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Hydrogen-atom tunneling from and to linear alkenes in organic matrices at 77 K has been studied for elucidating
the effect of matrices on the rate of the tunneling. The rate of hydrogen-atom addition to the vinyl carbon of
alkenes does not depend on the length of alkyl chains bonded to the vinyl carbon, whereas the rate of hydrogen-
atom abstraction by methyl radicals from the allylic carbon decreases with increasing length of alkyl chains
bonded to the allylic carbon. These effects are explained as due to the resistance of matrices to the change
of the C-C—C bond angle of the reacting carbon during the tunneling. For hydrogen-atom abstraction, the
resistance causes the increase of the height of the potential barrier between the entrance and the exit of the
tunneling channel, whereas the resistance does not cause the retardation of the tunneling to the vinyl carbon
since the bond angle scarcely changes during the tunneling.

Introduction selective hydrogen-atom tunneling from the penultimate position

barriers separating reactant and product systems is not paid mucithe preferential position of hydrogen-atom tunneling from the
attention in organic reactions, this plays an important role in branched alkane changed to the antepenultimate tertiary carbon
reactions including the transfer of light atoms. Atomic tunneling by changing the matrix to crystalline adamantane, in which the
is especially important for chemical reactions at low tempera- branched alkane could move rather freely even at 77 K, we
tures, since the thermal activation of reactant systems is a veryproposed that the peculiarity of the hydrogen abstraction in
slow process in comparison with the tunneling. cryogenic solids arose from the resistance of matrix molecules
One of the typical reactions of atomic tunneling is hydrogen- "1he deformation of alkane molecules from the initiat &p

atom abstraction from alkanes in cryogenic solids exposed to the final spg configuration’ The resistance increases with the

high-energy radiation. Irradiation of alkane molecules causes increasing number and length of alkyl chains bonded to a carbon

the homolytic cleavage of-€H bonds, which results in pairwise .
formation of free hydrogen atoms and organic free radicals. atom to be hydrogen-abstracted. Increase of the resistance causes

Since the activation energies for the abstraction of hydrogenthe increase of the area of the potential energy barrier for the
atoms from alkane molecules by free hydrogen atoms are highertunneling. Since the rate of the tunneling depends exponentially
than 5 kcal/mol, the lifetime of free hydrogen atoms at 77 K is on the area of the barrier, the penultimate secondary carbon
estimated from the Arrhenius equation to be longer than 10 h. shows the highest tunneling rate in rigid matrices; even the peak
However, except for solid methane, free hydrogen atoms height of the barrier is higher than that for the antepenultimate
immediately convert to alkyl radicals even at 4.2 K by hydrogen- tertiary carbon.

atom tunneling from alkane molecules to the free hydrogen ) )
atoms! To study the detail of the matrix effect on hydrogen-atom

The rate of hydrogen atom tunneling does not necessarily tunneling is interesting not only from the theoretical point of
increase with the decrease of the activation energy or the peakview but also from the practical point of view. The area of a
height of the potential energy barrier separating a reactant andtunneling barrier is sensitive to the rigidity of a matrix, which
a product system. Although the activation energy and the bond suggests a new possibility of the mechanical control of the rate
dissociation energy is the lowest at the tertiary carbon of alkanes,of chemical reactions by changing the viscosity of a solvent. In
Henderson and Willard found a very strange reaction that the the present study, the relative rates of hydrogen-atom tunneling
rupture of C-H bonds by the attack of hydrogen atoms or by to one of two vinyl carbon atoms of linear alkenes and from
y-ray and UV irradiation selectively took place in rigid one of two allylic carbon atoms to the methyl radicals at 77 K
cryogenic matrices at the antepenultlmate secondary cark_)on thave been measured for elucidating the general feature of matrix
branched alkanes with tertiary carbon at the antepenultimate . .

effects on the tunneling rate. The reactions of free hydrogen

ition? Ichik hta th h that the | i f : . . : .
position? Ichikawa and Ohta then showed that the location o atoms in cryogenic solids with alkenes have been studied by

the selective rupture could be changed to the tertiarji®ond 01 ) .
by replacing the-CH,CHs group with—CD,CHs.34 Using ESR several researche¥s!O It is established from these studies that

and electron spin echo spectroscopy, we found that the selectivehe principal primary process is hydrogen-atom tunneling to the
C—H bond rupture at the penultimate secondary carbon was less substituted vinyl carbdrHowever it is not clear whether
due to the conversion of primary alkyl radicals and free the rate of tunneling depends on the length of the substituted
hydrogen atoms to penultimate secondary alkyl radicals by alkyl groups.
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Experimental Section

Linear alkenes used were 1l-hexenmgns2-hexene, and
trans-3-hexene. Partially deuterated methanolsOH, was used
as a matrix for studying hydrogen-atom addition to solute
alkenes. The concentration of alkenes was 2 vol %. Free
hydrogen atoms were generated at 77 K by photoionization of
triphenylamine in the methanol matrices followed by the
attachment of photoejected electrons to protons, as

CH,=CH(CH,),CH, + H

P CH,CH(CH,),CH,
(CeHg)sN + 2hw — (CH);N™ + e
e +HCI—H+ClI”
_ C'H,CH,(CH,),CH,
The concentrations of @ls)sN and HCI were about 10 mmol/
dm? and 0.1 mol/dr# respectively. The ESR spectra of alkyl
radicals generated by the hydrogen-atom addition were com-
pared with those generated by the attachment of the photoejected 32'0 D 3"10 -
electrons to chlorinated alkanes in gOD matrices, as

TR

350
Magnetic field/mT
e + R'R°R’ccl—R'R°R’C + CI” Figure 1. Comparison of the ESR spectrum of alkyl radicals generated
by the addition of H atoms to Gi#CH(CH,)sCHs in CDsOH matrix

The concentration of the chlorinated alkanes was about 2 vol at 77 K with those of CEC*H(CHz)sCHs and C*HCH;(CHz)sCHs
%. Methyl radicals were generated at 77 K by photoionization radicals.
of (CeHs)sN in the alkene matrices followed by the dissociative
electron attachment to GBr. The concentrations of ¢Els)sN
and CHBr in the alkenes were about 10 mmol/&iand 0.1
mol/dn®, respectively. The samples were degassed before
irradiation by repeated freezinrgpumping-warming cycles. The
photoionizations were carried out with UV light éf > 300 b
nm from a Xe arc lamp. Irradiation with UV light ¢f < 300 k~ exp{ —2%% [ \/u[U(r) — E] dr} 1)
nm caused the photoconversion of product raditeld The
X-band ESR spectra of free radicals generated by the irradiation .o U(r) is a potential energy barrier separating an initial

were recorded at 77 K. Quantum-chemical calculations of oqciant state and a final product staeis the energy of the
potential energy barriers for the formation of free radicals from reactant state. armlandb are the locations of the entrance and

the alkenes were made by using the MP2/3-21G program in y,q ayit of a tunneling channel where the potential energies are

the Gaussian 98 software. Comparison of the calculations for Aequal toE;. The rate of tunneling depends exponentially on the

propene+ H system with MF*’*ZB'ZlG and more accurate but o, are oot of the area of the potential energy barrier above the
time-consuming MP2/6-31G** showed that the barrier heights ;iq) energy and considerably decreases with increasing height

and the structures of the transition states were scarcely changed 4 \width of the barrier. As shown in Table 1. the peak height

by the basis sets. of the barrier or the activation energy for hydrogen-atom
addition to the terminal vinyl carbon is about 1 kcal/mol lower
than that to the penultimate one, which is low enough for the
Hydrogen-Atom Addition to Vinyl Carbon. The ESR selective addition of hydrogen atoms to the terminal carbon.
spectra of irradiated alkene/methanol samples were composed Figure 2 compares the ESR spectra of free radicals generated
of a narrow intense spectrum due to solvent radicals and widerfrom CH;CH,CH=CHCH,CHs; with that of CHCH,C*H(CH>).-
ones due to solute alkyl radicals. The yield of alkyl radicals CHs; generated by the dissociative electron attachment. Since
was more than 50% of the total radical yield, which indicates CH;CH,CH=CHCH,CH3; is symmetric with respect to the
that the addition of free hydrogen atoms to the vinyl carbon of double bond, the radical generated is undoubtedlys-CH
solute alkanes is much faster than the abstraction of deuteriumCH,C*H(CH,).CHs. A small difference between the two spectra
atoms from methanol. No hydrogen atom was observed during arises from the difference of the amount the solvent radicals.
the irradiation, which implies that the hydrogen atoms react with Two kinds of alkyl radicals, CEC*HCH»(CH,),CH3; and
solute and solvent molecules immediately after the formation. CHsCH,CH*(CH,),CHjs, are possibly generated by hydrogen-
Since the concentration of alkenes was only 2 vol %, it is atom addition to 2-hexene, GHH=CH(CH,).CHs. As shown
reasonable to assume that hot hydrogen atoms generated by thim Figure 3, the ESR spectrum of free radicals generated from
reaction of photoejected electrons with HCI were thermalized CH3;CH=CH(CH,),CHs can be reproduced as the 1:1 mixture
before encountering alkene molecules by colliding with many of CH;C*H(CH,)CH3; and CHCH,CH*(CH,),CHs generated
matrix molecules? Figure 1 compares the ESR spectrum of from CH,=CH(CH,)sCHz and CHCH,CH=CHCH,CHj, re-
alkyl radicals generated from GHCH(CH,)3CHs; with those spectively. The reactivity of the vinyl carbon toward hydrogen-
of CHzC*H(CH2)3CHs and C*H,(CH,),CHs generated fromthe  atom addition is therefore independent of the chain length of
corresponding chlorohexane by the dissociative electron attach-the substituted alkyl group.
ment. Here C* denotes the radical carbon. The ESR spectrum We have shown in the previous papehat the rate of
is close to that of CBC*H(CH,)CHs, which confirms the hydrogen-atom tunneling from hexane to hydrogen atoms in
conclusion of previous studies that hydrogen atoms preferentially cryogenic glassy matrices decreases with the increasing length
tunnel to the less substituted carbon of the double bond of of alkyl chains attached to reacting carbon atoms, because the
alkenes increases of the length causes the increase of steric hindrance

The selective addition of hydrogen atoms to the terminal vinyl
carbon is simply due to the lower barrier for hydrogen-atom
tunneling. The tunneling rate of a particle with reduced mass
is expressed by

Results and Discussion
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TABLE 1: Observed Yields and Peak Heights of Potential Energy Barriers for the Formation of Free Radicals from Linear
Alkenes

peak height, kcal/mél

reactant product rel yield (activation energy)
CH;=CH(CH,)sCHs + H CH3C*H(CH,)sCHs 1 3.2 (1.8)
C*H,CHy(CHy)sCH3 0 4.6 (2.8)
CH3CH=CH(CH,).CHs + H CH3CH,C*H(CH),CHs 1 47 2.9
CH3C*HCH,(CH,).,CHs 1 4.6
CH;=CH(CH,)sCHs + CHjs CH3CH,C*H(CH2)sCHs 1 6.5(7.49)
C*H,C*HC*H(CH3),CH; + CH, 5 11.5, 35.8(7.4?+ 1.9)
CH3CH=CH(CH,),CHs; +CHs C*H,C*HC*H(CH3)2,CHs; + CH, 4 12.6, 36.8(7.4?+ 3.4)
CH3C*HC*HC*HC ;Hs + CH, 1 11.2,35.8(7.4?+ 1.9)

aMP2/3-21G ab initio calculatior?. Experimental value cited from ref 17Experimental value cited from ref 15. Marked with ? is an inaccurate
value.? Calculated value under the fixed C(methyQ(allyl) distance of 3.6x 1078 cm.
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e — CH3CH,C*H(CH),CH; under the reaction conditions of free-C
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Figure 2. Comparison of the ESR spectrum of alkyl radicals generated o . . .
by the addition of H atoms to GY&H,CH=CHCH,CHs in CDsOH This discrepancy can be explained by taking the difference
matrix at 77 K with that of CHCH,C*H(CH,).CH; radicals. of the structural changes of the reaction systems during the

tunneling processes into consideration. Hydrogen-atom abstrac-
tion from alkanes results in the change of the bond orbitals of
the reacting carbon from the initial $go the final sp
configuration, which accompanies the change of theOc-C
CH,CH=CH(CH,),CH, + H bond angle. As shown in the previous papehe optimized
geometrical structure of the reaction system at the exit of the
tunneling channel is not far from the product state, so that the
suppression of the angular change by matrix molecules causes
the increase of the potential energy and thereby a decrease of
the tunneling rate. The suppression is larger for longer alkyl
chains, so that hydrogen atoms are preferentially abstracted from
CH,C"HCH,(CH,),CH, carbon atoms with shorter alkyl chains, even if the rate of

*+ CH;CH,C H(CH,),CH, hydrogen-atom abstraction by thermal activation is the same
or slower. Hydrogen-atom addition to alkenes results in the
change of the bond orbitals of the vinyl carbon from the initial
sp? to the final s configuration, which also accompanies the

S Y S S change of the €C—C bond angle. However, the effect of

320 330 340 350

matrix molecules on the tunneling is not the same. Figure 4
Magnetic field/mT shows the shape of the potential energy barriers for hydrogen-
Figure 3. Comparison of the ESR spectra of alkyl radicals generated @tom addition to the penultimate vinyl carbon of &HH=CH-
by the addition of H atoms to GIEH=CH(CH,),CHs in CD;OH matrix (CH2)2CHjz as calculated with MP2/3-21G under two different
at 77 K with that of simulated one obtained by assuming the presencereaction conditions: no restriction on the motion of atoms
of the same amount of GB*HCH2(CH,).CHz and CHCHC*H(CH,)>- (optimized barrier) and the fixed-6C—C bond angles of initial
CH; radicals. CH3CH=CH(CH,)>CHs. The first and the second conditions
by matrix molecules to the deformation of hexane from the simulate the hydrogen-atom tunneling in a vacuum and in a
initial sp? to the final s configuration and thereby causes the rigid matrix in which the change of the-&C—C bond angles
increase of the area of the tunneling barrier. If this explanation is highly restricted, respectively. Contrary to hydrogen-atom
were applicable to the hydrogen-atom addition, the addition to abstraction from alkanes, the shape of the barrier above the
the penultimate vinyl carbon of GG&H=CH(CH,).CHs would tunneling channel is scarcely changed by the restriction posed
be faster than that to the antepenultimate one. However, theto CH;CH=CH(CH,),CHjs. This implies that the change of the
rates were the same. bond angles is not necessary even at the exit of the optimum
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320 330 340 350 C*H; completely disappears at 10 h after the irradiation
Magnetic field/mT (spectrum B), the total concentration of radical species is kept

Fi . . . constant. Subtraction of spectrum B from spectrum A gives

igure 5. ESR spectra of free radicals observed (A) immediately and . .

(B) 10 h after the formation of C*iin solid CH=CH(CH);CHs at  SPectrum C that is composed of negative spectra of{zthil

77 K. Solid and broken arrows indicate the hyperfine lines of ¢*H  the alkyl radicals and the positive spectrum of GE4HC*H-

and CHCH,C*H(CH,)sCH; radicals. The difference spectrum of A (CHy),CHs. This is direct evidence of the gradual conversion

and B is also shown. of C*Hjz and the alkyl radicals to C*C*HC*H(CH32),CHjs by
hydrogen-atom abstraction from the allylic carbon of S€H-

tunneling channel. Since the suppression of the angular changgCH,)sCHs. Hydrogen-atom abstraction by the alkyl radicals is

scarcely affects the rates of hydrogen-atom addition, the much slower than that by C*isince the alkyl radicals still

tunneling rate is independent of the length of the alkyl group remain at 10 h after the formation.

substituted to the vinyl carbon, as long as the shape of the The ESR results on G&H,CH=CHCH,CHs are essentially

optimized potential energy barrier above the tunneling channel the same as those on GHCH(CH,)3CHz. Although a small

does not depend on the length of the substituted alkyl group. amount of CHCH,CH(CH;)C*HCH,CHs; is generated, the

As shown in Table 1, the calculated shape of the optimized major reaction of C*H with CHsCH,CH=CHCH,CHjs is the

potential energy barrier scarcely depends on the length of theformation of CHC*HC*H—C*HCH,CHz by hydrogen-atom

substituted alkyl group. abstraction from the allylic carbon.

Our present result is in marked contrast with that obtained  The alkyl and allyl-type radicals are probably generated by
by Bennet et af. On the basis of the analysis of their ESR the reaction of alkenes with hot and cold GiHespectively,
spectra, they concluded that hydrogen-atom addition in an as
adamantane matrix at 77 K to the penultimate vinyl carbon of
CHsCH=CHCH,CH; was more than 7 times faster than thatto CH;Br +e — C*H; (hot)+ Br~
the antepenultimate one. Although we do not know the reason C*H, (hot) + alkene— alkyl radical
for the discrepancy, it may be worthwhile to point out that the
spectral separation of the resultant £L#HCH,CH,CHs; and C*Hj; (hot)— C*H; (cold)

CH3CH,C*HCH,CHs radicals is very difficult, since both of C*H, (cold) + alkene— allyl-type radical

them give octet spectra with the separation of 2.2 nQur

result is in agreement with that by Kelley et®Dn the basis Because of lower activation energy, the major thermal

of product analyses, they concluded that the tunneling rate of reaction of C*H with alkenes is not the abstraction of hydrogen

hydrogen atoms to the penultimate vinyl carbon of ;CH= atoms from the allylic carbon but the addition of Gitb the

CHCH,CH; was the same as that to the antepenultimate one.vinyl carbon!® The addition at room temperature is 8 times
Hydrogen-Atom Abstraction by Methyl Radicals. Figure faster than the abstraction. The change of the major reaction at

5 shows the spectral change for &CH(CH,);CHs at 77 K 77 K from the addition to the abstraction indicates that the
after UV irradiation. The ESR spectrum at 5 min after the abstraction takes place through the tunneling of hydrogen atoms.
irradiation (spectrum A) is composed of three components: a As shown in Figure 6, the addition of C*¥{o the vinyl carbon
sharp quartet with the separation of 2.3 mT (solid arrows), a necessitates the tunneling of more than £.30°8 cm. Since
broad octet with the separation of 2.2 mT (broken arrows), and the effective distance of tunneling is a product of a tunneling
a broad septet with the separation of 1.45 mT. The sharp quartetdistance and the square-root mass of a tunneling particle, the
is obviously due to C*H The broad octet is due to alkyl tunneling of heavy C*His much slower than that of hydrogen
radicals, probably CECH,C*H(CH,)3sCHs, generated by the  atoms even though the tunneling barrier is lower.

addition of C*H; to the terminal vinyl carbon. The broad septet Two kinds of allyl-type radicals, C*HC*HC*H(CH2),CHs

is attributable to C*HC*HC*H(CH,),CHjs, since the spectrum  and CHC*HC*HC*HCH ,CHs;, are expected to be generated
accords well with that of allyl-type C*C*HC*HCH,— radicals from CH;CH=CH(CH,).CHz by hydrogen-atom abstraction. As
generated byy-irradiation of 1-alkened! The ESR spectrum  shown in Figure 7, the ESR spectrum of free radicals generated
of (CeHs)sN™ is not detectable due probably to too broad from CHsCH=CH(CH,),CHz can be reproduced as the 4:1
hyperfine lines arising fror¥N. Analysis of spectrum A shows  mixture of C*H,C*HC*H(CH5),CHz and CHC*HC*HC*HCH -

that the concentration of CH#&€*HC*H(CH),CHjs is more than CHs, which suggests that hydrogen-atom abstraction from the
5 times of that of the alkyl radicals. The concentrations of €*H allylic carbon with a shorter alkyl chain is 4 times faster than
and the alkyl radicals gradually decrease with time. Although that with a longer one.
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Figure 7. Comparison of the ESR spectra of allyl-type radicals
generated from C#=CH(CH,);CHs, CH;CH=CH(CH,).CHs, and CH- ) ] )
CH,CH=CHCH,CH; by hydrogen-atom abstraction at 77 K. The Figure 9 shows the shapes of potential energy barriers for

spectrum for CHCH=CH(CH,).CHs; can be simulated as the 4:1 hydrogen-atom abstraction from the antepenultimate allylic
mixture of C*H,C*HC*H(CH2).CHs and CHC*HC*HC*HCHCHs carbon of CH=CH(CH,)sCH; at the fixed C(methyh-C(allyl)
radicals (- - -). distance of 3.6< 1078 cm as calculated with MP2/3-21G under
15 60 two different reaction conditions: no restriction on the motion
, of atoms except for the tunneling atom (optimized barrier) and
] the fixed C-C—C bond angles of initial Cl+=CH(CH,)3CHs.
‘ The first and the second conditions simulate the hydrogen-atom
tunneling in a vacuum and in a rigid matrix in which the change
of the C-C—C bond angles is highly restricted, respectively.
Contrary to hydrogen-atom addition to the vinyl carbon, the
restriction of the angular change significantly increases the
height of the barrier above the tunneling path. This is because
the structures of the alkene at the transition state and at the exit
T of the tunneling channel are close to that of the product state.
3 4 . 5 The location of the hydrogen atom at the transition state is far
C(methyl)-C(allyl) distance/10 "cm from the allylic carbon, so that the optimum—C—C bond
Figure 8. Potential energy barrier for the approach of G*edward angle of the allylic carbon is close to the?sgngle of 120.
the allylic carbon of CHCH=CH(CH,).CHs. The peak height of the =~ Restriction of the €&C—C bending motion toward the product
potential energy barrier for hydrogen-atom transfer from the allylic system therefore causes a significant increase of the potential
carbon to C*H at each C(methytyC(allyl) distance is also given with  energy barrier. The restriction is more severe for the allylic
a broken line. carbon with a longer alkyl chain, so that the rate of hydrogen-
) atom abstraction is slower for the antepenultimate allylic carbon
Hydrogen-atom abstraction at room temperature from the gyen though the optimum peak height of the tunneling barrier
allylic carbon of 2-alkene is known to be 10 times faster than g |ower.
that from the terminal allylic carbotf, since the activation
energy is lower for the former one. However, the abstraction Conclusion
from the terminal allylic carbon is 4 times faster at 77 K. The ) . )
It is generally concluded that the resistance of matrix

reversal of the selectivity of hydrogen-atom abstraction can be - :
molecules to the deformation of a reaction system from the

understood by taking the structural change of the reaction system. .. ;
. L2 . . - initial reactant state to the final product state suppresses the
during the tunneling into consideration. The tunneling of a

. tunneling of hydrogen atoms, if the configurations of atoms other
hyd_rogen atom s th_e fastest at the C (methﬁ)—C(aIIyl) than thegtunn)(/alinggparticle are not the sgame at the entrance and
coll!near structure. Figure 8 shows the energy for making the the exit of the optimum tunneling channel. The effect of matrix
collinear structure as a function of the C(methyQ(allyl) on hydrogen-atom tunneling from and to alkene molecules in
distance. The peak height of the potential energy barrier for cryogenic solids is summarized as follows;

the tunneling at a given C(methyllC(allyl) distance is also (1) Matrix molecules retard the abstraction of hydrogen atoms
shown. The optimum ftransition state is attained at the py methyl radicals from the allylic carbon of linear alkenes by
C(methyl)-C(allyl) distance of 2.7« 10~® cm. However, itis  yestricting the &C—C bending motion of the allylic carbon,
impossible for the reaction system at 77 K to pass the optimum which is necessary for changing the bond orbitals froftep
transition state, because more than 10 kcal/mol of thermal energysy? configuration. An increase of the length of alkyl chains

is necessary for attaining this configuration. Since the collinear bonded to the allyic carbon causes the increase of the resistance,
structure is stable at the distance of (34 x 108 cm, it is which results in the retardation of the abstraction.

reasonable to assume that the tunneling of the hydrogen atom (2) Hydrogen-atom tunneling to the vinyl carbon of linear
takes place at the C(methyliC(allyl) distance of 3.6x 1078 alkenes does not depend on the number and the length of alkyl
cm. chains bonded to the vinyl carbon, since the vinyl carbon does

A Energy/kcal/mol
Peak height/kcal/mol

o
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not necessitate the change of the ©-C bond angle during
the tunneling.
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