. 1990, 35(2), 430. 
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pounds6 and polymers7 containing known structural units 
of lignin or proposed structural links in coal under hy- 
droliquefaction conditions is a valuable exercise since dired 
observation of structurally distinct reactions remains 
nearly impossible for coal and difficult for lignin. Under 
ideal circumstances, the global kinetics and kinetic reaction 
order of thermal decomposition reactions of model com- 
pounds containing linkages of relevance to lignin and coal 
structure can be reduced to the contributing individual 
stepwise rate constants. The careful studies by Poutsma 
and Dyer8 and Gilbert and Gajewskig of the homogeneous 
thermal decomposition of 1,n-diphenylalkanes (n = 2-4) 
and the studies of Buchanan and co-workers of heteroge- 
neous decomposition of similar structures bonded to silica 
surfaces'" provide examples of successful reduction of 
global rates to individual contributing rates. However, 
even the early stages of thermal decompositions of nom- 
inally simple systems may involve multiple initiation and 
propagation steps and early participation of secondary 
reactions. For these cases, design of experiments to di- 
rectly determine individual reaction steps is desirable. A 
recent model compound studyg examined radical chain 
decomposition pathways for cleavage of the C-0 bond in 
phenyl 2-phenylethyl ether, as a model of reactions of 
similar structures presumably in low-rank coals. A free- 

(8) Poutama, M. L.; Dyer, C. W. J.  Org. Chem. 1982,47, 4903. 
(9) Gilbert. K. E.: Gaiewski. J. J. J .  Ora Chem. 1982. 47. 4899. . - -  -, - -  ~. , - .. - .. 
(10) Buchanan, A. C.,*III;-Dunstan, T. fi J.; Douglas, E. d; Poutama, 

M. L. J .  Am. Chem. SOC. 1986,108, 7703. 
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radical chain decomposition pathway was suggested for the 
thermal decomposition of phenyl 2-phenylethyl ether (eqs 
1-4). The decomposition of this ether is initiated in the 
early stage of decomposition by unimolecular cleavage of 
the ether to form phenoxy1 and phenylethyl radicals (eqs 
1 and 2). Chain-propagation steps include abstraction of 
the benzylic hydrogen of the ether and j3-scission of the 
resulting 1-phenyl-2-phenoxyethyl radical to form styrene 
and phenoxy radical (eq 3), followed by termination re- 
actions (eq 4). A global activation barrier of 50.3 kcal/mol 

PhCHzCHzOPh -C PhCH2CH2' + 'OPh (1) 
PhCH(')CHZOPh + PhOH 

(2) 

(3) 

PhCHzCHzOPh + PhO' 

PhCH(')CH20Ph - PhCH=CH2 + 'OPh 

Autrey et al. 

2Ph0' - 
nonradical products (4) 

PhO' + PhCH(')CH20Ph-. 1 
was reported for the decomposition of the ether, compared 
to 65 kcal/mol for unimolecular scission of the C-O bond 
(eq l), reflecting a chain process. A barrier for /3-scission 
(eq 3) was reported to be 28 kcal/mol? although details 
of how this value was obtained were not given. This value 
matches the barrier for @-scission of 1,3-diphenylpropyl 
radical: for which Poutsma and Dyer estimate log (kS/s-l) 
= 14.8 - 28.3/8, 8 = 2.3RT kcal/mol: 

PhCH(*)CHZCH2Ph - PhCH=CHZ + PhCH2' (5) 

The value of 28 kcal/mol for eq 3 is in significant dis- 
agreement with a recent investigation of substituent effects 
in the &scission of PhCH(')CH(CH,)OPh in competition 
with hydrogen abstraction from trimethylstannane." 
That study estimated a barrier of no more than 19 
kcal/mol for the j3-scission reaction of the structurally 
similar radical. The discrepancy may reflect the incursion 
of a variety of second-generation reactions in addition to 
those of eqs 1-4, making analysis of initial rates of reaction 
and the overall reaction order difficult and ambiguous. 
Thus, to provide an accurate value for the 0-scission re- 
action, and to provide a kinetic basis for prediction of 
radical-based degradation pathways for lignin or low-rank 
coal structure, we have determined an absolute rate ex- 
pression for the &scission of the 1-phenyl-2-phenoxypropyl 
radical. Arrhenius parameters for scission of this model 
of the ArCCOAr linkage in lignin by a free-radical pathway 
and estimates for the reverse reaction, addition of phenoxy 
radical to P-methylstyrene, are presented. 

Results and  Discussion 
Abstraction of Hydrogen from Tributylstannane 

by Phenylethyl Radical. Although a rate expression for 
abstraction of hydrogen atom from BuBSnH by benzyl 
radical has been published,12 rate constants for the reaction 
of alkyl-substituted benzylic radicals with Bu3SnH or 
Me3SnH, suitable for use as basis rate constants for con- 
version of relative rates of &scission vs abstraction (ks/kabs) 
to absolute rates (kB), have not appeared. Thus, an Ar- 
rhenius expression for abstraction of hydrogen by the 
phenylethyl radical from Bu3SnH (kabs) was determined 
by a competition of self-termination of the phenylethyl 
radical with abstraction. The self-termination rates were 
in turn calculated by using the Smoluchowski equation (eq 

(11) Suleman, N. K.; Nelson, D. J. Org. Chem. 1989,54, 503. 
(12) Franz, J. A.; Suleman, N. K.; Alnajjar, M. S. J. Org. Chem. 1986, 

51, 19. 

Table I. Arrhenius Parameters and Rate Constants for 
Abstraction of Hydrogen by Alkyl and Benzylic Radicals 

from Tributylstannane" 
k(25 "C) 

radical log A E. x I d  solvent 
phenylethyP 9.24 i 0.30 7.11 i 0.49 1.1 benzene 

methyld 9.39 i 0.28 3.23 t 0.34 1050 isooctane 
isopropyld 8.71 f 0.37 3.47 f 0.49 146 boddine 

benzyl' 8.65 f 0.17 5.58 f 0.24 3.6 C - C ~ H I ~  

"Errors are 20. bThis work. 'Reference 12. dReference 20. 

6), which predicts rates of self-reaction of small, carbon- 
centered radicals in nonassociating solvents of low viscosity 
with typically less than 15% error:13-16 

2kt = (8~/1000)apDA$V (6) 

By analogy with the benzyl radical and other small hy- 
drocarbon radicals, the phenylethyl radical will exhibit a 
spin statistical factor (a) near 1/4, the fraction of singlet 
radical pairs, reflecting inefficient intersystem crossing 
between the singlet and triplet states'during the lifetime 
of the solvent cage. Values of u near 1/4 have been dem- 
onstrated for tert-butyl, benzyl, isopropyl, and oxygen- 
substituted carbon-centered radicals, 2-hydroxyprop-2-yl 
and hydroxymethyl, in alkane, benzene, acetonitrile, 
methanol, and tetraethoxysilane solvents, among others.13J7 
The diffusion coefficient of eq 6 is given by D,q/T = 
k/67rrAf, where f is the microfriction factor of Spemol and 
Wirtz.15 To check the accuracy of the Spernol-Wirtz 
diffusion coefficients, the diffusion coefficients of ethyl- 
benzene, the model for the phenylethyl radical, in benzene 
at 25 and 60 "C were determined and found to agree within 
15% of predicted values. The parameter p is the average 
of the LeBas,14 van der WaaW and Spern~l-Wirtz'~ re- 
action diameters, and N is Avogrado's number.', The 
Smoluchowski expression for total self-termination rate 
(disproportionation plus combination) for the phenylethyl 
radical in benzene is given by In [2kt/(M-' s-l)] = 27.49 
- 3112/RT,18 or log [2kt/(M-' s-l)] = 11.93 - 3.112/8. 

To determine the Arrhenius expression for abstraction 
by phenylethyl radical, we irradiated 2-phenylpropio- 
phenone in benzene and Bu3SnH. Low conversion of the 
ketone photoprecursor and hydride donor produces phe- 
nylethyl radicals a t  constant concentration (eqs 7-10). 
Abstraction of hydrogen by the phenylethyl radical from 
the stannane to produce ethylbenzene competes with 
combination of the phenylethyl radical to yield dimers (l), 

(13) Schuh, H.-H.; Fischer, H. Helu. Chim. Acta 1978,61,2130. 
(14) Ghai, R. K.; Dullien, F. A. L. J .  Phys. Chem. 1974, 78, 2283. 
(15) Spernol, A.; Wirtz, K. Z. Naturforsch. 1953,8a, 622-532. 
(16) Edward, J. T. J. Chem. Educ. 1970,47(4), 261-270. 
(17) Saltiel, J.; Atwater, B. W. Spin Statistical Factora in Diffwion- 

Controlled Reactions. In Adoances in Photochemistry; Volman, D. H., 
Hammond, G. S., Gollnick, K., Eds.; Wiley-Interscience: New York, 1988, 

(IS) The Smoluchoweki equation for self-reaction of phenylethyl rad- 
icals in benzene waa calculated by wing the following date: radical model, 
ethylbenzene, mp 178.2 K, bp 409.3 K, p - 6.33 X 10% cm (average of GD 
(ref 14), van der Waals (ref 161, and Spernol-Wirtz (ref 15) reaction 
diameters, see ref 13); solvent, benzene MW 78.11, mp 278.7 K, bp 353.3 
K Andrade viscosity of benzene, In (7,CP) = -4.117 + 2093.7/Rc 
ethylbenzene density, dens(p/mL) = 1.134-9.0913 X l0-l X T(K); benzene 
dens(g/mL) = 1.192 - 1.059 X IO-* X T(K). The microfriction factor of 
Spemol and Wirtz ia given by f = (0.16 +0.4rA/rB)(0.9 + 0.4TAr - 0.25T~3. 
Reduced temperatures are given by Txr = (T - Tx?/(Txb - Tx?, where 
Tx' and TXb are freezing and boiling points of species X = phenylethyl 
(A) or benzene (B). The radii in the microfraction factor term are given 
by rx = (3Vx(x)/4rN)'18, where x = 0.74, the volume fraction for cubic 
closest packed spheres. The resulting expression for self-termination of 
phenylethyl radical is In (2ktlM-I s-') = 27.485 - 3112/RT, or log 

VOI. 14, pp 1-90. 

(2kt/M-' s-') 11.93 - 3.112/0. 
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Table 11. Arrheniur Exprerrions for @-Scirrion Reactionsa 
PhCH(')CH(CH&OPh -. PhCH==CHCHB (cis + trans) + PhO(') 

1.2 1.9 1.4 i .8  1.6 1.7 

l /RT x 1000 

Figure 1. Arrhenius plot for abstraction of hydrogen by the 
phenylethyl radical from tributylstannane in benzene, 80-160 O C .  

meso- and d,l-2,3-diphenylbutane, and disproportionation 
to yield both PhCH=CH2 and PhCH2CHS. To determine 

PhCOCH(CH3)Ph -!!L PhCO' + PhCH(')CH, (7) 

(8) PhCH(')CH3 + Bu3SnH -k PhCH2CH3 

2PhCH(')CH3 - P h C H e H 2  + PhCH2CH3 (9) 
2PhCH(')CH3 - PhCH(CHJCH(CH3)Ph (10) 

1, meso + d,l 
the fraction of the total yield of ethylbenzene produced 
by abstraction from tributylstannane (kab), the total yield 
of ethylbenzene must be corrected for ethylbenzene formed 
during the disproportionation step (eq 9). The tempera- 
ture dependence of the ratio of disproportionation to 
combination, kg/klo,  for phenylethyl radical in benzene has 
been determined in a careful study: kg/klo = exp(1.47/RT 
+ 8.43/R).l9 Thus, the yield of ethylbenzene produced 
in the disproportionation step can be calculated at  each 
temperature from the yield of meso and d,l dimers (1). 
The rate of abstraction, knb, is given by eq 11, and the rate 
of total termination, kt = kg + klo, calculated from the 
Smoluchowski equation, is given in eq 12. Under con- 

d[PhCH2CH3(abs)/dt = knb,[Bu3SnH] [PhCH(')CH,] 
(11) 
(12) 

ditions of short (<1%) extent of conversion of ketone and 
stannane, [PhCH(')CH,] is constant, and eqs 11 and 12 
can be integrated separately. Dividing the integral of eq 
11 by the square root of the integral of eq 12 and rear- 
ranging gives eq 13. Thus, analysis of the products 

(13) 

(ethylbenzene and 1) after photolysis of 2-phenylpropio- 
phenone and the use of values of k, from the Smoluchowski 
equation provide the rate constants for abstraction ac- 
cording to eq 13. Figure 1 shows an Arrhenius plot for the 
abstraction of hydrogen from Bu3SnH by the phenylethyl 
radical. Table I presents rate expressions for abstraction 
by phenylethyl, alkyl,20 and benzyl12 radicals from tri- 
butylstannane. The phenylethyl radical abstracts hydro- 
gen from tributylstannane only 3 times more slowly than 
benzyl a t  room temperature.12 The enthalpy changes for 
reaction of benzyl and phenylethyl radical with the stan- 

d([ll + (kg/k,o)[ll)/dt = kJPhCH(')CH3I2 

kt'l2{ [PhCH2CH31,,1 - (kg/kio) [111 
{[l]  + (kg/klo)[1])1~2[Bu3SnH]At1~2 kabs = 

(19) (a) Gibian, M. J.; Corly, R. C. J. Am. Chem. SOC. 1972,94,4178. 
See: (b) Manka, M. J.; Stein, S. E. J. Phys. Chem. 1984, 88, 5914. 

(20) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J.  Am. Chem. SOC. 
1981, 103,7139. 

reaction log (Ala-') E,, kcal/mol k(298K,s-') 
trans-@-scission 13.45 * 0.26 16.94 * 0.52 10.7 
cis-@-scission 13.41 f 0.3 19.3 & 0.75 0.18 

Errors are 2u, 

nane, AHo = -15 and -17 kcal/m01,~l-~~ respectively, ac- 
count for the small differences in selectivity of the stan- 
nane toward benzyl vs phenylethyl radical. 

&Scission of Phenoxy Radical from l-Phenyl-2- 
phenoxypropyl Radical (2). 1-Phenyl-2-phenoxypropyl 
radical 2 was generated over a temperature range of W160 
"C from the chain reaction of l-phenyl-2-phenoxy-l- 
chloropropane, trimethylstannane (Me,SnH), and an ap- 
propriate initiator. &Scission of 2 formed trans- and 
cis-P-methylstyrene (3) in a ratio of about 201 at the mean 
reaction temperature in competition with abstraction to 
yield the reduction product 1-phenyl-2-phenoxypropane 
(4) (eqs 14-17). The relative rate of 0-scission to reduction 

Me3SnH + In(*) - Me3Sn(') 0 4 )  

Me3Sn(') + PhCHC1CH(CH3)0Ph - 
Me3SnC1+ PhCH(')CH(CH,)OPh (15) 

2 

PhCH(')CH(CH,)OPh !!. B-methylstyrene + PhO(') 
3 

PhCH(')CH(CH,)OPh + MeBSnH - (16) 

PhCH2CH(CHS)OPh (17) 
4 

by the stannane can be determined from eq 18 or, for cases 
of significant (>lo%) consumption of the stannane, by 
using the integrated rate equation (eq 19), 

kg,trana/knbs = itram-31 [Me3SnH1/[41 (18) 

[3 + 41 = (Bo + r)[l - exp(-[3]/r)] (19) 

where r = k&cis + trans)/k,b, Bo = initial stannane con- 
centration, and t,trms/kab = r( [trans-3]/([trans-3] + 
[cis-3])). The pro uct ratios were analyzed with an iter- 
ative computer program which solves eq 19. For trans-& 
scission, the relative rate expression from a linear least- 
squares regression is given by log [(k,-,/.k,,J/M] = (4.162 
f 0.26) - (9.705 f 0.27)/8. Combining t h s  expression with 
the rate expression for abstraction log [kab/(M-l s-l)] = 
9.24 - 7.11/8 yields the absolute rate expression for 
trans-8-scission, log (kg,trana/s-l) = 13.45 - 16.94/8. Data 
for the minor product, cis-P-methylstyrene, formed to the 
extent of about 5% of the trans product yield, exhibited 
more scatter than the trans product, so that direct linear 
least-squares analysis of log (k@,cb/knb) vs 1/T gave un- 
satisfactory results in the form of a low A factor and a low 
activation barrier: log [(kg,,h/knb)/M] = (2.18 f 1.3) - 
(8.56 f 2.3)/0. The higher scatter may perhaps be due to 
occasional isomerization of a small fraction (1-2%) of the 

(21) BDE for BusSnH = 74 kcal mol: (a )  Jackson, R. A. J.  Organo- 
met. Chem. 1974, 166, 17-19. (b) durkey, T. J.; Mejewski, M.; Griller, 
D. M. J. Am. Chem. SOC. 1986,108, 2218-2221. 

(22) (a) Rassi, M.; Golden, D. M. J. Am. Chem. SOC. 1979,101,1230. 
(b) McMillen, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982,33,493. 

(23) Benson, S. W. Thermochemical Kinetics, Methods for the Esti- 
mation of Thermochemical Data and Rate Parameters, 2nd ed., Wiley- 
Interscience: New York, 1976. 
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ence, 2.4 kcal/mol. Table I11 provides selected bond 
lengths and angles. Steric repulsion between the methyl 
group and the ortho hydrogen in the cis transition struc- 
ture results in partial localization of the benzylic spin 
density, as shown by the dihedral angle 4-3-2-8 of -160.9', 
in the cis structure. In the trans structure the dihedral 
angle 4-3-2-1 is less than lo, indicating that the radical 
geometry retains the optimum angle for overlap with the 
phenyl *-system. In both structures, the phenoxy1 group 
departs in the manner of a trans-peri elimination: dihedral 
angles 6-4-3-2 are 91.4' and 89.4', respectively, for the 
cis and trans structures. The relative entropy changes 
between cis and trans pathways will be dominated by the 
methyl interactions. In the trans case, the methyl rotates 
against the evolving adjacent olefinic hydrogen, while in 
the cis structure, the methyl rotation is hindered by in- 
teraction with the ortho hydrogen of the aromatic ring. All 
other relative changes in rotational barriers and vibrational 
frequencies are negligible for the two transition structures. 
The A factors for the scission pathways are thus very 
similar as expected; the difference reflects the relative 
change in the entropy of rotation of the methyl group. 
(The small reduction in the cis phenyl torsional potential 
due to localization of spin density on the benzylic carbon 
will be small and compensated by an increase in the same 
torsional barrier due to the methyl/ortho-hydrogen in- 
teraction). To estimate the increase in the methyl rota- 
tional barrier, MM2 calculations were carried out on the 
AM1 transition structures with bond lengths and angles 
locked at  the values listed in Table 111. The rotational 
energy barriers for methyl rotation were 2.12 kcal/mol for 
the trans and 3.00 kcal/mol for the cis structure. These 
barriers correspond to a loss of 0.44 and 0.77 eu, respec- 
tively, from a free methyl rotor.23 These results lead to 
a value of Atrans/Acia = exp(0.33/R) = 1.17, thereby pro- 
viding a reliable estimate for conversion of cis-3/tram-3 
ratios to Ecis - Et,,, values. 

Addition of Phenoxy Radical to @-Methylstyrene. 
The enthalpy of reaction for &scission of the l-phenyl-2- 
phenoxypropyl radical (2) is estimated to be 12.7 (cis) and 
11.7 (trans) kcal/mol (eq 21):2392628 

AH'(cis-@-scission) = 12.7 kcal/mol 
AH'(trans-@-scission) = 11.7 kcal/mol 

PhCH(')CH(CH,)OPh - 
2, AHfo29, = 25.8 kcal/mol 

P-methylstyrene + 
3, m f ' 2 9 8  = 29 (cis), 28 (trans) kcal/mol 

PhO(') (21) 

From the relation E-21 = EB - AH', E-21(trans) = 16.9 - 
11.7 = 5.2 kcal/mol for addition of the phenoxy radical to 
tram-@-methylstyrene, and = 19.3 - 12.7 = 6.6 
kcal/mol for addition to cis-b-methylstyrene. This value 
of E-21(cis) - E-21(trans) = 1.4 kcal/mol matches the rel- 
ative activation energies determined by Szwarc et al. for 
the addition of methyl radical to cis- vs trans-stilbene, 
reflecting a similar degree of retardation of addition to the 
cis isomer due to steric inhibition of resonance.% 

h H f 0 2 9 8  = 9.7 kcal/mol 

Table 111. AMl/UHF Transition-State Geometries for 
Trans- and Cis-@-Scission of PhCH(*)CH(CH,)OPh 

A. Cis-@Scission Transition-State Geometw 

8 6\o.1 
dihedral aneles. dee bond angles, dee bond distances, A 

5-4-3-2, 20.5 5-4-3, 123.8 4-6, 1.92 
6-4-3-2, -91.4 7-4-3, 116.1 2-3, 1.40 
7-4-3-2, 173.8 6-4-3, 96.6 5-4, 1.48 
4-3-2-8, -160.9 

B. Trans-8-Scission Transition-State Geometryb 

dihedral angles, deg bond angles, deg bond distances, 8, 
1-2-3-4, -0.9 1-2-3, 123.0 4-6, 1.93 
5-4-3-2, -166.2 2-3-4, 125.6 4-5, 1.48 

86-4-3-2,89.4 3-4-5, 119.9 
8-2-3-4, 178.7 6-4-2, 97.3 

7-4-3, 119.7 
6-4-5, 98.8 

"MM2 methyl rotational barrier: 3.00 kcal/mol. bMM2 methyl 
rotational barrier: 2.21 kcal/mol. 

major product, trans-&methylstyrene. Since the A factors 
for cis- and trans-@-scission will be very similar (see 
analysis below), the experimental ratio of trans/cis isomers 
of ca. 20:l a t  the mean temperature dictates a relative 
activation barrier of about 2.4 kcal/mol. Thus, the Ar- 
rhenius parameters for cis-@-scission were calculated from 
the ratio tram-3/cis-3 for each kinetic experiment using 
an estimated value of Atrms/Acis (see below) in eq 20. 

(20) 
Using the calculated ratio of A factors, Atrans/Acis = 1.17, 
individual Ecia - E,,,, values were averaged to give ( Ecis 
- Etrms) = 2.4 f 0.3 kcal/mol, giving the relative rate 
expression log (kgt,BM/ks,Cis) = 0.04 + 2.4/6. Combining 
this expression with the Arrhenius expression for trans- 
0-scission results in the Arrhenius expression for cis-@- 
scission: log (ks,cis/s-l) = (13.41 f 0.3) - (19.3 f 0.75)/6. 
Table I1 presents Arrhenius expressions for the @-scission 
reactions. 

Estimation of Relative A Factors for Cis- vs 
Trans-@-Scission. Transition-state geometries were 
modeled by using AM1 /UHF24 semiempirical molecular 
orbital calculations. Entropy changes caused by changes 
in internal group rotational barriers were determined by 
using molecular mechanics calculations.2s Although the 
absolute enthalpies calculated by using AM1 for the cis 
and trans transition structures are appreciably higher than 
the experimental values, the relative energetics of cis- vs 
trans-@-scission predicted by AM1 are in good agreement 
with experiment. AM1 predicts the activation barrier for 
cis-@-scission to be greater than that for trans-@-scission 
by 3.1 kcal/mol, compared with the experimental differ- 

(24) The MOPAC Molecular Orbital Program Package, QCPE 455 
(version 6.0), Quantum Chemistry Program Exchange, Chemistry De- 
partment, Indiana University, Bloomington IN. AM1: Dewar, M. J. s.; 
Zoebisch, E. G.; Healy, D. F.: Stewart, J. P. J. Am. Chem. SOC. 1985,107, 
3902. 

(25) Progam MODEL, version KS 2.93 We are indebted to Prof. K. 
Stelious, University of Montreal, for providing UB with the program. 

Ecis - Et,,, = -RT In (([cis-3l/[trans-31)(Atr,~/A,is)l 

(26) AHHp, of the phenoxy radical: Back, M. H. J. Phys. Chem. 1989, 
93. 6880. (26) AH:, of the 1-phenyl-2-phenoxypropyl radical: Calculated from 
AHf 288 = -7.04 for phenyl-2-phenoxypropane (ref 23) and a secondary 
benzylic BDE of 85.5 kcal/mol (ref 22). 

(28) Yaws, C. L.; Chiang, P.-Y. Chem. Eng. 1988, 95 (Sept, No. la), 
81. AHfQ,: trans-&methylstyrene, 28 kcal/mol; cia-,%methylatyrene, 
29 kcal/mol. ~~ 

(29) 'Gder, A. R.; Buckley, R. P.; Leavitt, F.; Szwarc, M. J. Am. Chem. 
SOC. 1957, 79, 5521. 



Model for Radical Reactions of Lignin 

Conclusions. This work has provided a new rate ex- 
pression for abstraction of hydrogen by a secondary ben- 
zylic radical from trialkylstannanes and has provided a new 
rate expression for 8-scission of the phenoxy radical from 
a parent benzylic radical, a key bond-breaking step in the 
thermal degradation of lignin. The activation barrier for 
the @-scission reaction is lower by 11.4 kcal/mol than the 
corresponding @-scission barrier of a benzyl radical (eq 5 )  
from the l,&diphenylpropyl radical, reflecting in part the 
stronger (by 9.6 kcal/mol) C-C bond in l,&diphenylpropyl 
radical compared to the corresponding C-0 bond in 
PhCH(')CH(CH,)OPh, but apparently not explained by 
the incursion of a polar transition state." 

Experimental Section 
General. lH NMR spectra were obtained using a Varian VXR 

300-MHz spectrometer. Gas chromatography-mass spectrometry 
(GCMS) was performed on a Hewlett-Packard Model 5890 
chromatograph interfaced to a Model 5970 mawselective detector. 
Gas chromatography (GC) was carried out with a Hewlett-Packard 
5890 instrument equipped with an on-column injector and a 
flame-ionization detector. Product analyses were performed on 
30-m J&W Scientific DB-5 and DB-1 capillary columns. 

Reagents. Benzene (Aldrich reagent grade) was washed with 
concentrated sulfuric acid and water, predried over CaC12, and 
distilled from CaH2. Trimethyltin hydride was prepared from 
trimethyltin chloride and lithium aluminum hydride by following 
a literature procedure.M 1-Phenyl-2-phenoxypropane was 
available from a previous study." 1-Chloro-1-phenyl-2-phen- 
oxypropane, available from a previous study," was purified on 
a Harrison Chromatotron by using 5% ether in pentane on silica 
gel. 

Preparation of (a-Chloroethy1)benzene. (a-Chloroethy1)- 
benzene was prepared by treatment of acetaldehyde with phe- 
nylmagnesium bromide and conversion of the resulting alcohol 
to the chloride by treatment with thionyl chloride: bp 63-65 "C 
(15 mmHg); 'H NMR (CDCl,) 6 1.89 (d, 3 H), 5.14 (q, 1 H), 7.3-7.5 
(m, 5 H); 13C NMR (CDC13) 6 26.6, 58.85, 126.57, 128.32, 128.70, 
142.86. 

Preparation of d,l- and meso-2,3-Diphenylbutane (1). An 
ethereal solution of (a-chloroethy1)benzene (50 mmol) was con- 
verted to the corresponding Grignard reagent by treatment with 
magnesium metal. Excess anhydrous CuC12, obtained by heating 
the dihydrate CuC12-2H20 at  120 "C for 4 h, was slowly added 
and stirred overnight at room temperature. The mixture was 
quenched with an aqueous NaOH solution and extracted with 
ether. The organic portion was dried and concentrated to give 
an oil, which yielded crystals from pentane at -30 "C of a mixture 
of d,l- and meso-2,3-diphenylbutane. Repeated recrystallization 
from pentane produced exclusively the meso isomer: mp 126-127 
"C (lit.91 mp 126.4-127 "C); 'H NMFt (CDC13) S 1.02 (d, 6 H), 2.80 
(m, 2 H), 7.21-7.40 (m, 10 H); 13C NMR (CDC1,) 6 21.8, 47.25, 
126.06, 127.63, 128.30, 146.50. 

Preparation of 2-Phenylpropiophenone. 1,2-Diphenyl- 
propanol was prepared from the reaction of phenylmagnesium 
bromide and 2-phenylpropionaldehyde in tetrahydrofuran. The 
alcohol was oxidized with pyridine chlorochromateB to the ketone. 
Vacuum distillation (0.5 mmHg, bp 115-117 "C) and repeated 
recrystallization from 25% aqueous methanol produced 2- 
phenylpropiophenone: mp 52-54 OC (lit.39 mp 53-55 "C); 'H NMR 
(CDCl ) S 1.56 (d, 3 H), 4.71 (4, 1 H), 7.2-7.5 (m, 8 H), 7.98 (d, 
2 H); k! NMR (CDC13) S 20.9, 49.2, 128.3, 129.1, 129.8, 130.1, 
130.3, 134.2, 137.8, 142.8, 201.7. 

Kinetic Experiments: Abstractions of Hydrogen from 
BuaSnH by Phenylethyl Radical. To argon-purged Pyrex tubes 
were added 100-pL aliquots of a benzene solution containing 
2-phenylpropiophenone (5.80 mM), isobutylbenzene (intemal GC 
standard), and tri-n-butylstannane (5.95 mM). The tubes were 
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Figure 2. Arrhenius plot of the relative rate constants for 
trans-@-scission vs abstraction of hydrogen from trimethyl- 
stannane, In (k8,traM/kab, M) vs 1IRT. 

sealed under high vacuum after three freeze-thaw cycles and 
photolyzed with a defocused 450-W xenon lamp for 15-45 s at  
25.5-150 "C, resulting in 1-3% consumption of the ketone. Sealed, 
but unphotolyzed, tubes were analyzed by GC for background 
corrections. 

Diffusion Coefficients. Different coefficients calculated 
according to Spernol and Wirtz15 for the phenylethyl radical in 
benzene were checked by experimental measurement of values 
of the diffusion coefficient of ethylbenzene in benzene at  23 "C 
and 60 "C. The diffusion coefficients were determined by the 
Taylop method following Pratt= and Fischer.SB The instrument 
consisted of a Water's Associates liquid chromatograph with a 
3bcm analytical silica column located between the pump and the 
injector to dampen residual pressure fluctuations. A 33.22-m, 
0.0398 cm internal diameter stainless steel coil (coil diameter 25 
cm) was maintained at  constant temperature in a Braun Model 
1340 Thermomix thermostated oil bath. Samples of ethylbenzene 
were eluted at a flow rate of 0.14.2 mL/min benzene and detected 
with a Water's Model R401 differential refractometer. The 
variance (o*) of the ethylbenzene peak was determined from the 
chromatography trace by averaging the measurement of the peak 
width at  half height r, where r = 2.3450, and the measurement 
taken from the half width (=o) at 60.65% of peak height. The 
relationship between the internal radius of the coiled tube r, the 
retention volume t, u2, and the diffusion coefficient D is given 
by D = ?t 242. The diffusion Coefficients were as follows: (unite 
of ,mi s-l): 24 "C, 1.84 (calcd 1.81); 60 "C, 3.55 (calcd 3.17). 
Since the predicted and measured values agreed within 15%, the 
Spernol-Wirtz diffusion coefficients were used. 

Test for Cage Disproportionation of the  Phenylethyl 
Radical. Stock solutions of 2-phenylpropiophenone in benzene 
were prepared with BuaSnH concentrations from 0.3 to 0.6 M. 
Photolysis of 2-phenylpropiophenone at room temperature pro- 
duced ethylbenzene and benzaldehyde, but no detectable styrene. 
The absence of styrene under these reaction conditions indicates 
that cage disproportionation of the phenylethyl and benzoyl 
radical pairs does not occur. Thus, a correction of the observed 
styrene yields in the competition kinetics was unnecessary. 

Relative Rate of &Scission vs Reduction. Two stock so- 
lutions were prepared in argon-purged benzene containing an 
internal standard (undecane) for GC analysis with different in- 
tiators. Solution A contained azobis(isobutryonitri1e) (AIBN, 1.8 
mM), trimethylstannane (85.2 mM), and l-chloro-l-phenyl-2- 
phenoxypropane (29.9 mM). Solution B contained di-tert-butyl 
hydroperoxide (DTBP, 1.4 mM), trimethylstannane (57.8 mM), 
and 1-chloro-1-phenyl-2-phenoxypropane (18.4 mM). Pyrex 
pyrolysis tubes were purged with argon, charged with BO-pL al- 
iquots of the stock solutions, degassed, and sealed under under 
vacuum with three freeze-pump-thaw cycles. The tubes were 
heated in a constant-temperature bath for 3-15 min (10-28% 
conversion of trimethylstannane). Solutions containing AIBN 

(30) Kuivila, H.; Dixon, J.; Mdie ld ,  P.; Scarpa, N.; Topka, T.; Tsai, 

(31) Serijan, K.; Wise, P. J .  Am. Chem. SOC. 1952, 74, 365. 
(32) Cory, E. J.; Suggs, W. T. Tetrahedron Lett. 1975,31, 2647. 
(33) Bergmann, E.; Blum-Bergmann, 0. J. Chem. SOC. 1938, 727. 

K.-H.; Wursthorn, K. J. Organomet. Chem. 1976,86,89. 
(34) Taylor, G. h o c .  R. SOC. London, A 1964,235,473. 
(35) Pratt. K. C.: Wakeham, N. A. Roc.  R .  SOC. London, A 1974,336, 

393. 
(36) Huggenberger, C.; Lipscher, J.; Fischer, H. J.  Phys. Chem. 1980, 

84, 3467. 
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were employed between 80 and 120 OC, and solutions containing 
DTBP were employed between 130 and 160 "C. The relative rate 
of 8-scission to reduction was determined by using the integrated 
rate equation (eq 19). The Arrhenius parameters for trans-p- 
scission were calculated from linear least-squares regression 
analysis of In (k,,/k,b) vs 1 / R T  as depicted in Figure 2. The 

Arrhenius parameters for &&scission were calculated from ratios 
of trans- to cis-@-methylstyrene and the estimated ratio Atmr/Ah 
= 1.17 (see text), yielding the relative rate expression log 
(k,-/k ) = 0.04 - 2.4/8. The expression was combined with 
the absof$e rate expression for trans-@-scission to yield log 
(ke,ch/s-l) = 13.41 - 19.3/8. 

Regioselectivity and Solvent Effects in Cyclopropanation of Alkadienes 
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A comparison of the regioselectivities for monocyclopropanation of limonene and 4-vinylcyclohexene using 
diiodomethane with zinc dust and copper(1) chloride in ether, with diethylzinc in toluene, or with triethylaluminum 
in toluene-dichloromethane has been carried out. Some studies were also done using dibromomethane with zinc 
dust and copper(1) chloride in ether. The procedure using diethylzinc in toluene exhibited the least steric hindrance 
toward cyclopropanation at more highly substituted, electron-rich double bonds. In a study of solvent effects 
on the diiodomethane, zinc dust, and copper(1) chloride procedure, use of diisopropyl ether as a reaction solvent 
proved to be a satisfactory method for almost doubling the steric requirements of the cyclopropanating reagent. 

In connection with other studies in our laboratory, it  
became of interest to carry out an investigation of re- 
gioselectivities in monocyclopropanation of dienes using 
organometallic carbenoids generated from diiodomethane 
or dibromomethane by various methodologies. The 
methodologies, which were of special interest to us because 
of their operational simplicity, low cost, and adaptability 
to larger scale reactions, were those using zinc dust and 
copper(1) chloride for in situ generation of a zinc-copper 
couplet1 diethylzinc2 and triethylal~minum.~ 

Some studies4i5 of intermolecular alkene competitions 
reported for the diiodomethane and zinc-copper couple 
cyclopropanating system have revealed that the organminc 
intermediate is electrophilic but rather sterically hindered. 
In the few cases of intramolecular competitions using this 
methodology that have the results are con- 
flicting. With the diiodomethane-diethylzinc system, no 
intramolecular alkene cyclopropanation competitions have 
been reported. However, some intermolecular competition 
studiess have suggested that the diethylzinc system, es- 
pecially in noncoordinating solvents, gives a much less 
sterically hindered cyclopropanating intermediate than 
that formed with the zinc-copper couple in ether. Finally, 
with the only recently reported triethylaluminum method: 
neither intra- nor intermolecular competition was reported 
with hydrocarbon dienes. However, with several dienols, 
cyclopropanation using diiodomethane and triethyl- 
aluminum in toluene-dichloromethane took place exclu- 
sively at the olefinic site distant from the hydroxyl group. 
The opposite behavior is observed in cyclopropanation 
using diiodomethane and diethylzinc in ether. 

(1) Rawson, R. J.; Harrison, I. T. J. Org. Chem. 1970,35, 2057. 
(2) Furukawa, J.; Kawabata, N.; Nishimura, J. Tetrahedron 1968,24, 

(3) Maruoka, K.; Fukutani, Y.; Yamamoto, H. J. Org. Chem. lSSS,50, 

(4) Blanchard, E. P.; Simmons, H. E. J.  Am. Chem. SOC. 1964, 86, 

(5) Rickbom, B.; Chan, J. H.-H. J. Org. Chem. 1967, 32, 3576. 
(6) Koch, S. D.; Kliss, R. M.; Lopiekes, D. V.; Wineman, R. J. J .  Org. 

(7) Simmons, H. E.: Blanchard, E. P.; Smith, R D. J.  Am. Chem. SOC. 

(8) Burger, U.; Huisgen, R. Tetrahedron Lett. 1970,3057. 
(9) Nishimura, J.; Furukawa, J.; Kawabata, N.; Kitayama, M. Tetra- 

53. 

4412. 

1337. 

Chem. 1961,219,3122. 

1964,86,1347. 

hedron 1971,27, 1799. 

Results and Discussion 
For our initial studies, which are reported in Table I, 

we investigated the regioselectivities of all of the cyclo- 
propanating systems of interest toward limonene (la). 

la ,  R1 I & = CH, 2 3 4 
b, R1= R2 I H 

The solvent used in each case was that usually associated 
with the method. Two different mole ratios of reactants 
were examined in each case. For the zinc dust-copper(1) 
chloride procedure, we used the acetyl chloride promotion 
method recently developed in our laboratory1° to ensure 
rapid, high-yield reactions. The use of dibromomethane 
was examined only when the zinc dust-copper(1) chloride 
procedure was employed because, with diethylzinc or 
triethylaluminum, dibromomethane has not been reported 
to react. 

It is immediately seen that the diiodomethane-di- 
ethylzinc system in toluene exhibits the lowest regiose- 
lectivity in monocyclopropanation of limonene, presumably 
due to use of the noncoordinating toluene solvent. With 
limonene, the trisubstituted ring double bond is the most 
electron rich but also the most sterically hindered. Thus, 
lower regioselectivity in the direction shown in the li- 
monene system should be associated with a cyclo- 
propanating reagent having lower steric requirements. The 
observation that with use of zinc dust and copper(1) 
chloride the cyclopropanations involving diiodomethane 
and dibromomethane in ether exhibited such closely sim- 
ilar regioselectivities toward the double bonds of limonene 
was unexpected. Also, it is seen that the regioselectivity 
for cyclopropanation for the triethylaluminum with di- 
iodomethane in toluene-dichloromethane procedure lies 
between those for the zinc dust-copper(1) chloride and 
diethylzinc methods. 

(10) Friedrich, E. C.; Lewis, E. J. J.  Org. Chem. 199O,bb, 2491. 
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