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Influence of the size of the formed cycle on the reactivity
of free radicals in cyclization reactions

T. G. Denisova and E. T. Denisov*
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14 Institutskii prosp., 142432 Cherogolovka, Moscow Region, Russian Federation.
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Numerous experimental data for the cyclization of free radicals C*H,(CH,),CH=CH, —»
cyclo-[(CH,),+CH(C"H,)], and C"H,(CH,),CH=CHR - cyclo-[(CH,),+;C"HCHR] were
analyzed in the framework of the parabolic model. The activation energy of thermoneutral
(AH, = 0) cyclization E, decreases linearly with an increase in the energy of cycle strain E,:
E.o(n) (k] mol~!) = 85.5 — 0.44E,.(n) (n is the number of atoms in the cycle). The activation
entropy of cyclization AS* also depends on the cycle size: the larger the cycle, the lower AS”.
A linear dependence of AS” on the difference between the entropies of formation S° of cyclic
hydrocarbon and the corresponding paraffin was found: AS* = 1.00[S°(cycle) — S°(C,H,,+2)].
The E,, values coincide for cyclization reactions with the formation of the six-membered
cycle and the bimolecular addition of alkyl radicals to olefins.

Key words: reactivity, free radical, cyclization, parabolic model, reaction rate constant,

activation energy, enthalpy of reaction, activation entropy.

Alkyl radicals containing double bonds undergo fast
intraradical cyclization

C’'Hy(CH,),CH=CH, — cyclo-[(CH5),+{CH(C H5)I,

C"Hy(CH,),CH=CHR — cyclo-[(CHy),+1C"HCHR]

to form cyclic radicals containing n + 2 or n + 3 C atoms
in the cycle. These reactions were studied intensely dur-
ing the last two decades. They are widely used for study-
ing the kinetics of radical reactions by the method of
competing reactions as clock reaction and in the syn-
thetic chemistry for syntheses of various cyclic com-
pounds.!=3 In this work, we analyzed the kinetic data for
these reactions using the parabolic model of the radical
reaction. Previously$—1% we successfully applied this
model for studying the bimolecular reactions of addition
of atoms and radicals to multiple bonds. Now we used
this approach to analyze the kinetic data on the intramo-
lecular addition of the C atom bearing the free valence
to the double bond of the same radical.

Calculation procedure

Cyclization reactions of free radicals are described in the
parabolic model by the intersection of potential curves for the
stretching vibration of the cleaved (i) and formed (f) bonds in
the potential energy—amplitude of vibration coordinates.%10
The stretching vibration of the bond is taken as harmonic. The
reaction is described by the following parameters.

1. The enthalpy of the reaction AH,, which includes the
difference between the zero-point vibrational energies of the
reacting bonds

AH, = D;— D¢+ 0.5hL(v; — vy), (M)

where D; and Dy are the dissociation energies of the cleaved
(initial) and formed bonds, v; and vy are the frequencies of the
stretching vibration of these bonds, 4 is the Planck constant,
and L is Avogadro’s number.

2. The activation energy FE,, which includes the zero-
point vibrational energy of the cleaved bond and is related
to the experimental activation energy FE by the simple corre-
lation

E.=E+ 0.5(hLv; — RT), )

where 0.5/ Lv; is the zero-point vibrational energy of the cleaved
bond, R is the gas constant (R = 8.314 J mol~! K~!), and T is
the absolute temperature.

3. The sum of amplitudes of vibrations of reacting bonds r,
in the transition state (r, is the distance between the vertices of
two intersecting parabolas).

4. The parameters (for each class of radical reactions in the
parabolic model) o = b;/b; (2b;2 is the force constant of the
bond i, b; = 7v;(2u)?>, by = nve(2up®d); w; and py are the
reduced weights of the atoms involved in the formation of these
bonds), and br, (b = b;). The br, parameter was calculated for
each individual reaction using the formulal®

br. =aJE. - AH, + [E, . (3)
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5. The activation energy of the thermoneutral reaction Ej
and position of the transition state ry* (ry*/r, = a(l + a)7!) in
the section r, at £, = £,

VEeo = bre/(1 +a), 4

which also characterize each class of radical reactions.
The values of the parameters (o, b;, 0.5hLv;, and ry*/r,) for
the cyclization reactions under discussion are presented below.
Radical reactions of the same series are characterized by
the same pre-exponential factor per the C—H bond attacked.!?
Therefore, the activation energy was calculated from the ex-
perimental reaction rate constant using the Arrhenius formula

E = RT1In(A,/k), (5)

where A, is the pre-exponential factor of the reaction (# is the
number of C atoms in the cycle) obtained by averaging of the
experimental A values from the data of the works cited in Table 1.

The enthalpy of radical cyclization AH was calculated as a
difference between the enthalpies of the final (R;") and initial
(R;") radicals

AH = AH(R;") — AH(R;"). (6)

In turn, the enthalpy of the R* radical was calculated from
the enthalpy of formation of the RH molecule and the disso-
ciation energy of the corresponding bond

AH(R') = AH(RH) + D(R—H) — AH(H"),

so that the enthalpy of the reaction was determined using the
thermochemical equation

AH = AH(RH) + D(R—H) — AH(R;H) — D(R{—H). (7)

The enthalpies of formation of molecules were taken from
the database5 or calculated by the method of group incre-
ments,*® using the published values of increments’ and bond

Table 1. Rate constants at 298 K (k) and activation energies (£) of alkyl radical cyclization

Entry R;" (reactant) R;" (product) AH T k E? breb Reference
/kJ mol~! /K /s71
n=3,log(A/s)=11.6
CH,
I CH,=CHCHMeC"H, 23.0 333—379  4.94-104 39.4  12.69 11
CH,
2 CH,=CHCH,C'D, A<D 23.4 252276  5.37-103 449 13.87 12
D
n=4, log(4/s~) =11.3
3 i>—<‘:H2 @ ~104.8 338 83-104 348 2111 13
n=75,log(A/s~) = 10.2
18
4  CH,=CH(CH,);C"H, Q—CHZ —64.4 313 1.8-103 29.7 18.44 14
5 CH,=CH(CH,);C"H, E}éHg —64.4 188—373  3.75-10*  32.1 18.77 15—18
6  CH,=CH(CH,),CHMeC"H, Eg-ll(:;Hz —66.7 318—373  4.57-10° 25.9 18.04 19—21
7 CH,=CHCMe(CH,)C"H, ES<C‘H2 —66.3 298—373  7.74-10% 30.3  18.45 19—21
8§  CH,=CHCHMe(CH,),C'H, Eg-'léHz —69.8 298—373  3.74-103 264 18.29 19—21

(to be continued)
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Table 1 (continued)
Entry R;" (reactant) R¢" (product) AH T E? breb Reference
/kJ mol~! /K /s
9  CH,=CHCH,CHMeCH,C"H, Eg--l(:Hz —66.7 318—373  2.40-105  27.5 18.27 19—21
10 CH,=CHCH,CHMeCH,C H, ES<(:H2 —63.2 318—373  2.40-10° 27.5 17.87 19-21
11 CH,=CH(CH,),CHMeC"H, ES<CH2 —63.2 318—373  2.40-105  27.5 17.87 19—21
12 CH,=CMe(CH,);C"H, |:><CH2 —65.3 298—338 2.22-10% 334 19.00 15, 21,22
13 CH,=CH(CH,);C"HMe Eg"'éHz —66.8 298—338  1.03-10° 29.6 18.57 15,21
14 MeCH=CMe(CH,);C"H, O<\ —61.7 338 33-10 303 1837 15
CH,
15 CH,=CMe(CH,);C"Me, |f>< —43.8 313 6.2-10% 324 17.55 22
CH,
16 CH,=CHCH,CH(CH,C H,)Pr Q/\ —64.4 353 6.6-10° 22.8 17.44 19,23
CH,
17 CH,=C(CHMe,)(CH,);C"H, E>_< —61.6 338 25-104 375 1934 19
CH,
18 CH,=CH(CH,),CMe,C"H, Q —64.4 298—353  2.81-10° 214 17.23 23-25
19  Me,C=CH(CH,);C"H, —69.3 338 26-106 245 17.99 15
CH,

20 CH,=CH(CH,);C " HPr ON —66.8 338 8.5-10° 27.6 18.29 15

CH,
21 CH,=CH(CH,),CH(C' H,)CH=CH, E} —60.9 353 7.8-10° 29.1 18.16 19

CH=CH,

CH,
22 CH,=CH(CH,),CH(C"H,)CH=CH, E; —64.4 353 1.4-106 273 1810 19

‘v

(to be continued)



952

Russ.Chem.Bull., Int.Ed., Vol. 51, No. 6, June, 2002

Denisova and Denisov

Table 1 (continued)

Entry R;" (reactant) R¢" (product) AH T k E? breb Reference
/kJ mol~! /K /s
CH,
23 CH,=CHCH,CH(CH=CH,)CH,C"H, —60.9 353 2.2-100 26.1 17.52 19
CH=CH,
CH,
24 CH,=CHCH,CH(CH=CH,)CH,C"H, —64.4 353 6.6-10° 29.6 18.43 19
“CH=CH,
CH,
25 C'H,CH,CH(CH,CH=CH,), —65.4 303—357  1.88-10° 224 17.23 26
CH=CH,
26 N=CCH=CH(CH,);C"H, |:>/.\CN —107.4 223—-324  1.72-108 11.2  18.06 27
.,Ph
27  Ph,C=CH(CH,);C"H, Q—C\ —112.5 226—317  5.35-107 14.1 18.80 28
Ph
OMePh
28 Ph,C=CH(CH,);C"HOMe ES..(';’ —106.7 273—313  3.87-107 14.9 18.62 29
Ph
LN
29  Ph,C=CH(CH,);C"HC(O)OEt .,Ph —98.1 273—313  6.55-107 13.6  17.96 30
"ne
“Ph
@]
o
30 Ph,C=CH(CH,);CMeC(O)OEt 5 .,Ph —87.6 273—333  4.39-10° 26.0 19.23 30
.||C
Ph
. O.
CH, SC-o_
31 7~ CI0. Me c —61.6 274—383  2.71-10° 27.2  17.92 31
H,C 0 C>Me ,
Me CH,
32 D/\bHZ @ —51.2 366—403  3.91-103 37.7 18.75 32
33 @v\,éHz OO —61.9 338 1.2-105 33.0 18.75 15
34 (:>7'CH2 @ —53.8 280—470  1.67-10° 28.4  17.61 33
CH,
35 Q @ —56.4 280—470  6.86-10% 30.6 18.09 33
36 CH,=CH(CH,),0C'H, D—CHg —65.7 180—220  3.32-10% 32.4 18.89 24, 34

(to be continued)
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Table 1 (continued)

Entry R;" (reactant) R¢" (product) AH T k E? breb Reference
/kJ mol~! /K /s
CH,
37 CH,=CMeCH,0CH,C"H, fg —62.9 313 2.0-105 293 1830 35
o
CH,
38 CH,=CHCH,0CH,C"HMe o —96.1 338 8.8-106  21.1 18.99 36
Ph
39 CH,=CPhCH,0CH,C"H, Q<¢H —61.6 313 1.7-105 297 18.28 35
2
o . =0
0 [ Kcw, Ph —92.7  298—423  4.96-105 257 19.47 37
O Ph o
o . ~0
a1 [ xch, —92.7  272—394 8.38-105 244 19.28 37
O Me o Me
FRF
42 F,C=CF(CFy;C'F,’ Ej:}’éF? 1368 231—353  4.22-105  26.1 21.68 38
FEF
FF
43 F,C=CFO(CF,),C'F, HO:}% 1379 303 35-100 212 21.08 39
FE F
CH,
44 CH,=CHCH,SiMe,CH,C"H, —64.4 298 1.0-103 366 1938 17
A
CH,
45  CH,=CH(CH,),SiMe,C"H, —64.4 298 75-10> 387 19.65 17
A
46 CH,=CHSiMe,(CH,),C"H, (S?_CHz —64.4 298 7.5-10* 349 19.15 17,25,40
/' \
47 HC=C(CH,);C"H, CH -75.9 298 2.8-104 32.8 2298 21
n=6,log(A4/s"1)=9.7
48 CH,=CH(CH,);C'H, <:> 753 188-396  1.78-102  42.5 2073 15-17,20,
24
49 CH,=CH(CH,),C'H, <:>—CH2 925 338 25.104 343 20.60 41
50 CH,=CMe(CH,);C"H, <:>— ~108.3  298—338  857-10> 329 2121 15,21

(to be continued)
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Table 1 (continued)

Entry R;" (reactant) R;" (product) AH T k E? brtb Reference
/kJ mol~! /K /s

51 CH,=CH(CH,);C*"HMe -97.6 338 9.7-103 36.9 21.18 15

52 CH,=CH(CH,);C"Me, —87.6 298—338  9.68-103 32.6  20.13 15, 21, 42

g

53 CH,=CH(CH,),C"HMe <:/><¢H2 ~82.7 298 2.1-100 339 2003 21
54 CH,=CH(CH,),C"HMe <:§<CH2 —90.5 298 57-100 364 2076 21
55 CH,=CMe(CH,);C" Me, b, ~105.1 313 5.4.104 297 20.64 15,22
56 MeCH=CMe(CH,);C"H, <:§, —92.2 338 6.0-10* 318 2026 15
57 CH,=CH(CH,);C"H(CH,),Me <:>/\/ -97.6 338 41-10% 394 2149 15
58 CH,=C(CHMe,)(CH,);C"H, O_< ~103.9 338 8.0-104 310 2075 19
59  CH,=CMe(CH,),CMe,C"H, ><:>\ ~105.0  318—373 2.17-10*  30.6 20.75 23

CH=CH,
-95.3 333 2.3-10° 27.6  19.86 26

5

60 (CHy=CHCH,),CHCH,C"H,

)
=

6/ Ph,C=CH(CH,),C"HOMe —133.0 283—323  1.51-10° 25.8 21.47 29

s}
=

) o) o)
i i.z
o

s}

o

62 PhCH,CH=CH(CH,),CHMeC" (O) ~84.8 353 20-105 297 19.59 43

63 Q/\/\'CHZ ()3 893 338 3.0-100 337 2036 15

64 O—/:l <:><:| ~76.8 338 6.7-104 315 1940 15
=

65 <:>;/\/\CH2 <:><:> 895 338 1.0-106 238 19.03 15

66 O/j I:Ij ~89.4 338 53-104 322 2017 15

H,C

(to be continued)
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Table 1 (continued)
Entry R;" (reactant) R;" (product) AH T k £ br.b Reference
/kJ mol~! /K /s
O\\C,O\/
67 Ph,C=CH(CH,),C"HC(O)OEt O _,Ph —124.5 273—313 1.99-107 13.7 19.34 30
C
“Ph
o]
68 CH,=CMeCH,0CH,C"H, &:>\ —80.0 313 4.6-105 362  20.19 35
69 CH,=CH(CH,),SiMe,C"H, (s —95.3 298 1.6-10* 340  20.70 17
Y
70 CH,=CHSiMe,(CH,),C"H, (s —95.3 298 7.5-104 347 20.62 17
Y
71 CH,=CHCH,SiMe,CH,C"H, (s —95.3 298 14104 349 2082 25
Y
CH, ‘
72 —136.2 313—396  9.97-108 4.0 18.09 44
(cis)
CH, !
73 —149.6 313—396  3.21-10° 1.1 18.16 44
(trans)
74 HC=C(CH,),C"H, O:'CH ~58.9 333 46-104 321 2179 18
=7, log(A/s") =9.1
75 CH,=CH(CH,)4,C"H, O —53.5 338 48-103 35.0 18.52 41
76 CH,=CH(CH,);C"H, OéHg —64.6 338 83-102 399  19.82 41
=CH, .
77 @] —73.4 338 3.0-10° 37.7 20.02 26
CH,
78 HC=C(CH,)sC"H, OséH —85.3 333 25-103 363 24.37 18
n=238,log(4/s71) = 8.8
/CH
79  HC=C(CH,)¢C"H, O —58.5 333 1.2-102 42.8 23.39 18
@ In kJ mol~!.

5 1n kJO-5 mol=0-5.
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energies of C—H in hydrocarbons.48 The activation energy of
the reaction was calculated by formula (5). The pre-exponen-
tial factor of cyclization A4, depends on the number of atoms
(n) in the cycle, and the corresponding values are presented
below.

n 3 5 6 7
log(A/s~") 11.60£0.86 10.20+0.45 9.90+0.52 9.10

To calculate AH,, E,, and br,, we used the following values
of the parameters.!0

Bond o b-10-11 0.5hLv;  0.5hL(v; — vyp)
0.5 0.5 m—1
/kJV> mol=Y> m WJ mol-!
Cc=C 1.202 5.389 9.9 1.7
c=C 1.542 6.912 12.7 4.5

The original experimental data are presented in
Table 1.

Results and Discussion

Analysis of the br, parameters calculated from the
experimental data suggests that the decisive factor influ-
encing the br, (and E,j) values in radical cyclization is
the type of cyclization (Table 2). A comparison of the
br, parameters led us to the following conclusions: the
br, parameter depends in the sizes of the formed cycle;
this parameter is independent (or depends slightly) on
the position and number of substituents in the radical;
the br, parameter is the same for the cyclization of radi-
cals with the same cycle size and chain consisting of C
atoms only or including O and Si atoms; the cyclization
of perfluorinated radicals occurs with a higher br, pa-
rameter; and cyclization with the attack of the radical at
the triple bond is characterized by a higher br, parameter.

Influence of the energy of cycle strain on the activa-
tion energy. The data in Table 2 and Fig. 1 show that,
depending on the cycle size, the activation energy of the
thermoneutral reaction passes through a maximum
E.; = 86 kJ mol~!, which is achieved in reactions pro-
ducing the six-membered cycle. The minimum value
E.y = 36.4 kJ mol~! is observed for the three-membered
cycle (see Table 2). When a linear hydrocarbon mol-
ecule transforms into a cycloalkene, the energy of cycle

E,o/kJ mol~! log(4/s7")
80.0 {115
70.0 111.0
60.0 110.5
50.0 110.0
40.0 195
300F | , , , ” 9.0

3 4 5 6 7

Fig. 1. Plots of the activation energy of thermoneutral radical
cyclization E (/) and logarithm of pre-exponential factor A (2)
vs. number (n) of C atoms in the formed cycle.

strain appears. This is caused by the fact that the opti-
mum for sp3-hybridization C—C—C angle of 109° is
transformed upon cyclization to another angle, e.g., 60°
in cyclopropane, and this enhances the energy of the
cyclic molecule. Perhaps, this is precisely the strain in
the formed cycle that changes the E,, value. The strain
energies E, in the corresponding cycles*” are presented
in Table 2, and the E,, values are compared with £, in
Fig. 2. A linear dependence between E., and E . is
expressed by the formula

Eyo/kI mol~! = 85.5 — (0.44+0.12)E,., (8)

i.e., the higher the energy of cycle strain, the lower the
activation energy of the thermoneutral reaction. At the
same time, the higher £, the higher the enthalpy of the
reaction and, correspondingly, the higher the activation
energy of cyclization, which depends on AH, (formula (1))
as follows!?:

\/E_s—“Ei:[la /17 11;0‘ A
- <0

©)

Table 2. Comparison of the activation energy and pre-exponential factor of the cyclization of alkyl radicals with the energy of cycle

strain (£,.) and entropy

n br, Ey Eg E(6) — Ey(n) log(4/s™1)  AS* S§°(C,H,,) $°(C,H,,1+,) AS°=5°(C,H,,) —S$(C,H,,+>)
/kJO.S mol—O.S J 5 o
mol J mol~! K
3 13.28+0.59 36.4 115.1 49.3 11.60 —32.5 237.4 270.0 —-32.6
5 18.3940.60 69.7 26.7 16.0 10.20 —59.3 293.1 348.9 —55.8
6 20.39%0.64 85.7 0.7 0 9.90 —65.2 298.6 388.1 —89.5
7 19.451+0.66 78.0 26.3 7.7 9.10 —80.5 342.6 427.9 —85.3
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E,o/kJ mol—!
90.0

80.0
70.0
60.0
50.0

40.0

0 20 40 60 80 E,o/k) mol™!

Fig. 2. Plot of the activation energy of thermoneutral radical
cyclization (E() vs. strain energy (E,.) in the formed cycle.

The insertion of formula (8) and coefficient o into
Eq. (9) gives the formula for the calculation of E,

0.208AH,
JE. =3.28J1944-F 1202 |1+ ———< 1| (10)
: 194.5— E

which allows the calculation of £ (Eq. (2)) through the
enthalpy of the reaction AH = AH, — 1.7 and energy E,.
Table 3 contains the results of calculation of the energy
at 298 K (E,) for the reaction

CHo=CH(CH,),C"HR — cyclo-[CHR(CH,),CH(C"Hy)].

It can be seen that AH, and E,, affecting in combina-
tion the activation energy, compensate, to a great ex-
tent, the opposite action. The F values calculated by
formulas (1), (2), and (10) are close to the experimental
values: Eqy — Eoyp = 1.14£3.48 kJ mol~! (see Table 3).
Influence of the cycle size on the pre-exponential fac-
tor of cyclization. As mentioned above (see Calculation
procedure), the pre-exponential factor of radical cycliza-
tion depends on the cycle size. The plot of logA4 vs.
number of atoms # in the formed cycle (see Fig. 1)

log(A/s~!) = (13.10£0.12) — 0.55n (11)

is linear.

What is the origin of such a relation? The formation
of a cyclic transition state from a linear radical, for ex-
ample, CH,=CH(CH,),C"H,, is accompanied by the
disappearance of the free rotation of the radical frag-
ments about the corresponding C—C bonds (or C—0O
and C—Si bonds if any in the molecule). The entropy of
the transition state decreases compared to that of the
initial radical. The value of such a change can be esti-
mated by the comparison of S° of the linear (C,H,,,)
and cyclic (C,H,,) hydrocarbon molecules (see Table 2).
It can be seen from the last column that the larger the

Table 3. Energies of cycle strain (E.), enthalpies (AH,), ex-
perimental (Ey,) and calculated (E,) activation energies of
alkyl radical cyclization

Entry“ AHeb Erscc Ecalcd Eexpe Ecalc - Eexp
kJ mol~!
n=3,log(4/s71) =11.6
1 24.7 115.1 040.6 39.4 1.2
n=>5,log(4/s1) =10.2
5 —62.7 26.7 34.3 32.1 2.2
7 —64.6 26.7 33.5 30.3 3.2
8 —68.1 26.7 32.0 26.4 5.6
9 —65.0 26.7 33.3 27.5 5.8
12 —63.6 26.7 33.9 33.4 0.5
13 —65.1 26.7 33.2 29.6 3.6
14 —60.0 26.7 35.5 30.3 5.2
17 -59.9 26.7 35.5 37.5 -2.0
20 —65.1 26.7 33.2 27.6 5.6
24 —62.7 26.7 34.3 29.6 4.7
27 —110.8 26.7 15.7 14.1 1.6
28 —105.0 26.7 17.7 14.9 2.8
30 —85.9 26.7 24.8 26.0 —-1.2
36 —64.0 26.7 33.7 32.4 1.3
37 —61.2 26.7 34.9 29.3 5.6
n==6,log(4/s"1=9.7
48 -73.6 0.7 40.4 42.5 2.1
49 -90.8 0.7 33.3 34.3 -1.0
50 —106.6 0.7 27.1 32.9 -5.8
51 —-95.9 0.7 31.3 36.9 —5.6
52 —85.9 0.7 35.3 32.6 2.7
53 —81.0 0.7 37.3 33.9 3.4
54 —88.8 0.7 34.1 36.4 -2.3
55 —103.4 0.7 28.4 29.7 -1.3
56 -90.5 0.7 334 31.8 1.6
58 —102.2 0.7 28.8 31.0 2.2
59 —103.3 0.7 28.4 30.6 2.2
60 -93.6 0.7 32.2 27.6 4.6
n=17,log(4/s1 =9.1
75 —51.8 26.3 39.3 35.0 4.3
76 —62.9 26.3 34.4 39.9 =55

@ See Table 1.

b Calculation by formula (1).

¢ See Ref. 47.

4 Calculation by formulas (1), (2), and (10).
¢ For cited experimental works, see Table 1.

cycle size, the higher the difference AS® = §°(C,H,,) —
S§°(C,H,,+y) (for n = 3, 5, 7). This regularity is due to
the fact that the greater the number of the C—C bonds
in the cycle around which the groups rotate, the higher
the entropy losses accompanying the cyclization of the
molecule or radical. The only exception is the cyclohex-
ane ring (AS°(at n = 6) < AS°(at n = 7)) likely due to the
occurrence of two conformations (chair and bath), so



958 Russ.Chem.Bull., Int.Ed., Vol. 51, No. 6, June, 2002

Denisova and Denisov

—AS*/JT mol~! K1
80.0

70.0
50.0

40.0 F

30.0'| | 1 1 1 L 1
30 40 50 60 80 —AS/Jmol !l K-!

Fig. 3. Comparison of the activation entropy of radical cycliza-
tion (—AS7) with the difference between entropies of formation
of alicyclic (C,H,,) and linear (C,H,,,) paraffinic hydrocar-
bons (AS°).

that transition from one conformation to another en-
hances the entropy of the six-membered ring. As can be
seen in Fig. 3, the activation entropy (—AS*) depends
linearly on AS® = AS°(C,H,,) — AS°(C,H,,,) for
n =3, 5, and 7, and the reaction producing cyclohexane
ring (n = 6) is an exception. The plot of AS* vs. AS° is
linear with the slope equal to unity, which indicates the
purely entropic influence of the cycle size on the pre-
exponential factor

AS* = (1.00%0.04)(5°(C,H,,) — $°(C,H,,4+2)). (12)

Role of the force constant in cyclization. The activa-
tion energy of the bimolecular elimination and addition
reactions depend on the force constant of the reacting
bonds.1® The activation energy of the thermoneutral re-
action E, is determined, according to the parabolic
model, by three parameters: total amplitude of vibration
of the reacting bonds r,, and force constants of the cleaved
(b;) and formed (b;) bonds by formula (4). The triple
carbon—carbon bond has a higher force constant than
the double bond. Therefore, one should expect a higher
activation energy £, for addition at the triple bond than
that at the double carbon—carbon bond. This is con-
firmed by the results of studying the cyclization of the
H,C=CH(CH,);C"H, and HC=CH(CH,);C"H, radi-
cals (see Table 1). It is seen from the comparison of the
corresponding parameters of radical cyclization pro-
ducing the five-membered cycle, which are presented
below.

Bond br, Ey 1011
/kJ%-5 mol—0-3 /kJ mol~! /kJ%-5 mol=0-5 m~!

C=C 18.39 69.7 5.389

C=C 22.98 81.7 6.912

Note that the r, parameters for these two classes of
reactions are close: 7,- 10! is 3.41 and 3.32 m for addi-
tion at the C=C and C=C bonds, respectively. This im-
plies that the difference between the activation energies
for reactions of these classes is caused only by different
force constants of the double and triple bonds.

Polar interaction. The cyclization of perfluorinated
radicals occurs with a higher activation energy of the
thermoneutral reaction: Ey, = 94.3 kJ mol~! (n = 5),
while hydrocarbon radicals are cyclized with E,, =
69.7 kJ mol~! (n = 5). The difference between the acti-
vation energies AE,, = Eo(n =5, F) — E,o(n =5, H) =
24.6 kJ mol~! is sufficiently high and characterizes the
contribution of the polar influence of the C—F bonds to
the energy of the transition state.

Comparison of cyclization with other reactions. Previ-
ously,? 10 we analyzed bimolecular radical addition reac-
tions in the framework of the parabolic model. It is of
interest to compare the kinetic parameters of these very
resembling reactions. Since in the bimolecular reaction
the transition state has a noncyclic structure, it is rea-
sonable to compare bimolecular reactions with cycliza-
tion resulting in the formation of the six-membered cycle
without the bond strain upon the formation of the cyclic
transition state. The parameters of reactions of these two
types are presented below.

Reaction br, E. re+ 101
/kJ05 mol—0-5 /kJ mol~! /m
Cyclization 20.39+0.64 85.6 3.78
(n=06)
Bimolecular 20.01+0.41 82.6 3.71
addition

It is seen that these parameters coincide within the
estimation error. Thus, the activation energies of bimo-
lecular addition and six-membered cyclization are close
at the same enthalpy of addition. Their rates are close at
the concentration of the monomer equal to 16 mol L™!
when Ay = 8-10%s7! = (4y;,, = 5-108 L mol~! s=1)[M],
(A¢yer and Ay, are the pre-exponential factors of cycliza-
tion and bimolecular addition, respectively; M is the
monomer).

We have recently?® analyzed the intraradical abstrac-
tion of the H atom

RCH(CH5),C"Hy — RC"(CH,),Me,

which allows the comparison of radical isomerization
with the elimination of the H atom and addition at the
double bond. Below we present the kinetic parameters
characterizing these two types of reactions occurring
through the five-, six-, and seven-membered cyclic tran-
sition states (data for addition at the double bond are top
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figures, and data for isomerization with H atom abstrac-
tion are shown as bottom figures).

n br, E, o+ 1011
/k19-5 mo]—0-3 /kJ mol~! /m
5 18.39 69.7 341
15.41 59.4 4.12
6 20.39 85.7 3.78
13.66 46.6 3.65
7 19.45 78.0 3.61
15.11 57.1 4.04

A comparison of the E,, values shows that the ab-
straction of the H atom occurs with a lower E,, energy
than addition. The plots of E, vs. cycle size are oppo-
site: for addition E,y(n = 6) is maximum and for abstrac-
tion, on the contrary, it is minimum. Thus, the cycle
strain has different effects on the potential barrier E,j in
intramolecular addition and abstraction. The difference
in E, is likely related to the following circumstance. For
the addition reaction the cyclic transition state coincides
with the cyclic structure of the product (cyclic radical)
and differs from the initial linear structure of the reac-
tant. In the intramolecular abstraction reaction only the
transition state is cyclic and the reactant and product are
linear. Intramolecular abstraction and addition with the
formation of the six-membered cycle are characterized
by a great difference in the E, values (47 and 86 kJ mol~!,
respectively) and, at the same time, the r, parameters are
very close (3.78-10~!! and 3.65-10-!! m). This is a re-
sult, most likely, of different force constants of the
reacting bonds: for H atom abstraction o« = 1 and
b = 3.743-10!! kJO35 mol=095 m~!, whereas for addition
o = 1.202 and b = 5.389-10'! kJO-5 mol=0-S m~!.

Thus, the activation energy and rate constant of the
cyclization of alkyl radical are determined by three main
factors: enthalpy of the reaction, size of the formed cycle,
and force constants of the reacting bonds. The size of the
cycle influences on the enthalpy of the reaction and the
activation energy of the thermoneutral reaction. The lat-
ter depends on the energy of cycle strain (see for-
mula (8)). The dependence of the activation energy of
cyclization on its enthalpy and energy of cycle strain is
described by rather simple equation (10), which allows
the estimation of F for cyclization with any size of the
cycle. The activation entropy also depends on the cycle
size: it is proportional to the entropy loss on going from
the linear to cyclic structure (see formula (12)). Equa-
tions (10) and (11) allow the estimation of cyclization
rate constants for any alkyl radicals containing the double
bond. The important role of the force constant of the
reacting multiple bond is shown for the cyclization of
radicals with the attack at the double and triple bond.
Cyclization reactions of perfluorinated radicals prove an
important role of the polar effect.
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