Kinetics and Catalysis, Vol. 46, No. 1, 2005, pp. 1-9. Translated from Kinetika i Kataliz, Vol. 46, No. 1, 2005, pp. 5-13.
Original Russian Text Copyright © 2005 by Denisova, Denisov.

Kinetic Parameters of the Cyclization and Decyclization
Reactions of Nitrogen- and Oxygen-Containing Radicals

T. G. Denisova and E. T. Denisov

Institute of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, 142432 Russia
Received October 6, 2003

Abstract—The intersecting parabolas model is used to analyze experimental data for the following radical
cyclization and decyclization reactions: REEH(CH,),N'R' —> cyclo[NR!CH(CH,),]C HR,
R(CH,),00CH,C'HR — cyclo[RCHOCH,] + RCH,CH, 0", cyclo[(CH,),O0CHC"HR — cyclo
[RCHOCH(CH,),0O", cyclo[(CH,),0C'RO] — RC(O)O(CH,), _ 1C'H,, and cyclo-[(CH,),CHO"'] —
CH(O)(CH,),_, C'H,. The activation energy of the thermally neutral reactiQn)) is calculated for each class

of reactionsE, , depends on the electronegativity of the heteroatom Y of the reaction centerG, ti@ force
constants of the reacting bonds, and the strain energy of the ring formed. For the cyclization and decyclization
of six-membered rings, the empirical relationship between the elongation of the reacting bonds in the transition
state () and the difference in electronegativity5A) between the C and Y atoms (Y = C, N, O) has the form

rex 10, m = 3.83 -0.0198(AEA, kJ/mol).

INTRODUCTION and the enthalpy of the reaction was calculated using

Radical cyclization and decyclization reactions art(a[1e thermochemical equation

used in organic synthesis. The rate constants of thesepy - AHfO(RfH) + D(Ry—H) —AHfO(RiH)
reactions, as shown experimentally, are solvent-inde-

pendent and, therefore, find wide use as clock reactions -D(R—H).

in the kinetic method of competitive reactions [1, 2]. | . .
our previous work [3], we analyzed the cyclization of "€ enthaipies of formation of molecules were taken
hydrocarbon radicals and found that the activatiofioM & database [8] or calculated using the group incre-
energy depends strongly on the ring strain en&gy ment method [9]. Group increments were taken from

and the preexponential factor depends on the entropyl&pl; C—H bond dissociation energies for hydrocar-
ring formation. Among the radical cyclization and?OnS, from [4]. The activation energy of a reaction was

decyclization reactions, only reactions involving radic@lculated by the Arrhenius formula

cals with a free valence at a nitrogen or oxygen atom =

and alkyl radicals containing peroxy and carbonyl E = RTIn(A/K), X

groups were studied experimentally [4]. In this workwhereA, is the preexponential factor of the cyclization

we analyze these reactions in terms of the intersectirgaction for a ring oh carbon atoms, which is deter-

parabolas model [3-7], as in a previous study [3]. mined by averaging experimentaldata. The factoA
depends on ring size [3]:

CALCULATION PROCEDURE n 3 4 5 6 7

The enthalpy of cyclizatiom\H, was calculated as logA[s™] 11.60 10.90 10.20  9.90 9.10
the difference between the enthalpies of formation of

3)

the final ®; ) and initial R, ) radicals: theTf% ”Cg\}\%gﬂf?rt'nugs ?g]ﬁi the parametbr,, we used
AH = AH{(R;) —AHL(R)). (1) AH, = AH + 0.5hNL(V; —V;), (5)

The enthalpy of formation oR*  was calculated fronx{vherevi andv; are the stretching vibration frequencies

. of the attacked (initial) and forming bonds, respec-
the enthalpy of formation of the molecule RH and thﬁvely and h and N, are Planck's constant and
dissociation energy of the R—H bond Avogédro’s number, respectively:

AH((R") = AH{(RH) + D(R-H) —AH(H), () E. = E+0.5(hN,v, —RT) (6)

0023-1584/05/4600001 © 20QFAIK “Nauka/Interperiodica”



2 DENISOVA, DENISOV

Table 1. Parameters of the intersecting parabolas model for radical cyclization and decyclization reactions [6]

: b x 1071, 0.50N, (V; — Vy),
Reaction o (k/mol)2 mrt 0.5"N,pv, kd/mol kJ/mloI
0 o
M CHy 1.336 5.991 10.3 2.1
H CH
( 2)n (CHZ)n
O o)
Eg . M CHy 0.748 4.483 8.2 -2.1
H CH
(CHan (CFizh
R
R\/\/\(CH%N\ . N— 1.410 5.389 9.9 3.1
(CH2)n
o 0]
CHy . o N (CHan, 0.655 3.922 6.7 36
R O
O
R o 4 O RN~ |0.826 3.238 5.1 -1.6
\/\O/ \/\R — R + O
(CH2\. 0
(’.‘)\O R R/\1>\/(CHz)n\O_ 0.826 3.238 5.1 -1.6
\I/\/\R .
— R 1.737 5.389 9.9 4.6
0.0 0-0
and reactions of radicals containing nitrogen and oxygen
atoms are presented in Tables 2—4.
br = a/E.~AH. + JE., (7 The data listed in Tables 2—4 allow the reactions to

o i _ ) br, andE, , for these 12 classes are presented in
acteristics of the breaking and forming boris’ (and Table 5.

2bf2 are the force constants of the corresponding

bonds), and. is the elongation of the reacting bonds in Isomerization of Peroxoalkyl Radicals
the transition state. The valuesoghb, and0.5hN,v; are The isomerization reactions
presented in Table 1.
The activation energy of the thermally neutral reac- (CHy) :
tion, E, , was calculated using the formula [5] T/>7R . R\Op\ o
O (CH2)n
(bl’ )2 (@) n
Eeo= — @) and
(1+a)

. - O
R\O/O\/\Rl —> RO+ I%Rl

RESULTS AND DISCUSSION produce epoxides. Although the epoxide ring has a high
The starting data anlor, parameters calculated bystrain energy (115 kJ/mol [10]), epoxide formation is
formula (7) for different cyclization and decyclizationan exothermic reaction (see Tables 2 and 3). This is due
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Table 2. Kinetic parameters of peroxoalkyl radical decomposition reactions yielding epoxides [11, 12]

Radical -AH, kJ/mol T, K k st E, kd/mol bre, (kJ/mol}2
ROOMeCHCHMe 76.6 363 9.1x 10° 38.3 15.55
ROOCH,C'MePr 70.3 343 9.1 16 36.2 15.06
ROOMe,CC' HMe 62.5 333 6.7% 10° 36.0 14.73
ROOCH,C'HPh 31.8 323 7.6< 10° 53.0 15.38
ROOCHMePh 28.1 323 6.8 10" 47.2 14.57

35.0 368 6.6¢< 10 53.8 15.60

35.5 368 7.6¢ 10 53.4 15.53

' _O__R
>(©/v ~0
\ O R
/E>/v 30.4 368 4.7% 10° 54.9 15.53
Br
' _O__R
/@/\/ \O
cl
© O R
Ey g 68.5 323 4.5 10 36.0 14.97
V2R
g 64.5 333 2.% 10 32.0 14.32

to the fact that, in this reaction, a weak O-O bonof the thermally neutral reactiok, , depends on the
(162 kJ/mol [4]) is broken and a strong C—O bondng size and increases from 60 to 100 kJ/mol in going
(340-350 kJ/mol [27]) is formed. The activation energfrom a six- to a five-membered ring:

. 0-0 £ . 1 . . 1
R <_>A ROOCH,C'HR D/\/ R'+ R'OOR!

o)
E, o, kd/mol 59.5 68.7 99.9 122.7
E,., kJ/mol ~10 0 29 0
This dependence is probably due to the higher activa- Isomerization of Cycloalkoxyl Radicals

tion energy of the five-membered ring. Note that the

iso'merization of a linear peroxoalkyl radica] is characai low activation energi. , (Tables 3, 5). ThE, , values
terized byE, o > Ee o(Cyclo-G,0,), while the bimolecu- ¢4 the cyclization and decyclization of each particular rad-
lar reaction between an alkyl radical and a peroX¥a| coincide within the measurement errs2 kJ/mol).
group (which is similar in the structure of the reactiolhe activation energy of the thermally neutral isomeriza-
center to isomerization) is characterized by a very higion of a cyclopentoxyl radicak, ((CsH,O"), is some-
Ee o value of 123 kJ/mol [28]. what higher than that of a cyclohexoxyl radical.

The decyclization of cycloalkoxyl radicals occurs with
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Table 3. Kinetic parameters of radical cyclization and decyclization reactions

R, (Reactant) R; (Product) kJA/|r-1|1’ol K JI/Em ol |k /?12%01/2 References
Cyclization
HC(O)(CH,),C'H, Qé -2.3 28.8 14.51 [13]
) o)
HC(0)(CH,),C'H, O/ 33.2 8.3 13.83 [13]
MeCHHOHCH,CH=CHR WR -38.8 48.7 22.47 [14]
0-0
Decyclization of a five-membered ring
0
>— MeC(0)OCH,C Me, 127.9 60.2 17.04 [15, 16]
o
0
»—Ph PhQ{ OOCH,C Me, 49.6 77.4 16.53 [15]
o
O .
> Me,C 'CMe,OCH(0) 93.0 58.7 16.08 [16]
o
o .
»— Me,C 'CMe,OCH(0) 127.9 52.1 16.34 [16]
o
fy\/ /\y>\/\ : 127.6 433 17.84 [17]
O-g o) o)
CHz >SN 136.5 487 18.66 [17]
Qé CH(0)(CH,),C'H, 23 27.9 10.30 [18]
) CH(O)(CH,),CH(CMe;)C'H, 2.3 335 11.11 [19]
o)
>‘E>_ _ CH(O)(CH,),CH(CMe;)C'H, -2.3 32.2 10.93 [19]
o)
Decyclization of a six-membered ring
O .
— MeC(0)OCMe,CH,C'Me, 35.3 35.1 12.04 [16]
0
O .
by CH(0)OCMe,CH,C Me, 57.0 29.1 12.09 [16]
o]
KINETICS AND CATALYSIS \ol. 46 No. 1 2005
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Table 3. (Contd.)

AH, E

. . : bre,
R, (Reactant) R; (Product) kJ/mol kJ/mol (kJ/m%I)l’z References

0-0 ; o :
<_>/\ BN 102.3 15.3 13.54 [17]

90.6 26.4 14.64 [17]

CH(O)(CH,),CH, -33.2 385 9.58 [20]

O
m—é CH(0)(CH,),CH(CMe;)CH,C'H, -33.2 394 9.74 [19]

mo CH(0)(CH,),CH(CMe;)CH,C'H, -33.2 42.2 10.20 [19]
Radical AH, kd/mol E, kd/mol E, o, kJ/mol E,¢, kd/mol
CH O 2.3 27.9 38.0 29

CgH, ;0 33.2 38.5 31.7 1

Itis possible that the difference betweenkhg values Isomerization of N- and O-Containing Radicals:
for the GH,O" and GH,,O" radicals is caused by the A Comparison

difference in strain energy between the five- and six- Comparison of the activation energies of the ther-
membered rings. Remarkably, the addition reaction mally neutral decyclization reactions for six-membered
ring radicals differing in structure shows thgf ,

increases in the order cycloid,,0O° < cyclo-
[(CH,);O0C"HRO] < gclo-[(CH,);0,C"HR] < cyclo-
which is similar to alkoxyl isomerization, occurs with d(CH2):C'HRNRT] < cyclo-[(CH,); C*HR]. As follows
much higher activation energy &, , = 72.9 kJ/mol from E., data for five- and six-membered rings (see

R* + O=CR'R> — RR'R’CO",

[6].

Radical

E. o(n=2),kd/mol
E. o(n=1),kd/mol

KINETICS AND CATALYSIS

below), E, ((5) is always higher thal, ((6).

(CH); . (CH .
o) )R
(@)
31.7 54.3
38.0 101.6
\ol. 46 No. 1 2005

(CH2 "\
CH bf(}*R

59.6
99.9

—R
(CHZ)n/q_
L

68.4
75.1
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Table 4. Kinetic parameters of the cyclization of aminyl radicals
R, (Reactant) R; (Product) kJA/||:r|110| K J/Er'nol (kJ /bnr]e(’)l)uz References
Formation of a five-membered ring
_ CH,
CH,=CH(CH,).N Bu —-49.0 34.0 19.78 [21]
3 N/\/\
| Ph
PhCH=CH CH),N"Me (b/ ~70.3 27.6 20.34 [22]
| Ph
Ph,C=CH(CH,),N 'Me @/Qph -90.9 26.3 2151 [22]
. N/\/\
Ph CH=CH_ ~_N_~_ Ph -73.0 38.3 22.47 [23]
NAY cH=CcH Y
0]
CH,=CH(CH,),C(O)N"Bu N —49.0 38.3 20.42 [24]
CH,
Ph
Ph
/ r
| N N=CH N -114.1 17.7 22.00 [20]
P
/ L/
N-C— - .C
7 \ N
w ©1,|\>< ~131.2 6.9 21.18 [25, 26]
Formation of a six-membered ring
| Ph
Ph,C=CH(CH,),N Me @% Ph -40.8 | 328 19.44 [22]
/ \C//
_N-C— |
w \ w -130.0 3.7 20.49 [25, 26]
KINETICS AND CATALYSIS \Vol. 46 No.1 2005



KINETIC PARAMETERS OF THE CYCLIZATION AND DECYCLIZATION REACTIONS 7

Table 5. Kinetic parameters for classes of cyclization and decyclization reactions of N- and O-containing radicals

Reaction (class) a bre, (kJ/mol}2 Ee. o kJ/mol
R N 1.410 20.88: 0.75 75.1+ 2.7
NV AVAV AN N—
\ 1.410 19.96+ 0.52 68.4+ 1.8
NI — N—
@) R
R N — . 0.826 15.13 0.44 68.7+ 2.0
ANgErAR = PR Vo

R o
" e NP 0.826 18.25 0.41 99.9 2.2
o o

U_-/ e AR ALO 0.826 14.0% 0.55 59.5+ 2.3
%r . X
: 0.655 16.50k 0.35 101.6+2.1
O%R — NN
0 ji _
cn
o% AWAVAN 0.655 12.06¢ 0.55 54325
0
s CH, 0.748 10.78 38.0
@o HM/
0
MéHz e @d 1.336 14.51 38.6
H
o)
5 . )W 0.748 9.84 31.7
H CH,
o)

)W. L 5 1.336 13.83 35.0
H EH,
P .
YR WR 1.737 22.4% 0.40 67.4+ 12
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Evidently, this is due to the difference in strain energyng strain energy. For the five-membered ring, this

between the five- and six-membered rings. The sienergy is much higher. For the three-membered ring, it
membered ring is characterized by a low (almost zerexceeds 100 kJ/mol [10].

Ring <:> E> Q & A

E,.., kd/mol 0.68 26.7 29.0 114.6 115.1

The following differences i, ( (AE, ( = E¢ ((5) — E¢ ¢(6)) correspond to thedg,, data:

-~

. : . (CH2): ) )
Cyclizing radical C'H,(CH,),CHO CH,=CH(CH,) N R IO RC(0O)O(CH,),0

AE, o, kd/mol 5.0 6.7 407 473

Another important factor i , is the different elec- the force constants of the reacting bonds and the C=C,
tronegativities of the atoms forming the reaction cent&=0, C-O, and C—N bonds are different in this respect,
of the transition state. The electronegativity factor e will comparer, values, which are independent of
very conspicuous in radical abstraction reactions [5]. the force constants [5]. The difference between Paul-
the radical cyclization and decyclization reactions colRrg’s electronegativities [29] of the C and Y atoms
sidered here and in [3], we deal with reaction centers EA) was calculated by the formula

the type C..C...Y, whereY = C, N, or O. What is the
influence of the difference in electronegativity between
the C and Y atoms o, , of cyclization? Let us com-
pare the parameters of the reactions involving this reac-
tion center for six-membered rings, in which the rinddEAwas calculated using the following reference bond
strain energy is the lowest. SinEg, also depends on dissociation energy data [27]:

AEA = D(C-Y)-0.5[D(C-C)-D(Y=-Y)]. (9)

Compound CH;—CH;4 NH,-NH, CH;0-OCH; CH5-NH, CH;—OCH;
D, kd/mol 377 282 162 359 348

The calculated, andAEA data are presented below:

Radical CH,=CH(CH,),C'HR CH,=CH(CH,),N'R CH(O)(CH,),C H,
Reaction center C..C=C N...C=C oO—=C...C

re x 104, m 3.78 3.33 2.25

AEA, kd/mol 0 29.5 78.5

One can see thag decreases in going fromY=C to It is clear that the activation energy of the cycliza-
Y=N and from Y=N to Y=0O. This trend is correlatedtion (and decyclization) reaction of a radical depends
with the electron affinity EA) of the N and O atoms considerably on the electronegativity of the heteroatom
exceeding that of carbon. For three classes of reactidhé O): the higheAEA, the lowerr, and, accordingly,
examined, the relationship betwagandAEAis linear Eg , (see formula (8)).

(figure) and is described by the equation Thus, the activation energy of the cyclization and
decyclization reactions of radicals with a free valence
r,x10", m at the C, N, and O atoms depends on the enthalpy of
(10) reaction, the force constants of the rearranging bonds
= 3.83+ 0.09-( 1.98& 0.18x 102AEA, (parametery anda), the electronegativity of the atoms
in the reaction center, and the strain energy of the form-
whereAEA is expressed in kJ/mol. ing ring. It is of interest that the strain energy reduced

KINETICS AND CATALYSIS \Wol. 46 No.1 2005
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re x 10", m 9.
4.0
10.
3.6
39 11.
2.8
24 12.
1 1 1 1 1
0 20 40 60 80 13.
AFEA, kJ/mol

14,

Elongation of the reacting bonds, versus the difference

between the electronegativities of the atoms in the reaction 15.

centerAEA

16.

Ee o in the cyclization of hydrocarbon radicals [3] an
increasess, , in the cyclization of radicals involving
heteroatoms. Undoubtedly, triplet repulsion also pla%zr%
an important role in cyclization, although it acts i
combination with other factors. Its particular contribus

tion has been determined for bimolecular radical add1i9'
20.

tion reactions [6].
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