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Dehalogenation of alkyl, aryl, or vinyl halides (RX) by means of trialkyltin radicals (eq. 1) is an important

synthetic procedure: it

vaides an easy access to the corresponding radical species (R®), enabling further

structural modifications.

AIBN

information would be valuable for a proper planning of synthetic conditions, it is also useful for a deeper

substrates. The energy of activation (E,) of the halogen-abstraction step of eq. 1 has been determined for

state of the process.

o~
N

)98 Values and

thermochemical cycles. An outline of this investigation follows. The homolytic BDE of the C-X bond of two

organic halides and the corresponding BDE in the radical anion of the same compounds are compared.

required to establish the correlation have been obtained from Adl

The values of D(R-X)
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Determination of the rate constants of the dehalogenation process. Relative reactivities were obtained from
competition experiments of a given substrate (R-X) with a reference substrate (R’-X) toward a defect’)of tin
radical at 80 °C in benzene solution (eq. 3). The multistep reaction mechanism is delineated in Scheme 1.”

Bu3SnH/AIBN
2 S k4 19 -
R-X/R-X —% R-H / R’-H (+ BusSnX) 3)
I(nv
S A

R-X + BusSn® - R° + Bu3SnX
R* + BuSnH — R-H + Bu3Sn’

kr'x
R’-X + Bu3Sn* — R™ + Bu3SnX
R* + Bu3SnH — R’-H + Bu3Sn®

Quantification of the relative amounts of products R-H and R’-H allowed the determination of the relative
reactivity of the two substrate (ko) in the dehalogenation step. Depending on convenience, one out of two
standard substrates, whose rate of dehalogenation by Bu3Sn' at 80 °C was known, was used as the relay
compound. Theseﬁsubstrafes7 were 2-bromobenzonitrile (kp'x = 1.6 x 107 M! s'l) and 3-bromoanisole
(kp'x = 4.0 x 10° M~ s°).” In this way, the relative reactivities could be converted into absolute rates for
halogen abstraction from all the substrates investigated, chosen among most basic examples of organic halides.
The rate constants for dehalogenation at 80 °C are reported in Table 1, which also includes relevant values
from the previous investigation.

Inspection of the reactivity data of Table 1 shows that, holding the R group of the precursor constant,
iodides are more reactive than bromides, which in turn are more reactive than chlorides. Within the same halide
series, the benzoyl and alkyl derivatives are more reactive than the aryl and vinyi compoﬁnds. Aromatic
positional isomers do not differ significantly in reactivity, and the effect of substituents is not pronounced. All
these experimental findings appear to be bound to the different strength of the C-X bonds undergoing
homolysis: the stronger the bond, the slower the halogen abstraction process. They also confirm the view ™ that
the dehalogenation of the substrate by BuzSn® represents the rate determining step of the process (Scheme 1).

Finally, it was verified that use of either one of the two relay compounds, in competition with a specific
substrate, affords values of the dehalogenation rate that are the same within experimental errors. This check,
assuring that the reactivity of substrate given in Table 1 is independent on the relay compound employed,
indicates that the incursion of halogen exchange processes (as in eq. 4) during the competition experiments is
negiigibie.

s a » w7 re

R +R-X — R* +RX “)

A correlation between the energy of the bond undergoing homolytic cleavage and the reactivity in the
aenalogenauon reaciion 1s provxaea wntnm the framework OI the extramermoaynamlc t.vans—romnyx

Lo el TITATT o T mmen

by the BDE term. For consistency,

relationship (eq. 2).” The energy of the bond being cleaved is expressed
= A AsS PR M cad L. PR Mgy B4 ar Al an U .4

reactlvuy of the process must also be €xpressed oy an enthaipic parameter, sucn as the Arrhenius activation
energy. The higher the value of the correlation parameter o, the more advanced will be the bond cleavage i
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spec:ies,4 more reliable Dy9g(Ph-X) data have been obtained for PhCl, PhBr, Phl as 97.6, 82.6, and 67.2
kcal/mol, respectively (Table 2). In a similar way, from a very recent determination of AH,9g(PhCH,*) as 49.7
kcal/mol we obtain a series of updated values of ngg(R X) for the benzyl halides (Table 2)

that of bsenzene and the B C-H bond as 0.3 kcal/mol weaker. Since the Uzgg((,-H) of benzene is 113.45
kcai/moi, the o and B D,93(C-H) of naphthaiene resuit to be 111.6 and 113.2 kcal/moi, respectively. From
these data, and from the known values of AfH,gg(H+) (52.1 kcal/mol) and of Ad,eg(naphthalene) (35.99
kcal/mol), " eq. 5 provides the AdH,gq(ct-naphthyl-) and AH,gq(B-naphthyi-) values as 95.4 and 97.0 kcal/mol,
respectively. Finally, from the latter values and from the enthaipies of formation of the - and B-
halonaphthalenes,”~ the corresponding Dyeg(Ar-X) values (Table 2) are obtained. Unfortunately, the Add,qg(a-
bromonaphthalene) is not experimentally available. However, since it is reported that the BDE of a-
bromonaphthalene is 0.5 kcal/mol lower than that of B-bromonaphthaiene, > the BDE of the former can be
obtained (i.e., 81.2 kcal/mol); thus, the missing value of AfH,qg(a-bromonaphthaiene) can be caicuiated to be

AN N

equal to 40.9 kcal/mol.

R [AHpgR:)]  Adlys(RH)  Dagg(R-H) Ad,5(RX) D9(R-X)

phenyl /81.1] 19.75 113.45 PhCl 124 97.6
PhBr 25.2 82.6
Phl 39.4 672
benzyl [49.7] 11.97 89.8 PhCH,Cl 4.47 74.1
PhCH,Br 15.2 61.2
PhCHyI  23.9 513
1-naphthyl [95.4] 3599 111.6 1-Cl-naph. 28.6 95.7
1-Br-naph. 40.9” 812
1-I-naph. 55.9 65.0
2-nanhthul Q7 01 35 0Q 112 2 V1 nanh IR Q21
= TLAG R AAVAR Y R L77-vj LAY 4 [3F BV 4 ST ATIHAp. SO ZJ.1
2-Br-naph. 42.0 817
2-I-naph. 56.2 66.3
9-anthracenyl [112.5] 55.04 109.6 9-Br-anthr. 62.1° 77.1
ethenyl [71.7] 12.55 111.2 Cl-ethene 9.0 91.5
Br-ethene 78.93 79.5
Me3Sn [31.6] - - MesSnCl - 107 (extr)’?
MesSnBr -33.0 913
MesSnl  -19.7 76.8

LY « ~ ~ PR - . - =2 - ’) —~3 - = s .
“ Literature data are from refs. 4-9, and are 1n kcal/mol ~ Obtained from extrapolation, see text.
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model compound PhBr. This result may be viewed as an example of a favourable buttressing effect,13 and
represents a novel finding in radical processes.

The iodo- and chloroderivatives lend themselves to analogous E, vs. D(C-X) correlations (Fig 2 and 3).
it can be noticed that the extent of the above mentioned buttressing effect varies as the size of the haiogen in 3-
halodurene is changed. With the larger bromo and iodo substituents, the reactivity of 3-halodurene faiis outside
the correiation, whereas the smalier size of the substituent in 3-chiorodurene does not cause any odd reactivity.
By extrapolation of the correlation of Fig 3, it can be evaluated that the BDE of I-DUR is ca. 30% lower than
that of Phl. The a value of the Evans-Polanyi type relationships, namely, the slope of the three correlations
(Figs 1-3), does not appear o vary appreciably from the chioride to the iodide series. A direct comparison of
the three series would be allowed by presenting them in one plot.

Fig i Fig 2
8 1
Br-Anis o CI-DUR

L Br-Naph ¢-® Ch-Naph ¢
= B,r-,An,th./ o /
° -——
E 8+ Br-DUR E 9 1 /
1]
g Br-C16, 3 e
T a =012 < 4 s

i i cixyL e a=0.11

B.'-X‘.’L./ . cl-c12
4 - 74
3 T T T T T 6 T T T T T
85 60 €5 70 5 & 85 70 75 80 85 80 85 100
D(C-X) (kcal/mol) D{C-X) (kcal/mol)
Fig 3 Fig4
7 11
10 4 CI-NapyCl-DUR
I-Anis
6 - P4 o /
I-Naph _ e
o B 8-
% E CHXYL, 'AhZ
= e .

g 5 ‘///// § 74 m*thJyﬁms
g - —
i“i "012/ a=0.10 W Br-Anth . JBr-DUR
ui

Br-C16 /I—Ams

N . o

[ ]
ad  BrxyL  HC12 .
I-DUR
3 T T T T T T T 3 ! T T ' J
- o e e 40 35 30 26 20 45 10 5 0

2 64 66 68 70 =

D(C-X) (kcai/moi) AH" (kcal/mol)
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Table 3. Relative and absolute rate constants of dehalogenation; E, and AH, data
cuihetrate t (o B . — tn A ALTO
(short notation) . s B 00 keal/mol
AT o s (vs. re?))/ M s Kcarymol 2 »® (from eq. 6)
compd.
1-Br-naphth. 80 198 (a)  7.92x10°
{Br-Naph) 93 1.93 (a) 1.10x10’ 6.9 25.7 9.8
110 1.92 (a) 1.67x10
9-Br-anthracene 70 11.3 (a) 3.30x10’
(Br-Anth) 80 11.0(a)  4.40x10’ 6.2 26.5 -14
95 104 (a)  6.18x10’
a-Br-p-xylene 80 44.1(b)  3.49x10°
(Br-XYL) 95 37.1(b) 4.26x10° 43 25.8 30
110 337()  5.63x10°
1-Br-hexadecane 69 7.61 (b) 4.29x10’
(Br-C16) 89 6.75()  6.65x10’ 5.4 25.5 23
110 598(b)  9.99x10
3-Br-durene 71 1.04 (b) 6.22x10°
(Br-DUR) 91 1.00 (b) 1.04x10’ 6.2 24.8 8.4
110 0952(b)  1.59x10’
1-I-naphth. 70 157(c)  4.47x10°
(I-Naph) 95 1.80 (c) 7.67x10® 5.6 28.1 -12
110 1.90(c) 1.07x10°
4-I-anisole 71 097(c)y  2.83xi0°
(I-Anis) 87 L10(c)  424x10° 61 28.4 9.8
106 125()  6.51x10®
3-I-durene 71 331(d)y  146x10°
(I-DUR) 91 290(d)  2.00x10° 4.1 27.1 9.8
110 254(d)  2.72x10°
1-I-dodecane 70 490(d)  2.11x10°
(I-C12) 91 456(d)  3.15x10° 4.6 28.2 24
110 424(d)  4.29x10°
a-Cl-p-xylene 71 0.614(b)  3.67x10°
(CI-XYL) 91 0.649 (b)  6.75x10° 7.6 26.2 31
110 0683 (b)  1.14x10’
1-Cl-naphth 82  00195(a) 8. 24x10'
(Ci-Naph) 91 0.0216 (a)  1.17x10° 99 254 -93
110 0.0269(a)  2.34x10°
1-Cl-dodecane 71 18.3 (e) 9.74x10°
(Cl-C12) 87 16.7 (e) 1.70x10° 7.8 25.2 -25
110 13.6(e) 3.18x10°
3-Cl-durene 73 1.30 (e) 7.54x10*
(CI-DUR) 91 1.39 (e) 1.63x10° 10.0 25.8 -7.4
110 132()  3.09x10°
Relay compounds: a) o-Br-anisole; b) 1-Br-naphthalene; ¢) a-Br-p-xylene; d) 1-I-naphthalene
e) 1-Cl-naphthalene

]

o
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However, it should be reminded that a Sn-X bond of d{f]gerent energy is formed in the three series of organic
halides. If the D(R-X) term of eq. 2 is replaced by the AH of the appropriate reactions, as expressed in eq. 6,
a more generally useful formulation of the Evans-Polanyi equation is obtained.

R-X +Bu3Sn* —» Bu3Sn-X + R° AH = D(R-X) - D(Sn-X)

~
[=,)
et

To this end, the BDE of the Bu3Sn-X products is required. Unfortunately, these values are not availabie. The
D(Sn-Br) of Me3Sn-Br is known to be equal to 91.3 kcal/mol, ~ which can be reasonably assumed to hold for
t"he tibuw{-anaio%ue. A ‘Afi‘izgs(-ﬁ/ie3st:l") efluai to“ 31() ‘kf?vm,d, cann Ee ’deiiufe:d f'r‘om .fh“ecrm?chenﬁcﬂndatf
(see Experimental) which, together with the availabie Af,og(Me3Sni) (-19.7 kcal/mol),  gives a D(Sn-I)
value of 77 kcal/mol for Me3Sn-1. Since the AfH,qq value for Me3SnCl is not available, a D(Sn-Cl) of ca. 105
kcai/mol for Me3Sn-Ci was tentatively extrapolated from the paraliei trend of the D(Si-X) vaiues of the sily/
derivatives Me3Si-1, Me3Si-Br, Me3Si-Cli, corresponding to 77, 94, and 113 kcal/mol, respeciively.
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15
commented on the effect that

removal of one electron from, an organic molecule may have on its reactivity. We calculate how strong ca
the weakening effect on the energy of a C-X bond from addition of one electron to the RX compound.

=l 23 § LIl JiL1L) i1d

known that addition of one electron to aryl halides, followed by cleavage of the C-X bond (egs. 7 and 8),

One electron more! A review by Chanon ef al,
n be
It is

represents the beginning of the aromatic SgN1 process of nucleophilic substitution. 16
e -
ArX = ArX )
ArXT - Ar + X 8)

For a calculation of the BDE of the C-X bond in a radical anion, the following thermochemical cycles are used,
""" and of the neutrai precursors
involved is required. The latter EA values are obtained from electron transmissior spectroscopy, ~ but they
are known only for PhBr and PhCH,Cl among the substrates investigated here. In the corresponding
thermochemical cycles (Scheme 2) all data are given in kcal/mol, including the EA’s values, and the bracketed

where knowledge of the gas phase electron affinity (EA) of the atoms1

data are the enthalpies of formation of the species; underlined values are those calculated here for the first time.
From both cycles it can be appreciated how dramatically the energy of the C-X bond is decreased on the
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addition of one electron. In the case of PhBr , the BDE is lowered to about one-fourth; the decrease is even
stronger with PhCH,Cl, and approaches one-fifteenth! These unprecedented thermochemical evaluations of the
energy of the C-X bond in a radical anion are in keeping with kinetic evidence concerning the rate of
fragmentation of the same bonds in solution. According to Savéant, in fact, transfer of one electron to PhBr
represents an example of a sfepwise mechanism of reductive cieavage of an organic halide.”" This process
involves the intermediacy of the PhBr _species, whose subsequent rate of cleavage of the C-Br bond is
estimated to be of the order of 108 g1 2921 Conversely, benzyl halides represent examples of a concerted
electron-transfer/bond-breaking mechanism, proceeding without the intermediacy of the radical anion. 2 Our
evaluation of an energy of ca. 20 kcal/mol for the C-Br bond of PhBr supports the existence of this species
as a reactive intermediate endowed with a finite, even though short, lifetime (ca. 10 s). Conversely, a C-Cl
energy of only 5 kcal/mol for PACH,CI™ corroborates the idea that PhACH,Cl breaks apart while the electron is
transferred to it, without any finite fifetime for the radical anion.

(4.5) , @97 (289
PhCHClI ——— > PhCH, + Ck

EA:-M.S{ i”:-33.3
Y Y
.. BDE:5.3
PhCH,CI™ ———»  PhCH,: + CF
-10 49.7)  (-54.4
Scheme 2
(262 pcpr.gae B (267
PhBr ——» Ph- + Bre
|
EA:-15.4 EA:-77.6

PhBrf —— > Ph- + Br-

(8:8) (81.1) (-50.9



2902

Experimental

C. Gulli, T. Pau / Tetrahedron 54 (1998) 2893-2904

Materials. All the compounds were commecially az\gaiiabie. 4-Iodoanisole was synthesized by foilowing

described in a

‘method a’

~

The synthesis of a-iodo-p-xylene was attempted, in order to increase the number of iodo-

The halodurenes were available from previous

previous publication.

investigations,

2e

derivatives investigated. Unfortunately, Finkelstein I/Br exchange on a-bromo-p-xyiene gave a soiid product

which quickly decomposed to tars in air. Reaction solvents benzene or toluene were dried over sodium wires.

temperature in a thermostated bath for 4-6 h. An aliquot was removed, diluted and analyzed by GC for the

krx/kr'x) were reckoned from use of the standard integrated formula for competitive reactions,

bromoanisole was in general employed as the standard substrate (toluene was the solvent, in this case), and its

Determination of the Energy of Activation. From the rate constants at the various temperatures (three

-

igs 1-3. Calculation of the AH of the

trates was obtained from the

7’

o~

, 3 in F
reaction as D(R-X) - D(Sn-X) was instead required for a plot bound to include all the haloderivatives

7C 0 val), t 1e of the sub
rrelation coefficients r were good (0.997-0.999). Correlations of E, data with

AN

wn

ho

re s

Determination of Thermochemical Parameters. Equation S was employed in order to calculate the required
data (see text and Table 2). Apart from the BDE data of the literature and the enthalpies of formation of

the following. The Ad,q5(X-) of the halogens (in kcal/mol) are 28.9 (Cl

neutral and radical species (that are always referred to the gas-phase) reported in Table 2, other useful data are

2, 26.7 (Br+), 25.5 (I-),*" while the

- are 52.1 and 28.4, respectively.qb’c1 A AH,g5(Me3Sn-) of 31.6 kcal/mol was

corresponding data for H- and Et

* the AH,os(Me:) and the

The EA values derive from electron
they were expressed in eV (1 eV is 23.06 kcal/mol) but

reckoned from eq. 5, being available the D(Me3Sn-Me) (71.0 kcal/mol),

4b,c

AH,93(MesSn) (34.9 and -4.54 kcal/mol, respectively) values.

1/-19

transmission spectroscopy data of the literature;

are reported here in kcal/mol (1 cal is 4.18 J).
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