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Abstract—A procedure has been developed for determination of the relative rate constants for halogen
transfer from a number of halogenating agents to alkyl radicals by the competing reactions technique. In
combination with the known data, the developed procedure allows estimation of absolute rate constants of
the halogen transfer stage.

Halogen transfer to alkyl radicals is a key stage irhomoallyl rearrangements whose rate constants at
the radical chain halogenation of hydrocarbons, agsC are 2.2 10° [4] and 9.4x10’ st [5], respec-
well as in the radical addition of a number of reagentsijvely (Scheme 1). However, the applicability of these
at multiple carboncarbon bonds. In the latter case,procedures is strongly limited, especially in the case
it is especially important to know the rate constant obf reactive halogen derivatives which can readily be
the halogen transfer stage, for it is responsible fofyolved in radical substitution and addition pro-
stereoselectivity of the process. Interest in halOgeeesses_ As a result, both initial compounds and prod-
transfer reactions increased considerably in the recefitts give rise to a number of side reactions which
years due to wide application of controllei¥ing”  considerably reduce the accuracy of kinetic measure-
radical polymerization of alkenes in the polymerments. For example, the rate constant of chlorine atom
chemistry, which leads to formation of polymers withtransfer fromtert-butyl hypochlorite to primary alkyl
a required molecular weight and a low polydispersityradicals was estimated at %80° [6] and 2.6x 10° | x
coefficient [1]. Insofar as controllediving™ radical mol?s? [7].
polymerization is often initiated by the system organic Taking into account that information on the rate

halogen compoundransition metal complex, data on o,qtants of halogen atom transfer to carbon-centered
the rates Of. halogen transfer are hecessary to descri icals from highly reactive halogenating agents is
polymerization processes on a quantitative level. necessary for both complete kinetic desription of
As a rule, the absolute rate constants of halogepadical halogenation reactions and prediction of regio-
transfer are measured by the flash radiolysis techand stereoselectivity of radical addition processes,
nique, but this procedure involves considerablgn the present work we tried to develop a procedure
experimental difficulties [2]. Most data were obtainedfor determination of relative rate constants and estima-
by the method of competing reactions, determinatiofion of absolute rate constants for halogen atom
of relative rate constants, and calculation of thQransfer from a wide series of halogenating agents,
absolute rate constants using the known rate constajhich would be free from the above disadvantages.
for a reference reaction. In the recent years, radicator this purpose, we used a modified method of com-
rearrangements are widely used as such referenggting reactions. Cyclohexyl radicals generated in

reactions; their absolute rate constants are measurge radical chain halogenation of cyclohexane abstract
by the ESR method (radical clocks) [3]. Examples are

the cyclohexenylcyclopentyl and cyclopropylmethyl Scheme 2.

Scheme 1. RH + X R° + HX

_ . i i R° + XHlg! —— RHIg' + X
J—0 A—=
R° + XHlgZ —— RHIg? + X
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either the halogen atom from the halogenating agertable 1. Relative rate constants of halogen atom transfer

or iodine atom from molecular iodine or methyl in the system NBS/ [NBS], = 0.056 M
iodide (Scheme 2).

In some cases methanesulfonyl chloride was taken  [l2lo, M INBS]y/[l 2lo k(Br)/k(l)
as reference (YHR). The relative rate constants were
calculated from the ratio of the resulting monohalogen 0.0075 7.49 0.0132
derivatives. Insofar as the rate constants for iodine 00067 8.39 0.0169
atom transfer from molecular iodine and for chlorine 0.0035 16.23 0.0147
atom transfer from methanesulfonyl chloride to cyclo- 0.0017 32.64 0.0159
hexyl radical are known, we can calculate the corre- 0.0015 36.40 0.0160

sponding absolute rate constants. All experiments
were carried out at 18:0.5°C.

The application of this procedure is valid only
when the halogenating agent does not react with th

Table 2. Relative rate constants for halogen abstraction
k%y cyclohexyl and benzyl radicals

reference substrate. Moreover, in order to increas gical | R i | R ¢
the accuracy, such reference substrate must be take adica ealg?n ealgi" k(XHIg1)/k(YHIg?)
that the rates of halogen transfer would not be R XHig YHig
strongly different. For the reactions in the presence of
molecular iodine (YHI@ = 1,), the above requirement Cyclo . NBS 12 0.015£0.002
is met for the following reagents XHlg N-bromo- CeHi1 ';\'IBBLE)OBr Oolggiggés
succinimide (NBS)tert-butyl hypobromite N-bromo- PhSONBr 1.3610.10
phthalimide (NBP),N,N-dibromobenzenesulfonamide NBS% 2 17640.25
PhSQGNBr,, andN-bromosaccharin (NBSa). The lack NBS MeSO.Cl 290+30
of halogen exchange was proved by measuring the NBSa < 15400 500
relative rate constants for abstraction of bromine and PhSONBr 19300+ 2300
iodine atoms at various ratios of the brominating NCSQ 2 Mel 270440
agent and molecular iodine. Analysis of the kinetic NBS 15204 80
scheme shows that the relative rate constant should PhSQNCI, 2880+ 250
change if the following equilibrium exists: BUOC 8200+ 1000
XBr + 1 X1 + 1B t-BuOBr 23000£2000
2 PhCH, NBS Iy 0.081+0.005
NBSa 3.2+0.2

According to the data given in Table 1, the ratio

k(Br)/k(l) remains almost unchanged on variation of

the [NBSHI[l,], ratio by a factor of 5. In addition, (Scheme 3). Pathwaly involves formation of mole-

the relative rate constants obtained with dif‘ferenbmar ha|ogen in the System, which should affect the
reference substrates were similar (see below). In thete of halogen atom transfer. In addition, halogen
other cases methyl iodide was taken as referenggdicals are capable of reacting with methyl iodide
(YHIg?), and the XHIg reagents were NBS-chloro-  with liberation of molecular iodine, which may also
succinimide (NCS)tert-butyl hypochlorite,tert-butyl  distort the results of measurements. Therefore, experi-
hypobromite, andN,N-dichlorobenzenesulfonamide.  ments were carried out under dark initiation with
We previously showed that radical chain halogenatributylborane up to a low conversion of the halo-
tion processes with overwhelming majority of halo-genating agent. According to our previous data [8],
genating agents follow two competing pathways [8, 9under these @nditions the process follows only

Scheme 3.
Pathway a Pathway b
RH + X° — R’ + HX RH + HIlg® — R° + HHIg
R° + XHlg — RHIlg + X’ R° + HIgg — RHIg + Hlg’

HHIg + XHlg

~——= XH + Hilgy
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pathway a, and no molecular halogen is formed.determined. The results were treated by several
An analogous series of experiments was carried ouhethods.

in order to verify that iodine is not abstracted from (1) When the reference substrate was molecular
alkyl iodides by the above reagents (Table 2). Theodine, the relative rate constant for abstraction of

results showed that the relative rate constant almogilogen atomk(XHIg)/k(l,) was calculated by the
does not depend on the concentration ratio of the halgormula

genating agent and reference substrate. No reaction

with alkyl iodides was observed in the absence of log(1 — [cycloCgHy HIgN[XHIg] o)
initiator. For example, keeping of a mixture of hexyl k(XHIg)/k(l,) =
iodide and NBS for 2 h did not result in formation log(1 — [cycloCgHyl]/[l 2lo)

of hexyl bromide.

The fact that the relative rate constants do not (2) The plot of the concentration ratio of cyclo-
depend on the mode of generation of therRdical hexyl bromide (cyclohexyl chloride) and cyclohexyl
can be regarded as an additional proof for validity ofodide versus conversion
the proposed procedure. We have determined the
ratios k(NBS)k(l,) and k(NBSa)k(l,) for halogen [cycloCgHy1HIg]p/[cycloCeHy4l]g
atom transfer to benzyl radical generated in two ways:
by radical chain ha?/ogenatior?l of toluene and E)/y = (17.48:0.62) - (0.17+0.02)(feycloCHy;Higlo
decomposition of PhCs$O,Cl under UV irradiation: + [cycloCgHy4l]o)/[XHIg], R? = 0.9574,

PhCH,S0,Cl ——= PhCH; + SO, + CI was extrapolated to the zero conversion. The value of
[cyclo-CgH44HIg]o/[cyclo-CgHq4l] o was then used to

The relative rate constants of bromine abstractiofalculate the relative rate constants by the formula
from NBS and NBSak(NBS)k(l,) andk(NBSa)k(l,),
were 0.081%0.005 and 3.20.2, respectively, when k(XHIg)/k(YI) = [cyclo-CgHqHIg]o[YI)/[ cyclo-CeHy4l] g
toluene was used as a source of benzyl radicals and « [XHIg] (YI = Mel, 1.)
0.074+0.005 and 3.@¢0.2 when the radical species 9 - P2

were generated from PhGBO,CI. These data show
that the relative rate constants do not depend on the (3) The plot of Eyclo-CeH, Higlg/[cyclo-CeHyyllg

mode of generation of alkyl radical. versus [XHIgh/[YI] , was treated by the least-squares
rocedure. The slope of the resulting straight line cor-

Methanesulfonyl chloride was used as referencg,g ; :

ponds to the relative rate consta(xHIg)/k(Y1):
B N D T eplEYIOCHL Il leycloCily = (034:312) +
g y b YIeNt53000+2000)[XHIg)[Yl], RZ = 0.9882. Thefree

chloride in the presence of 6.3 mol % of tributyl- : . . -
borane as initiator. The relative rate constants werlE'M In this equation can be neglected (within the

calculated from the concentration ratio of cyclohexyl€XPerimental error).

bromide (or cyclohexyl chloride, depending on the The relative rate constants ca_IcuIated by the three

halogenating agent) and cyclohexyl iodide, which wadnethods are well consistent with each other. For

determined by GLC. In experiments with methanesulexample, they are (2£0.2)x10% (2.2+0.2)x 10%,

fonyl chloride as reference substrate, the ratio ofnd (2.3:0.2)x10%, respectively, for the paitert-

cyclohexyl bromide and cyclohexyl chloride wasbutyl hypobromite/methyl iodide. Table 3 gives the
relative rate constants for all reagents, calculated

Table 3. Relative rate constants of halogen atom transfePy method (3).

for the pair NCS/Mel, depending on the reactant ratio The absolute rate constants of halogen atom
transfer from methanesulfonyl chloride and molecular
[NCS]p, M | [Mel]lg, M | [NCS]y[Mel], K(CI)/Kk(1) iodine to cyclohexyl radical are known and are equal
to (2.9+0.8)x 10° [10] and (1.2:0.5)x 10*° I mol™tx
0.0397 13.38 0.0030 264 st [11], respectively. The absolute rate constant of
0.0470 10.70 0.0044 258 iodine atom transfer from methyl iodide, (83.4)x
0.0361 8.03 0.0045 287 10* I mol™ s, was calculated using the relative rate
0.0277 5.35 0.0052 244 constants k(t-BuOBr)k(l,) and k(t-BuOBr)k(CHjl)
0.0211 2.68 0.0079 262 and the known value ok(l,). Table 4 contains the
absolute rate constants thus obtained.
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Comparison of the absolute rate constants obtainethble 4. Absolute rate constants of halogen atom transfer
with the use of different reference substrates showsom halogenating agents
that the developed procedure is sufficiently correct:

As a rule, the resulting values coincide within  Reagent Reference kxHIaD) | mol-t s
an order of magnitude (Table 4). Also, a good agree-  XHIg?! substrate (XHlg"), Tmol™s”
ment was observed between our data and those

reported in the literature. For example, bromine atom NCS Mel (2.3£0.9)x 10/
transfer from N-bromophthalimide is a diffusion- NBS Mel (1.3+0.5)x 1C8
controlled process, and the calculated rate constant PhSGQNCI, Mel (2.5+1.0)x 108

is 1.2x10'° Imol s [12] which agrees well with ~ t-BuOCI Mel (7.2+2.8)x 10°
our value (1.£0.5)x10° Imolts? In keeping  BUOBr Mel (2.0+0.8)x10°
with our data, bromine atom transfer processes from NBS 12 (1.7£0.7)x 1080
N-bromosaccharin andN,N-dibromobenzenesulfon- NBSa 12 (2.1+£0.8)x 107
amide are also controlled by diffusion, which is very t-BuOBr 12 (2.0£0.8)x 1090
consistent with a fairly high reactivity of these halo- NBP 12 (1.1£0.5)x 1010
genating agents and sufficiently long radical chains in PhSQNBr, 15 (1.6+£0.7)x 10;
their reactions [13]. While considering the selectivity NBS MeSQ,Cl (8.3+2.4)x10

of radical halogenation with regard to the nature of NBSa MeSQ,Cl (4.5+1.3)x10°
N-centered radical, we have concluded that the selec- PNSQNBrz | MeSOCI (5.6+1.6)x 10°

tivity increases in parallel with thermodynamic stabil-
ity of the corresponding radical. Such increase in _ _

stability should lead to acceleration of the halogerfletctor; carrier gas argon, flow rate 25 ml/min; 3600
transfer stage, in keeping with the data in Table 43-mm columns packed with 5% of SE-30 on Inerton
Our results also confirm the validity of the procedureN-Super (0.160.20 mm) or 10% of XE-60 on
for determination of rate constants of chlorine atonfchromosorb W-AW (0.1€0.20 mm); injector tem-
transfer to alkyl radicals, which was reported in [7].Perature 158C; oven temperature 136.

Then, the data given in [6] should be regarded as Cyclohexane, toluene, methanesulfonyl chloride,
strongly underestimated. methyl iodide, N-bromosuccinimide, and methylene

The developed procedure was also tested througHloride were purified by standard procedures [15].
estimation of the rate of bromine atom transfer fromlhe physical constants of all compounds and solvents
bromotrichloromethane to cyclohexyl radical. For thiswere consistent with published dathl,N-Dichloro-
purpose, the following relative rate constants werdenzenesulfonamide [16]N-chlorosuccinimide [17],
measuredk(CBrCl,)/k(PhSQNCICOPh) = 1.26.0.15  t-butyl hypochlorite t-butyl hypobromite [18]N,N-di-
and k(PhSGNCICOPh)k(NBS) = 1.1+0.1. Using bromobenzenesulfonamide, ardtbromosaccharin
the k(NBS) value, (1.30.9)x 1% | mol™t s (average [19] were synthesized by known methods. According
value from Table 4), we have calculate(CBrCl,) = 10 the iodometric data [18], the halogenating agents
(1.7i1.2)>< ]_08 | m0|_1 S_l, which is in a good agree- Xng contained no less than 98% of the main
ment with available experimental data obtained bysubstance.
the “radical clock technique. The following values N-Benzoyl-N-chlorobenzenesulfonamide.
were given for the rate constant of bromine atomN-Benzoylbenzenesulfonamide, 1.5 g (0.0057 mol),
abstraction from bromotrichloromethane: 280° was dissolved in 10 ml ofert-butyl hypochlorite,
(n-butyl radical, 80C) and 6.5<10° Imol™s? and the mixture was kept for 4 days &C5 The pre-
(cyclopropylmethyl radical, 2%&) [14]. We can con- cipitate was filtered off, washed with a small amount
clude that our procedure is sufficiently general andf ice water, dried in a vacuum desiccator over
that it can be applied to estimation of absolute rat@anhydrous CaGJ and recrystallized from chloroform.
constants for halogen atom transfer from a wide seriegield 1.25 g (74%), mp 124126°C; purity 97.9%
of reagents. (according to the ddometric data). Found, %:

C 53.37; H 3.98; N 4.62. GH,,CINO,S. Calculated,
EXPERIMENTAL %: C 52.80; H 3.41; N 4.74.
Reaction of halogenating agents XHIY with

Qualitative and quantitative analysis of the reactioralkyl halides. An ampule was charged with 4.2 g
mixtures was performed by GLC on a Tsvet-104(19.81 mmol) of 1-hexyl iodide, 0.09639 ¢
chromatograph equipped with a flame ionization(0.5415 mmol) of NBS, and 0.006 mmol afdi-
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chlorobenzene (as chromatographic standard), and tlé tributylborane in CCJ was added. Every 5 min,
mixture was kept for 2 h at 18#0.5°C. It was then a 0.1-ml sample was withdrawn, treated as described
treated with 10 ml of an acidified 20% aqueous soluabove, and analyzed by GLC. Similar experiments
tion of KI. According to the GLC data, the amount were carried out with different amounts of. IThe

of 1-bromohexane in the reaction mixture did notresults are given in Tables 1 and 3.

exceed 0.0004mmol. The relative rate constank§XHIg*)/k(l,) for halo-
Analogous experiments were carried out with thegen atom abstraction by benzyl radicals (Table 3)

other halogenating agents (Ph$®r,, t-BuOBr, and were determined by a similar procedure using toluene

NCS); in all cases, no more than 0.001 mmol ofas a source of benzyl radicals.

1-bromohexane or 1-chlorohexane was formed. B. Determination of the relative rate constants

Determination of the relative rate constants k(XHIgl)/k(CHgl) for halogen atom abstraction by
k(XHIgY)/k(l,) of halogen atom abstraction cyclohexyl radicals. A test tube was charged with
by benzyl radicals generated from PhCHSO,CI. 0.1 ml (0.93 mmol) of cyclohexane containirgdi-

A tubular quartz reactor (internal diamete®.5 cm) chlorobenzene as chromatographic standard,
was charged with 11.43 mg (0.06 mmol) of phenyl-0.06 mmol of halogenating agent XH|gand 0.21 g
methanesulfonyl chloride, 0.06 mmol of halogenating1.37-6.87 mmol) of methyl iodide. The volume was
agent XHIdg, 0.006 mmol ofo-dichlorobenzene (as adjusted to 0.6 ml by adding methylene chloride, and
chromatographic standard), and a required amount &8 pl (0.5-2 mol %) of a 0.137 M solution of tri-

[, (0.002-0.02 mmol). The volume of the mixture was butylborane in CGJ was added. Samples were with-
adjusted to 0.6 ml by adding methylene chloride, andirawn and were treated by the procedure described
the mixture was purged with a weak stream of argombove and analyzed by GLC. Similar experiments
(5-7 ml/min). The mixture was irradiated by UV light were carried out with different amounts of methyl
using an OKN-11 lamp which was placed at a distiodide. The results are given in Tables 2 and 3.

ance of 0.5 m from the reactor, maintaining the ¢ petermination of the relative rate constants
temperature at 1800.5°C. As in the preceding (xHigl)/k(CH,SO,CI) for halogen atom abstrac-
experiment, the mixture was treated with an aC|d|f|echOn by cyclohexyl radicals. To 0.1 ml (0.93 mmol)
20% aqueous solution of Kl, and the organic phasgy ¢y ciohexane containing-dichlorobenzene (chrom-
was analyzed by GLC. o atographic standard) we added 0.06 mmol of halo-
G(?neral procedure for deterTlnatlon (Z)f the genating agent XHfband 1.13.8 g (1@_33 mm0|) of
relative rate constants k(XHIg-)/k(YHIg®) for  methanesulfonyl chloride. The volume was adjusted to
halogen atom abstraction.To 0.1 ml (0.93 mmol) 5 m| by adding methylene chloride, and 625mol %
of cyclohexane (or 0.94 mmol of toluene) we addedf tributylborane (28 wl of a 0.137 M solution in
0.06 mmol of halogenating agent XHig0.006 mmol  ccl,) was added. Samples were withdrawn and were
of o-dichlorobenzene (as chromatographic standardieated as described above and analyzed by GLC.
and 0.0022 mmol of YHIg". The volume of the gSimilar experiments were carried out with different
mixture was adjusted to 0.6 ml by adding methylen&mounts of CHSQ,CI. The results are given in
chloride, the ampule was purged with a weak streanfgple 3.
of argon (57 mi/min), and tributylborane was added  , petermination of the relative rate constant

as initiator (2—8M| of a 0.137 M solution in th k(PhSOZNCICOPh)/k(NBS) for chlorine atom
0.5-2 mol % with respect to XHI. Every 5 min, opopacin by cyclohexyl radicals.A test tube was
a 0.1-ml sample was wﬁk:)drawn and transferred intqparged with 0.1 ml (0.93 mmol) of cyclohexane con-
0.5 ml of an acidified 20% aqueous solution of Kl 4ining o-dichlorobenzene as chromatographic stand-
to decompose unreacted XHIgThe organic phase ard), 0.018 g (0.06 mmol) of PASRCICOPh, 0.03
was analyzed by GLC. 0.1 g (0.170.6 mmol) of NBS, and 0.5 ml of
A. Determination of the relative rate constants methylene chloride. Tributylborane, 0.5 mol % (with
k(XHIg")/k(1%) for halogen atom abstraction by respect to PhSINCICOPh; 2pl of a 0.137 M solu-
cyclohexyl radicals. A dark glass 1-ml test tube was tion in CCl,) was then added. Every 5 min, 0.1-ml
charged with 0.1 ml (0.93 mmol) of cyclohexanesamples were withdrawn, treatgd as described above,
containing o-dichlorobenzene as chromatographicand analyzed by GLC. Experiments were repeated
standard, 0.06 mmol of halogenating agent XHig With different amounts of NBS.
and 0.00050.0051 g (0.0020.02 mmol) of }. The E. Determination of the relative rate constant
volume was adjusted to 0.6 ml by adding methylend(CBrCl 3)/k(PhSO,NCICOPh) for bromine atom
chloride, and 2ul (0.5 mol %) of a 0.137 M solution abstraction by cyclohexyl radicals.A test tube was
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charged with 0.1 ml (0.93 mmol) of cyclohexane 8.
containing o-dichlorobenzene as chromatographic
standard, 0.012 g (0.06 mmol) of CBKC0.03-0.29 g
(0.0:-0.1 mmol) of PhSGNCICOPh, and 0.5 ml of g,
methylene chloride. Tributylborane, 0.5 mol % (with
respect to PhSMICICOPh; 2pl of a 0.137 M solu-

tion in CCl;) was then added. Every 5 min, 0.1-mlq
samples were withdrawn, treated as described above,
and analyzed by GLC. Similar experiments were,
carried out with different amounts dl-benzoyIN-
chlorobenzenesulfonamide. 12
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