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The reactions of ArS' and PhSe' with methyl-substituted allenes have been studied by the flash 
photolysis method. Decay rates of ArS' and PhSe' increase with the concentration of the allenes 
without the carbon-radical scavengers such as oxygen which has low reactivity to ArS' and PhSe'. 
From the decay rates, the rate constants of the addition reactions (kl in M-ls-l) were determined. 
For example, the kl value of PhS' is 2.4 X lo6 for (CH3)2C=C=CH2, which is similar to that for 
(CH&C=C=C(CH& (k = 1.8 X lo6). These findings seem to coincide with the reported 
regioselectivity that the central carbon of these allenes is attacked by ArS'. The reactivity of PhSe' 
to allenes is higher than that of PhS', whereas the opposite tendencies are observed for olefins and 
conjugated dienes. This indicates that the orbital size of the unpaired electron of the attacking 
radicals is an important factor in determining the reactivity of the allenes. 

Introduction 

Cumulated double bonds of allenes have specific reac- 
tivity to free The regioselectivity of the free- 
radical addition to the r-bond of the allenes depends on 
the attacking free radicals. The carbon-centered radicals 
tend to attack the terminal carbon of the allenes, irre- 
spective of the electrophilicity (or nucleophilicity) of the 
attackingradicals.& On the other hand, the bromine atom 
and stannyl radical attack to the central carbon of the 
a l l ene~ .~ -~  In the case of the thio radicals, although the 
regioselectivity depends on the substituents of the allenes 
and on the reaction conditions, the main route is the attack 
on the central carbon of the allenes.'@14 It has been pointed 
out that the regioselectivity is closely related with the 
reversibility of the addition proce~s.~ 

The kinetic approaches to the specific reactivity of the 
allenes to the free radicals also have been reported.15J6 
The conventional kinetic methods based on product 
analysis usually give the relative rate constants, from which 
it is difficult to compare the reactivities among the different 
attacking radicals. Furthermore, when the reaction pro- 
ceeds reversibly, relative rate analysis is not easy. There- 
fore, it has been desired to obtain the absolute rate 
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constants by a method which explicitly takes the revers- 
ibility into consideration. 

In this study, the rate constants for the addition reactions 
of the arylthio radicals (ArS') and phenylseleno radical 
(PhSe') with the methyl-substituted allenes have been 
measured by the flash photolysis method, with the hope 
that it would reveal the details of the reaction process 
including the reversibility and irreversibility of the ad- 
dition reactions.17J8 Substituent effects on the side of 
ArS' and allenes also disclose the electrophilicity and the 
steric effect. It would also be expected to clarify the size 
effect on the reactivity by changing the size of attacking 
radicals. 

Experimental Section 
Materials. Commercially available 3-methyl-lt2-butadiene, 

2,4-dimethyl-2,3-hexadiene, 2,5dimethyl-2,4hexadiene, and 2-me- 
thyl-1-phenylpropene were purified by passing through an 
alumina column. The absence of reactive impurities such as 
l,&dienes in the allenes was checked by the lack of a UV-band 
in the wavelengths longer than 190 nm. Aryl disulfides and 
diphenyl diselenide were also commercially available, and were 
purified by recrystallization from alcohol. Solvents used were 
spectroscopic grade. The solution was degassed by vacuum pump. 
The oxygen-saturated solution was made by adding oxygen gaa 
to the degassed solution. 

Apparatus. The flash photolysis apparatus was a standard 
design with two xenon flash lamps (Xenon Corp. N-810C; half 
duration of 8 pa and input energy of 100 J). The flash photolysis 
cell was made of Pyrex that was cylindrical with a diameter of 
10 mm, and the optical path for monitor the transmission change 
waa 100 mm. The photolysis light was selected between 310 and 
400 nm by the band-path filters. All the measurements were 
performed at 23 k 1 "C. The half-duration of 8 ju of the flash 
lamp allowed the measurement of the firstorder rate constant 
(kfmhder) of less than ca. l@ 6-1. Thus, the concentrations of the 
substrates were controlled as kfmtod., did not to exceed ca. 1V 
8-1. 

Results and Discussion 
The reversibility of the addition process of Ars' to olefins 

has been revealed by the cis-trans isomerization rea~ti0n.l~ 
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Figure 1. First-order plots for decay of p-ClCsH4S*: (a) in 
cyclohexane, (b) with (CH3)2C=CHCH=C(CH3)2 (0.6 mM) in 
degassed solution, and (c) with (CH3)2C=CHCH=C(CH3)2 (0.6 
mM) in aerated solution. Inset: transient absorption spectrum 
of p-ClCeH4S* observed immediately after the flash photolysis 
of @-ClCeH4S)2 in cyclohexane (0.05 mM). 

By the flash photolysis method, the decay profiles of ArS' 
and PhSe' show the reversibility of the addition processes 
to 0lefins,l7J8 acetylenes,20 and dienes.21 An example is 
shown in Figure 1 for a 1,3-diene [(CH3)2C=CHCH=C- 
(CH3)2], which was selected to compare the rate constants 
with those of methyl-substituted allenes. The transient 
absorption band observed by the flash photolysis of @- 
ClC6&S)2 has a sharp peak in the visible region (Figure 
1 inset). This absorption band is attributed top-ClC6H.&' 
because the same absorption band was observed from 
p-C1C&14SH.17-22 The absorption bands for other ArS' 
and PhSe' were also r e p ~ r t e d . ~ ~ ! ~ ~ ~ ~ ~  In the absence of the 
diene, ArS* decayed with recombination returning to the 
disulfide (curve a, Figure 1). The decay rate was not 
accelerated by the addition of 02 to solution, indicating 
that the reactivity of ArS' to 02 is very 10w.17.25 When the 
solution was degassed, the decay of ArS' was not accel- 
erated even by addition of the diene into solution (curve 
b, Figure 1). By adding 02 to solution containing thediene, 
the decay of ArS' was accelerated (curve c, Figure 1). These 
findings suggest that ArS' is reproduced by the fast reverse 
C-S bond dissociation immediately after the addition 
reaction of ArS' to the diene forming the C-S bond.17 
When 0 2  is added to solution, 02 shifts the fast equilibrium 
to the product side by trapping selectivity the carbon- 
centered radical. These reactions for conjugated dienes 
are represented as shown in Scheme I.21 

The formation of the adduct carbon centered-radical 
under the condition observing decay curve b in Figure 1 
is supported by the 1,Caddition product, when ArSH is 
present in degassed solution.26 In the case of styrene, the 
transient absorption due to the benzyl-type radical was 
observed in the degassed solution, in which the decay of 
ArS' similar to decay curve b was 0b~erved.l~ For dienes, 
however, it was difficult to detect the transient absorption 
band of the allyl-type radical, which would be expected 

(20) Ito, 0.; Omori, R.; Mntauda, M. J. Am. Chem. SOC. 1982, 104, 

(21) Ito, 0.; Tamura, S.; Murakami, K.; Matsuda, M. J. Org. Chem. 

(22) Thyrion, F. C. J. Phys. Chem. 1973, 77, 1478-1482. 
(23) Burkey, T. J.; Griller, D. J .  Am. Chem. SOC. 1985, 107, 246-249. 
(24) Scott, T.  W.; Liu, S. N. J. Phys. Chem. 1989, 93, 1393-1396. 
(25) Tyndall, G. S.; Ravishankara, A. R. J. Phys. Chem. 1989,93,2426- 

(26) Oswald, A. A.; Griesbaum, K.; Thaler, W. A.; Hudson, B. E., Jr. 

3934-3937. 

1988,53,4758-4762. 

2436. 

J. Am. Chem. SOC. 1962,84, 3897-3904. 

I 

(CH 1 C-CH=CH-C(CH,), 
3 2 t  
ArS 

aerated system 

to appear in the short wavelength region (230-275 nm)27.28 
overlapping with other absorption bands. For various 
olefins, formations of the adduct carbon-radicals were 
confirmed by the spin-trapping EPR meth0d.~9 Thus, it 
is certain that the addition of ArS* to the diene occurred 
even though the decay of ArS' was not accelerated in 
degassed solution. 

Selective trapping of the carbon-centered radical with 
02 was also confirmed by the products including the C-0 
bond but not the S-0 bond.30 This is also supported with 
the reaction rate constants of 02 with the carbon-centered 
radicals [kz  = (2-5) X lo9 M-l s-lI3l which are greater than 
that with ArS' by a factor of ca. 105.17 Since this selective 
radical trapping method was first found in 1979 by Ito 
and Matsuda,17 this method has been applied by other 
researchers to various reaction systems using the xenon- 
flash pho t~ lys i s ,~~  laser-flash photolysis,33 and pulse 
rad i~ lys is .~~  

The decay behavior of methyl-substituted allenes was 
quite different from that of the conjugated dienes. Figure 
2 shows the decay of p-ClC6H4S' in cyclohexane for the 
reaction with [(CH3)&=C=C(CH3)21. By adding the 
allene, the decay of ArS' was accelerated even in degassed 
solution (curve b, Figure 21, suggesting that the reaction 
proceeds irreversibly. In the aerated solution, the decay 
of ArS' was further accelerated (curve c, Figure 2), 
indicating the irreversibility of the decay was not complete; 
02 further shifts the equilibrium to the peroxy radical 
side by trapping selectivity the incipient short-lived 
carbon-centered radicals. Reactions are shown in Scheme 
I1 with the assumption that ArS' attacks the central 2p- 
orbital of the methyl-substituted allenes, which was 
confirmed by product analyses.14 Irreversibility (decay 
curve b in Figure 2) may occur by rearrangement of the 
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Figure 2. First-order plots for decay of p-ClCsH4S': (a) in 
cyclohexane, (b) with (CH3)2C=C=C(CH& (7.0 mM) in degassed 
solution, and (c) (CH~)~C=C=C(CH~)Z (7.0 mM) in aerated 
solution. Inset: pseudo-first-order plots in aerated solution. 

Scheme I1 
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incipient carbon-centered radical to the coplanar allyl- 
type radical stabilized by the delocalization of the unpaired 
electron. Irreversiblity is evidence of the central attack 
as was shown in the addition reaction of bromine atom to 
the al lene~.~ 

Similar decay phenomena were observed for the reac- 
tions of PhSe' with the allenes. The decay rates of ArS' 
(PhSe') in 02-saturated solution were similar to those in 
aerated cyclohexane solution ( [ 0 2 1 =  2.3 mM)35 for allenes 
and dienes, indicating that the reverse rate (k-1) can be 
neglected in aerated solution (It-1 << klk2[021).17920 The 
slope of the first-order plot for each decay of ArS' or PhSe' 
is the pseudo-first-order rate constant (kfirst-order), which 
depends on the concentrations of substrates. An example 
of the plots is shown in the inset of Figure 2; the second- 
order rate constant for the forward addition process (kl) 
was evaluated from the slope. The values of k l  are 
summarized in Table I. Similarly, the values of kl were 
measured for [PhCH=C(CH3)21 and [PhCN(CH3)1 
which were selected to examine the steric effect of the 
methyl group on the reactivity. For PhS', the value of 121 
for dimethylallene is greater than the corresponding value 
of tetramethylallene by a factor of 1.3, which is in good 
agreement with the ratio from the relative rates (1.4) 
reported by Pasto et al.14 

The rearrangement rate constant (kr) from the localized 
incipient carbon-centered radical to the delocalized allyl- 

(35) Murov, s. I. Handbook of Photochemistry; Marcel Dekker: New 
York, 1973, p 89. 

type radical (Scheme 11) can be evaluated from kfirst-order 
in degassed solution, which is represented as eq 1 on 
assuming the steady-state concentration on the incipient 
radical [>C=C(SAr)C*<l. In Figure 3, two examples of 

(1) l/kfi,,,o&r = (1 + k-,/kr)/kl[allenes1 

the plots of eq 1 are shown for the reactions Of p-ClC&S' 
with two allenes. The values of k-l/k, were obtained as 
0.10 and 0.16 for tetramethylallene and dimethylallene, 
respectively. The values of k-1 were already estimated to 
be ca. lo6 s-1 for the reaction of p-ClC6H4S' with non- 
conjugated olefins, which would be anticipated to have 
k-1 similar to the incipient radical from the allenes;17 thus, 
the value of kr was calculated to be ca. lo7 s-l. Small 
differences in the slopes in Figure 3 lead to a tendency 
that k,(tetramethylallene) > k,(dimethylallene), on as- 
suming the same k - ~  for both allenes. This order seems 
to reflect some steric effects on the rotation about the 
C-C of >C=C (SAr)C*<. 

By changing the substituent X in p-XC6H4S0, we can 
examine the polar nature of the transition state of the 
addition reaction to the methyl-substituted allenes, 1,3- 
dienes, and olefins. Figure 4 shows the Hammett plots of 
the values of k l  forp-XC6HS' against the Brown4kamoto 
u+-constants,36 in which good linear relations are obtained. 
For the plots against other substituent constants such as 
up and u', a good linear relationship was not obtained, 
indicating that the reactivity of the sulfur atom in 
p-XC6H4S' was influenced by both inductive and reso- 
nance factors of X.37938 

In Figure 4, positive slopes that are denoted as p+ are 
obtained. In Table 11, observed p+ values for p-XC6H4S' 
are summarized with the values of k l  for PhS' and PhSe'. 
The reliability of the p+ value evaluated by this flash 
photolysis method was confirmed for arylacetylenes by 
the product analysis method.37 For olefins, it is quite 
difficult to examine the substituent effects with changing 
the attacking radicals by the relative rate measure- 
menti~3893~ The reversibility of the addition process further 
makes the estimation of the relative rates complex.40 

The observed p+ values seem quite large compared with 
those of other free-radical reactions. In the case of 
p-XC6H4S0, it has already been revealed that the ther- 
modynamic stabilities of p-XC6H4S' are greatly varied by 
X14l which affects the activation energy in terms of the 
linear free-energy relationship (Evans-Polanyi relation- 
ship).42 Thus, only a part of each observed p+ value is 
attributed to the polar nature of the transition state.43 
The positive sign in the polar contribution implies the 
charge-transfer interaction from the C = C  (or C 4 )  to 
the radical center of ArS' in the transition state,4l~~~ 
indicating the electrophilicity of ArS.. Similarity of the 
slopes in Figure 4 suggests that the polar natures of the 
transition state are similar except for that of phenylacet- 
ylene. This indicates that the addition reactivities are 
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Table I. Rate Constants for Addition Reaction of ArS' and PhW to Methyl-Substituted Allenes, Diene, and Styrene in 
Cyclohexane at 23 A 1 "C1 

1P X kl, M-' 8-l 
~ ~~ ~ 

P-XC~HIS' 
X =  Br c1 H t-Bu Me Me0 PhW 

(CH&C<+Hz 68 46 24 6.8 9.0 1.6 31 
( C H ~ ) ~ C ~ = C ( C H ~ ) Z  51 33 18 5.8 4.8 1.1 32 
(CH3)2CdH-CH=C(CHdz 560 500 240 80 93 13 0.48 
PhCH=C(CH3)2 0.86 0.71 0.48 0.17 0.15 <0.02 

a The concentrations of substrates were varied in the range of 0.1-10oO mM. For the largest kl, 0.1-1 mM. For the smallest ki, 1 ~ 1 O O O  
mM. Each kl contains an error of & 5 % .  

2 

a 

# 

-9 1 

P E 

C l O S  

1 I [allenesl, M-' 

Figure 3. Plots of eq 1 for reaction systems of p-ClCeHB' and 
allenes in degassed solution. 

determined mainly by the resonance ability of the tran- 
sition state and by the steric factors for allenes, dienes, 
and styrenes. 

For usual olefins, 1,3-dienes, and acetylenes, it would 
be anticipated that the rate constants are decreased by 
the methyl groups at the terminal carbon because they 
hinder the approach of the attacking radical to olefinic 
double bond and acetylenic triple bond. In Table 11, it is 
shown that the steric effect of two &methyl groups is quite 
large for styrene; the decrease in kl is l/m (PhS') to l/lm 
(PhSe'). By the methyl substitutions at the terminal 
carbons of the 1,3-butadiene, the value of kl was decreased 
by a factor of l/3.7 (PhS') to l/50 (PhSe'). For pheny- 
lacetylene,2O the reaction rate was decreased by the methyl 
group by a factor of ca. 3 (PhS'). It seems reasonable that 
the steric effect of large attacking radical (PhSe') is greater 
than that of small radical (PhS') for these conjugated 
dienes, olefins, and acetylenes. 

In the case of the allenes, however, the steric effect by 
replacing the four terminal hydrogen atoms with the 
methyl groups is quite small compared with the allene 
with two hydrogen atoms t1/1.3 (PhS') to l/1.0 (PhSe91. 
This is strong support for the attack of ArS' and PhSe' 
on the central carbon of the allenes. 

For 1,3-diene, styrene, and phenylacetylene, PhSe' is 
less reactive than PhS' by factors of l/11 to l/39, even when 
their terminal carbon is unsubstituted. This order might 
be attributed to the difference in the electronic factors 
between PhSe' and PhS'. Such lower reactivity of PhSe' 
to these substrates is ascribed to the higher thermodynamic 
stability of PhSe' than that of PhS' as pointed out in the 
previous paper.18 On the other hand, in the case of the 
allenes, the reactivities of PhSe' are slightly higher than 

those of PhS' by factors of 1.3-1.8. Although this factor 
seems to be small, the increment in the reactivitiesof PhSe' 
from CHFC(CH~)C(CH~)=CH~ to the allenes is 50-70 
times larger than that of PhS'. On the basis of unsub- 
stituted styrene and phenylacetylene the incrementa are 
14-20. From these findings, one can deduce a tendency 
that the reactivity to the allenes increases with the size of 
the attacking radicals, which is completely opposite to the 
tendency of olefins, l,&dienes, and acetylenes. It is 
noteworthy that this effect is quite specific to the allenes. 

As for the reaction mechanism for the allenes, two routes 
can be presumed as shown in Figure 5. The potential 
energy curves for two reaction routes are schematically 
shown in Figure 6 comparing with nonconjugated olefin 
and 1,3-diene without methyl groups at the terminal 
carbons. In Figure 6, the reaction with l,&diene is 
represented as slightly endothermic in order to emphasize 
the reversibility of the reaction, although an exoergic 
reaction was presumed from the bond-dissociation energies 
and the resonance stabilization energies.l3 In the reactant, 
the potential energy of allene is shown to be similar to 
that of nonconjugated olefin rather than 1,3-diene because 
X,,of the allenes is shorter than that of l,&dienes (Table 
111.44 

In route a in Figure 5, the attacking radical approaches 
one of the central 2p-orbitals (1) producing the incipient 
carbon radical 2, in which the 2p-orbital of the unpaired 
electron is perpendicular with the remaining C-C. The 
delocalization of the unpaired electron is prevented as in 
a nonconjugated olefin. In this route, which is denoted as 
single orbital interaction in Figure 5,  the value of kl would 
be anticipated to be similar to that of the nonconjugated 
olefins such as 1-hexene [kl = 1.0 X 104 M-' s-l (PhS')1,20 
because the activation energy for the reaction with allene 
might be similar to that for nonconjugated olefin as shown 
in Figure 6, route a. Then, the rotation about C'-C in the 
incipient radical may occur giving the stable delocalized 
allyl-type radical 3. The characteristic of the route a and 
ita potential energy is that the transition state is reactant- 
like. By this potential energy curve for route a, however, 
the observed higher reactivities of the methyl-substituted 
allenes than nonconjugated olefin could not be explained. 

To explain such high reactivity of the allenes, the 
transition state for the reaction with allene should be rather 
similar to the delocalized allyl-type radical. Thus, the 
transition state may be a bent structure with partially 
delocalization as shown in 2' of route b in Figure 5. For 
the formation of 2', it is presumed that the orbital of 
unpaired electron of the attacking radical interacts in the 
same time with two perpendicular 2p-orbitals at the central 
carbon of the allene as shown in I' in Figure 5 (dual-orbital 

(44) Phillips, J. P.; Feuer, H.; Thyageeajan, B. S .  Organic Electronic 
Spectra Data, VI& Wiley: New York, 1970. 
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Table 11. Methyl Substitution Effect of Allenes, Conjugated Dienes, Olefins, and Acetylenes on Addition Reaction Rate 
Constants for PhS' and PhSe' 

PhS' (p+)  PhSe' (PhS')/(PhSe*) IE" (eV) A,* (nm) 
~~ ~~ 

(CH3)2C<<H2 24 (1.79) 31 0.77 8.95 c190 
(CH3)2C=C=C(CH3)2 18 (1.83) 32 0.56 8.47 <190 

CHd(CH3)C(CH3)<H2 900 (1.71Ic 23 39 8.79 226 
(CH3)2C=CHCH=C(CH3)2 240 (1.80) 0.46 500 8.39 244 
k l ( i -L ) /k , (>  =- =<) 3.7 50 

P h C H e H 2  270 ( 1.70)d 22e 12 8.47 
PhCH=C(CH& 0.48 (1.73) c0.02 > 24 

k 1 (>='=)/k 1 (>=e=<) 1.3 1 .o 

kl (Ph=)/kl (Ph=<) 560 >1100 
P h C S H  7.9 (1.38)f 0.75e 11 8.81 
PhCdCH3 2.0 

kl (Ph=)/kl (PhZMe) 3.2 

a Ionization energy from ref 45-47. Reference 44. Reference 21. Reference 37. e Reference 18. f Reference 20. 
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Figure 4. Hammett plots of log K1 vs Brown-Okamoto u+ (X)- 
constants of p-XCsHS.; values of K1 for CH2=C(CH3)- 
C(CH3)=CH2 are cited from ref 21. 

interaction). This interaction may delocalize the unpaired 
electron into the whole p-orbitals of the allene molecule 
resulting in the decrease of the activation energy (Figure 
6, route b). In the case of PhSe', the reactivity to the 
allenes is slightly higher than that of 1,3-dienes. To explain 
such high reactivity of allenes to PhSe', it needs to increase 
in the overlap integral between the orbital of the attacking 
radical center with the central two 2p-orbitals of allene. 

The regioselectivity of the radical addition reaction to 
allenes has, so far, been interpreted mainly in terms of the 
reversibility of the reaction.'J2 To (CH&C=C=C(CH3)2, 
the addition product of ArS' shows exclusively the central 
attack;14 the irreversibility of the central attack was 
confirmed in this flash photolysis study especially by the 
decay curve b of ArS' in Figure 2. In the case of 
(CH&C=C=CH2, although the reversible terminal ad- 
dition is possible prior to the irreversible central attack, 
no clear evidence for the terminal attack is obtained by 

i 

Figure 5. Schematic representation of radical addition reaction 
process of PhS' (PhSe') with (CH3)2C=C=C(CH3)2. Route a: 
1, single orbital interaction, 2, incipient radical with perpendicular 
structure; and 3, allyl-type radical with coplanar structure. Route 
b: l', dual-orbital interaction; and 2', allyl-type radical with bent 
structure. 

reactant product 

Figure 6. Potential energy curves of free-radical addition 
reactions to different double bonds such as nonconjugated olefin, 
allene, and conjugated diene. a and b correspond to reaction 
routes a and b in Figure 5, respectively. 
the product analysis14 and by the decay kinetics of ArS' 
(PhSe') in this flash photolysis study. 

In general, the radical reactivity is determined by energy 
levels between SOMO of the attacking radical and HOMO 



Reaction of ArS' and PhSe' with Allenes 

of the double bond and by the overlap integral between 
them. No correlation was found between the observed kl  
values and the ionization energies of substrates in Table 
II.4w7 On the other hand, it is clearly shown that the 
orbital size of unpaired electron of the attacking radical 
infuences strongly the rates of addition reactions to the 

(45) Brogli, F.; Crandall, J. K.; Heilbronner, E.; Kloeter-Jemn, E.; 

(46) Sustmann, R.; Schubert, R. Tetrahedron Lett. 1972, 27, 2739- 
Sojka, S. A. J.  Electron Spectrosc. Phenom. 1973,2, 455-465. 

2742. ~ ~~ 

(47) Kerr, J. A. Handbook 0fChemistryandPhysics;CRC Press: Boca 
Raton, FL, 1983; p E-70. 
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2p-orbitals of the central carbon of allene. The central 
attack was also observed for the other attacking radicals 
having large orbital such as bromine atom (4p-0rbital)~ 
and stannyl radical (5p-orbital).l-g Thus, the orbital size 
of the unpaired electron of the attacking radicals is an 
important factor for determining both the reaction rates 
and the regioselectivity. 
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