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Bromination of Alkynes in Ionic Liquids — A Kinetic Investigation

Cinzia Chiappe,*?l Valeria Conte,” and Daniela Pieraccinil®!

Keywords: Halogenation / Ionic liquids / Kinetics / Solvent effects

The kinetic behaviour and the product distributions of bromi-
nations of several arylalkynes with Br, in the room-temper-
ature ionic liquids (ILs) 1-butyl-3-methylimidazolium hexa-
fluorophosphate [bmim|[PF¢] and 1-butyl-3-methylimidazol-
ium bromide [bmim|Br, have been investigated at different
temperatures. In [bmim]Br, alkynes stereospecifically gave
the anti addition products, the reactions following a second-
order rate law. In [bmim][PFg], mixtures of syn and anti addi-
tion products were obtained, and the reactions followed a
second- or third-order rate law, depending on the structure
of the alkyne and the concentration of Br,. The data obtained
for the reactions in [bmim|Br are interpreted on the basis of
a mechanism involving a product- and a rate-determining
nucleophilic attack by bromide on the alkyne-Br, n complex.
The data relating to the electrophilic addition in [bmim|[PF¢]

are explained in terms of the initial formation of a 1:1
alkyne-Br, © complex, the ionisation of which, probably cata-
lysed either by a second halogen molecule or by the imidazo-
lium cation, gives a bromirenium (or f-bromovinyl cation) Br~
or [Br3]” intermediate. Such intermediates then collapse to
give the corresponding dibromo adduct(s). The kinetic con-
stants and the activation parameters for the reaction in
[bmim|Br are compared with those relating to the second-
order reaction of the same alkynes with tetrabutylammonium
tribromide ([NBuy][Brs3]) in 1,2-dichloroethane (DCE). On the
basis of the kinetic data, a significant role for solvent viscos-
ity in determining the reaction rate may be envisaged.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Current interest in ionic liquids!' ~# (ILs) arises primarily
from awareness of the potential applications for ILs in
green chemistry and the associated emphasis on clean man-
ufacturing processes. The past few years have witnessed
growing interest in room-temperature ILs that are air- and
moisture-stable, even hydrophobic in some cases, and cer-
tainly much easier to handle than the chloroaluminate melts
first described.l' 1 N-Alkylpyridinium and N,N’-dialkylim-
idazolium cations, with a variety of substituents and paired
with a larger variety of anions, have been reported to be
suitable solvents for several organic reactions and catalytic
processes. In this context, we have recently investigated
some ILs as clean, environmentally benign alternatives to
chlorinated solvents for the stereoselective halogenation of
alkenes and alkynes.!

Electrophilic bromination of double and triple bonds is
a fundamental reaction in organic chemistry,® providing
products that are key intermediates in organic synthesis and
in analytical chemistry.”? The mechanistic and synthetic as-
pects of bromination in molecular solvents have been very
thoroughly studied over the years, and important features
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have been identified through kinetic and product distribu-
tion studies. The chemo-, regio-, and stereoselectivities of
this reaction, as well as the kinetic behaviour, are deeply
influenced by the solvent,®! and the role of molecular solv-
ents on the rate and reaction course has been widely invest-
igated.¥! Extensive investigations! of the effects of molecu-
lar solvents in several organic reactions have allowed cor-
relation of the reaction course to some solvent properties
such as, inter alia, polarity, nucleophilicity, and coordina-
tion ability. In contrast, the limited number of systematic
investigations concerning some properties of ILs, such as
polarity,'°~121 and the absence of kinetic investigations in
these solvents, drastically reduce the possibility of correlat-
ing the outcome of a chemical process with specific or non-
specific features of these reaction media. On the other hand,
research in this field is important for the establishment of
efficient criteria to determine the right ionic liquid candid-
ate for a given solvent application. The physical and chem-
ical properties of ILs, often defined as “designer solv-
ents”,['>13] can indeed be varied over a wide range by the
selection of suitable cations and anions. However, solvent
polarity and solvation strength, which imply specific
solute—solvent interactions, are not easy to evaluate, even
for molecular solvents. The polarity of a solvent is usually
determined™ in a purely empirical fashion by the use of
solvatochromic dyes or fluorescence probes; both have in
fact been applied to determine the polarity of a small num-
ber of 1Ls.['°7121 However, as has recently been stressed,!'¥
taking into account the vertical nature of the UV transition
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(Franck—Condon principle), the physical meaning of the
change in UV wavelength of a dye when the solvent is in a
nonequilibrium distribution about the excited state is not
clear. This question may be particularly important for ILs,
due to the viscosity of these media, a property which is
influenced by the temperature.['>-16b]

Therefore, in order to obtain more information about
how ILs may affect reactivity, we have further investigated
the kinetic and stereochemical course of the bromine addi-
tion reaction to aryl-alkyl-substituted alkynes in 1-butyl-3-
methylimidazolium hexafluorophosphate [bmim][PF4] and
1-butyl-3-methylimidazolium bromide [bmim]Br. The kin-
etic and product distribution data are compared with those
obtained in electrophilic bromination of the same com-
pounds with Br, and tribromide ions (tetrabutylammonium
tribromide, [BuyN][Brs3]) in chlorinated solvents. The mech-
anistic aspects are discussed, highlighting the properties of
these ILs in comparison with molecular solvents.

Results and Discussion

Brominating Species

Addition of appropriate amounts of Br, to 1-butyl-3-
methylimidazolium hexafluorophosphate [bmim][PF4] and
1-butyl-3-methylimidazolium bromide [bmim]Br gave col-
oured solutions that could be stored at room temperature
in the dark for several hours with no significant changes in
their respective electronic absorption spectra. The electronic
absorption spectra of Br, solutions in [bmim]Br were char-
acterised by a strong UV/Vis absorption band, with its
maximum at a wavelength below 300 nm, which could be
attributed to the formation of the tribromide ion [Brs]™.
The values of A, and €,,,, could not be evaluated, as the
UV cut-off point of the ionic liquid occurs in this region.
In contrast, Br, solutions in [bmim][PFs] showed an ab-
sorption band between 380 and 500 nm. The absorption
maximum (A.x = 400 nm) and the band intensity (€. =
200 M~ '~cm™') were very similar to those recorded for Br,

solutions in chlorinated solvents (in 1,2-dichloroethane:
Emax = 211 M lem ™!, A0 = 410 nm).['7 The band shape,
however, was different from those observed in chlorinated
solvents; in particular, the lower wavelengths (below
380 nm) were characterised by a stronger absorption. This
may be attributed to the formation of a charge-transfer
complex between bromine and the solvent!!8! with the cor-
responding charge-transfer band in this region, although
the possibility that at least a part of this absorption may be
due to the presence of another species also with an absorp-
tion band in this region — possibly [Br,CI]~ anion — can-
not be excluded. These latter species could indeed arise
from reaction between Br, and traces of CI~ present in the
solvent as impurities (evaluated by titration in several lots
of solvents at around 0.001 molkg™!, 0.03% w/w). It is
noteworthy that [Br,X]™ salts have very strong absorptions
in this region and that therefore even very small amounts,
unable to affect the product distribution and the kinetic be-
haviour, can be detected. On the basis of the electronic ab-
sorption data, we can thus infer that two different bromin-
ating reagents were formed in the two solvents: free Br, in
[bmim][PFg], and [Br;]~ in [bmim]Br. To support this hypo-
thesis, we also analysed our solutions by 'H NMR. It is
known that the chemical shifts of the imidazolium core
show a counter-anion dependency, which may be a useful
tool for determining whether [Br;]~ formation accompanies
bromine dissolution in these solvents. Since it has been
shown'®! that the chemical shifts of the imidazolium pro-
tons are anion- and concentration-dependent, and that
these two factors may exert opposite effects, the NMR spec-
tra were recorded on the pure ionic liquids, with [DgJace-
tone as external lock, to avoid the concentration-depend-
ence factors. The spectra were recorded at 17 °C in the ab-
sence and in the presence of increasing amounts of Br,. No
formation of ring-bromination products was ever observed.
The chemical shift values of [bmim]Br showed an appre-
ciable dependence on the Br, concentration. Table 1 collects
the chemical shifts of the proton signals of the two solvents
in the presence of an amount of bromine corresponding to

Table 1. Proton chemical shifts for [bmim|Br and [bmim][PFg] in the absence and in the presence of equimolar amounts of Br, at 17 °C

[}
/\/8\
&7
4
ITI 2
10CH;
Imidazolium protons [bmim]Br [bmim][PF]
Pure solvent + Br, Pure solvent + Br,
) 1) AS ) ) AS
2-H 8.78 7.17 1.61 7.26 7.15 0.11
4-H 7.01 5.99 1.02 6.22 6.12 0.10
5-H 7.11 5.99 1.12 6.26 6.15 0.11
6-H 3.19 2.73 0.46 2.99 2.90 0.09
10-H 2.89 2.48 0.41 2.72 2.63 0.09
7-H 0.54 0.38 0.16 0.66 0.59 0.07
8-H =0.11 —0.16 0.05 0.11 0.06 0.05
9-H —0.54 —0.62 0.08 —0.32 —0.36 0.04
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the molarity of the solvent giving the greatest variation in
chemical shifts. Addition of higher concentrations of Br,
did not produce further significant modification in the 'H
NMR spectra.

It appears from the data reported in Table 1 that, while
the addition of Br, to [bmim][PFg4] had a very small effect,
if any, the addition of an “equimolar” amount of the hal-
ogen to [bmim]Br gave rise to considerable variation of the
chemical shift of the imidazolium ring protons, in particular
on 2-H, which may be attributable to a change in the nature
of the counter-anion. Aliphatic protons were only moder-
ately affected, and the effect decreased with increasing dis-
tance from the aromatic ring. Since in general the chemical
shifts of the ring protons move downfield with increasing
anion basicity, and thus hydrogen-bonding capability, these
experimental data were indicative of a decrease in the anion
basicity after addition of Br, to [bmim]Br, corroborating a
change of the counter-anion from Br~ to [Brs]™. It is worth
noting that the conversion was not necessarily quantitative
even when an equimolar or a moderate excess of Br, was
added to the solvent. In addition, in the presence of an
excess of Br,, the species [Brs]™ may also be formed. How-
ever, although the stability constant of [Brs]™ species in this
medium has not been determined, it seems highly probable
that under the reaction conditions (high excess of Br™) only
[Brs]~ is present as counter-anion.

Electrophilic Bromination

a. Product Distributions

We recently reported! that addition of Br, to alkynes
and alkenes in [bmim]Br was anti-stereospecific, independ-
ently of the nature of the substituents at the double or triple
bond, while Br, addition in [bmim][PF4] gave mixtures of
syn and anti adducts.

Bry R Br
R-=—R - ==
[bmim]Br B R
1 2
R | CeHs CsHs CeHs CeHs  |pCF3-CsHg
R’ H CH; C,Hs n-C3H; | n-CsHyy
1 a b [ d e

The stereochemical behaviour observed in the reaction of
alkynes in [bmim]Br was therefore in agreement with the
presence in solution of [Brs]™ as electrophile. This species
is known to add to alkenes!!'”) and alkynes®” in molecular

Bry+Br

KBr 3T n Br,
T

_Ke :
R-+=—R'+ [Br;] =* R—=

Scheme 1
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solvents by a mechanism that does not involve ionic inter-
mediates and occurs through a product- and rate-determin-
ing attack by bromide on the olefin—Br, m complex
(Scheme 1).

In contrast, the formation of both diastereoisomers in
Br, addition to alkynes la—d in [bmim][PFg] indicated™
that open vinyl cations («¢) had been formed as interme-
diates, similarly to what has been observed?!! in 1,2-dichlo-
roethane (DCE).

R BPBr R R
Y e I R o
[bmim][PFs] BY R B Br
1 2 3
R | CeHs CeHs CeHs CeHs  [pCF3-CgHa
R’ H CH; C,Hs n-CH; | n-CsHy
1 a b [ d e

The stereoselective formation of the anti addition prod-
uct in the reaction of le instead suggested the involvement
of a bridged bromirenium ion (b).

Br Br

Rj:<R. R R
a b
Although the stereochemical behaviour of the reactions
of 1b and 1c¢ was similar to that observed??!l in addition of
Br, to the same alkynes in chlorinated solvents (Table 2),

that of 1a and 1d was significantly different.

Table 2. Product distributions for bromination of 1la—d with Br, in
[bmim][PF¢] and DCE

Solvent Products
2 3

1a [bmim][PF] 88 12

DCE 57 43
1b [bmim][PF] 77 23

DCE 78 22
1c [bmim][PF] 75 25

DCE 70 30
1d [bmim][PF] 75 25

DCE 66 34
1e [bmim][PF] 99 1

DCE 99 1

In particular, the reaction of 1a was characterised by a
higher anti stereoselectivity. Both a more bridged nature of
the cationic moiety of the intermediate in the ionic solvent,
and a more favourable translocation process of the nucle-
ophile prior to the attack, may play a role in determining

Brd

; +
Br

; R Br
R+ B A2 R R [ >:< + Br—

Br Br R
.
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such behaviour. In the cases of 1b and 1¢ the presence of the
alkyl substituent probably obstructed a stronger increase in

the (E)/(Z) ratio.
b. Bromination Rates

In [bmim ] Br

To obtain further information on the mechanism of Br,
addition in ILs, and to compare these solvents with molecu-
lar ones, we undertook a kinetic investigation. The rates of
bromination of alkynes la—d in [bmim]Br were measured
spectrophotometrically, under pseudo-first-order conditions
(in the presence of a large excess of alkyne) by monitoring

the disappearance of the perhalide [Brs]~. All reactions
obeyed the second-order rate law of Equation (1).

—d[Br;7)/dt = kBrs’-[Br{]-[alkyne] (1)

Table 3. Second-order rate constants for the bromination of 1a—d
by [Br;]” in [bmim]Br and DCE

Alkyne T [bmim]Br DCE
[oC] k [M—I.S—l][a] k [M—I.S—I][a]
1a 10 n. d. 1.67-1073
25 1.25-1073 5.60-1073
40 1.60-1073 2.50-1074
55 2.80-1073 8.76:10~4
1b 10 n. d. 6.70-1073
25 2.57-1074 2.65-1074
40 1.42-1073 7.10-1074
55 5.92:1073 2.05-1073
1c 10 n. d. 9.60-1073
25 5.02:10°4 3.57-10~*
40 n. d. 8.26:10~*
1d 25 1.04-107# 2.01:107%

[ Error limits within £10% of quoted number, n. d. = not deter-
mined.

The values of kBr%’ are reported in Table 3 together with
the second-order kinetic constants for [Brs]~ addition in
DCE. In this latter solvent, tetrabutylammonium tribrom-
ide ([BusN][Brs]) was used as the Br;~ source.

The values of the activation parameters for the reaction
behaviour of 1a, 1b, and lc, obtained from fittings of the
kinetic constants to the Arrhenius equation, are reported
in Table 4.

Table 4. Apparent activation parameters for the second-order reac-
tion of 1a and 1b

Solvent Eaobsd AH™ AS”
[kJ-mol~"] [kJ-mol~'] [J'mol~"-K ]
la  [bmimBr 215 (4) 19.0 (4) ~236 (6)
la  DCE 67.8 (4) 65.3 (4) —104 (4)
b [bmimBr  85.0 (4) 82.5 (4) —34.4 (4)
b DCE 57.7 (2) 552 (2) —128 (4)
1c DCE 53.1 (6) 50.6 (6) —145 (4)

The rate constants measured in DCE showed that the
introduction of an alkyl group only moderately accelerated
the bromination reaction. Since the presence of an alkyl
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group should inductively stabilize a neighbouring cationic
centre, the measured effect, smaller than one order of mag-
nitude, was in agreement only with very small, if any, posit-
ive charge development at the acetylenic carbon atom C-2.
The behaviour of alkynes 1a—d in [bmim]Br, however, was
quite different; in the ionic solvent, the presence of the alkyl
group at C-2 always decreased the reaction rate. Further-
more, while the rate constants for alkynes 1b—d in this solv-
ent were of the same magnitude as in DCE, the reaction
behaviour of l1a showed an acceleration by a factor of 20
relative to the same reaction in DCE.

The ionic solvent had therefore affected the kinetic beha-
viour of the reaction, although an explanation is surely
complicated by the fact that polarity, viscosity and hydro-
gen-bonding capability of [bmim]Br may affect the rate-de-
termining step of reaction (k,) and/or the equilibrium con-
stant (K.,).

If we assume that the reaction in [bmim]Br occurs
through the mechanism generally accepted for the reaction
in molecular solvents,['>2!1 shown in Scheme 1, the process
should involve as the first step an equilibrium between two
complexes of Br,: [Br;]™ and 1:1 alkyne—Br, © complex.

The equilibrium constant K is given by the ratio of the
formation constants of the two species: K. = Ky complex/
Kpg,.~. This step is followed by the rate-determining nucleo-
phiﬁc attack by the bromide, either detached from Br, after
the formation of a 1:1 alkyne—Br, m complex or present in
solution, while the Br—Br bond is being broken and a new
bromide ion is formed.

The concentration of Br™ in [bmim]Br is higher than that
attainable with [BuyN][Brs] in DCE. However, the accelerat-
ing effect on the rate of nucleophilic attack due to the
higher concentration of Br™ in the ionic solvent may very
probably be balanced by a reduction in the concentration
of alkyne—Br, m complex. Generally, at least in molecular
solvents,['] the bromination rate is not affected by added
bromide salts, except for a small negative salt effect on a
transition state (TS) with more charge delocalisation than
the initial state.

In molecular solvents, this latter feature of the TS dictates
a decrease in reaction rates with increasing solvent polarity.
Nevertheless, reaction rates in these solvents are markedly
affected by the ability of the medium to enter into hydro-
gen bonding.

As shown by NMR measurements, electrophilic solvation
of [Brs]~ by the ionic liquid is relatively unimportant, while
the Br™ ion is hydrogen-bonded to the solvent. This would
reduce its nucleophilicity and produce a reduction in k,. On
the other hand, hydrogen bonding to the leaving bromide
ion formed by breaking of the Br—Br bond may well bal-
ance or overbalance this retarding effect. In molecular solv-
ents, the electrophilic solvation of the leaving group is pos-
sibly more important than that of the attacking bromide;
this has been attributed®? to the proximity of the ammo-
nium cation to the latter anion, but not to the former. The
kinetic constant for bromination of 1c¢ with [BuyN][Brs]
measured in CHCI; at 25 °C was indeed 8.7(0.5) X102
M~ ls7! In [bmim]Br, however, the situation was different;

Eur. J Org. Chem. 2002, 2831—2837
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the solvent able to enter into hydrogen bonding was also
the counteranion of Br~. The anion is always coordinated
to the cation, and consequently both bond formation and
bond breaking are affected by electrophilic solvation. In
ILs, hydrogen bonding may therefore be less important, in
particular if bond formation and bond breaking in the TS
are synchronous.

Finally, it can be pointed out that viscosity, several tens
to hundreds of times that of water for ILs at room temper-
ature, may affect the rate constant, although the effect of
solvent viscosity on reactivity is a question that chemists
seldom consider. Of course, at high viscosity “encounter
control” reigns, and diffusion-controlled reactions are
slower, with an inverse relationship existing between the dif-
fusion coefficient D and the solvent viscosity 1. However,
activation-controlled reactions may also be affected by solv-
ent viscosity. Rate constants in viscous media can be treated
by the approach introduced by Kramers,!?3 who studied the
effects of solvent frictional forces on the rate of single-step
reactions, of the type S — X” — P, by modelling the reac-
tion motion as the passage of the solute over a potential
barrier. Kramers’ theory predicts that for a large solvent
viscosity 1 the rate constants should scale down with 1
[Equation (2)], while at low m the rate should increase
[Equation (3)].

k o ,r.lfl.efE*/RT (2)
k o< e ERT (3)

The viscosity of a solvent depends on the temperature,
and so the dependence of the rate constant on the viscosity
can be translated into a temperature dependence by the re-
cognition that viscosity is generally a decreasing function
of increasing temperature, Equation (4). Thus, at lower tem-
peratures (high m) one would have Equation (5), while at
high temperatures (low 1) Equation (6) holds.

N = AwE, /RT (4)
ko 1o E¥RT = o(~E* —E JRT (5)
ko e EVRT = oE —E"/RT (6)

On the basis of Equations (5) and (6), the temperature
dependence of a single-step reaction in a viscous solvent
originates from two sources: (i) from the true activation en-
ergy E*, and (ii) from the dependence of solvent viscosity
on temperature E,,.

For a reaction that obeys Kramers’ relationship, the ap-
parent activation energy E, at low temperatures, as derived
from an Arrhenius plot [Equation (7)], is thus larger than
the true activation energy by a factor E, [Equation (8)],
while at high temperatures it is lower by the same factor.

k= AweF/RT )
E*=E, - E, ®)

Kramers® theory has, however, been questioned®* in a
number of investigations. Recently it has in fact been re-
ported!?] that solvent viscosity increases the rates of bimo-

lecular reactions. In particular, it has been stated on the
basis of the vibration-activation theory®¥ that reactions in-

Eur. J Org. Chem. 2002, 2831—2837

volving implicit bond formation in the TS occur more effici-
ently as viscosity is progressively increased. If this is the
case, Equation (6) alone should account for the temper-
ature dependence.

The activation parameters for the reactions of 1a and 1b
in [bmim]Br obtained from a fitting of the kinetic constants
to the Arrhenius equation and given in Table 4 are really
apparent activation parameters, kBrS’ being the product of
two constants: K, and k,. It is worth noting that the activa-
tion parameters determined for the reactions in [bmim]Br
are significantly different from those obtained for the reac-
tion of [BuyN][Br;] in DCE. In particular, the reaction of
1b in [bmim]Br was characterised by a higher activation en-
ergy and a less negative activation entropy with respect to
the reaction in DCE, while that of 1a showed a much lower
activation energy and a more negative activation entropy.
Brominations by [Brs]~ in molecular solvents able to form
hydrogen bonds, such as chloroform, are generally charac-
terised!'”] by much lower apparent activation energies and
more negative activation entropies, with respect to the reac-
tions in DCE. The activation parameter found for 1a in
[bmim]Br may therefore be explained in terms of a hydro-
gen-bonding effect of the solvent. This explanation, how-
ever, is not able to account for the behaviour of 1b, which
shows an opposite trend. An explanation may be found by
considering that bromination with [Brs]~ occurs through a
TS characterised by a nonsynchronous formation of a
C—Br bond and breaking of a Br—Br bond. If bond forma-
tion is advanced with respect to bond breaking, viscosity
may have an accelerating effect while hydrogen bonding
should have an inverse role. If, on the other hand, bond
breaking prevails, opposite effects may be observed. The
different reactivities of 1a and 1b, as shown by the different
activation parameters, may be attributable to a shift of the
TS towards bond breaking or bond formation as a con-
sequence of the introduction of the alkyl group. Con-
sidering that alkyl substituent should reduce bond forma-
tion and favour bond breaking due to steric and inductive
effects, the reaction of 1a should occur through a TS invol-
ving more bond formation and that of 1b through one in-
volving more bond breaking. In other words, activation
parameters suggest that solvent viscosity is more important
than hydrogen bonding in determining the reactivity of al-
kynes in [Br;]~ addition reaction.

In [bmim ][ PFs]

The rates of bromination of alkynes 1a, 1d, and le in
[bmim][PF4] were measured spectrophotometrically, under
pseudo-first/second-order conditions (in the presence of a
large excess of alkyne) by monitoring the disappearance of
the halogen, Br,. At 25 °C, when the Br, concentration was
relatively low (< 3:1072 M), the reactions of 1a and 1d were
characterised by the immediate loss of part of the ab-
sorbance, followed by an at least apparently slower
disappearance of the halogen. This latter process obeyed
the second-order rate law of Equation (9), while the values
of k, are given in Table 5.
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Table 5. Second- and third-order rate constants for the bromination
of 1a—d by Br, in [bmim][PF] at 25 °C

Alkyne key [M s 1la ke M 25 1]
la 1.7-1073

1d 7.2:1073

1le 5.50-10 !

[l Error limits within +10% of quoted number.

—d[Br,)/d? = k,:[Br,]-[alkyne] 9)

Unfortunately, the initial rapid disappearance of Br,
could not be monitored by stopped-flow techniques, due to
the high viscosity of the solvent, which allowed the forma-
tion of very small air bubbles during the mixing phase, pre-
venting correct determination of absorbance. It should be
remarked that the values of k, found for 1a and 1d showed
that the effect of increased alkyl substitution, which would
be expected to stabilize a neighbouring cationic centre in-
ductively, was of the same order of magnitude as observed
in DCE, suggesting that the nature of the cationic moiety is
not affected by the solvent. The higher anti stereoselectivity
observed in the reaction of 1a in [bmim][PF4] with respect
to that in DCE cannot be attributed to a different nature
of the intermediate.

Unlike those of 1a and 1d, the reaction of le was suffi-
ciently slow for analysis by conventional spectrophotome-
try. At 25° C, for Br, concentrations = 6:1072 M, bromine
disappearance follows the third-order rate law reported in

Equation (10) for two half lives, and the value of k3 is given
in Table 5.

—d[Br,)/dt = ks[Br,]*[alkyne] (10)

In molecular solvents unable to enter into in hydrogen
bonding, bromine addition to alkynes follows the third-or-
der rate law of Equation (10),?!'! while in solvents such as
acetic acid, the rate law depends upon the reaction condi-
tions.[?°] At low bromine concentrations only the first term
of Equation (11) makes a significant contribution to the ob-
served rate. Both the k, and k5 terms contribute to the over-
all rate equation at bromine concentrations of approxim-
ately 1072 M.

—d[Br,]/dt = k,[Br,]-[alkyne] + k5[Br,]*[alkyne] (11)

In [bmim][PF], both terms of Equation (11) seem to con-
tribute to the observed rate. This behaviour could be due
to the ability of [bmim]" to enter into hydrogen bonding.
However, since the brominations of 1a, 1d, and 1e were car-
ried out at similar bromine concentrations, the nature of
the intermediate, bromirenium ion or B-bromovinyl cation,
should presumably play a role in determining the kinetic or-
der.

On the basis of the kinetic and product distribution data,
a mechanism of the type shown in Scheme 2, characterised
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Scheme 2

by the competition of two pathways, may therefore be pro-
posed for Br, addition to alkynes in [bmim][PF].

By analogy with the situation in molecular solvents, the
initial formation of a m complex has been hypothesised, al-
though no evidence for the formation of this intermediate
has been obtained in this work. The ionisation of this com-
plex, catalysed by a second molecule of Br,, gives a bromir-
enium (or bromovinyl cation) tribromide intermediate, de-
pending on the ability of the substituents on the triple bond
to stabilise the positive charge. This then collapses to give
the dibromo adduct. For simplicity, the ionic intermediate is
represented in Scheme 2 as a partially bridged intermediate.
This pathway (path a) involves a second-order dependence
of the rate on Br,. In pathway b an imidazolium-assisted
bromine—bromine bond breaking occurs in the 1:1 © com-
plex to give a bromirenium (or bromovinyl cation) bromide
intermediate and the reaction is of first order in Br,.

Comparison of the kinetic constant k3 found for 1e with
the reported value>'l in DCE (k3 = 0.046 at 25 °C) and of
kinetic constants k, for 1a and 1d with those relating*®
to bromination of la—c in acetic acid, which ranged from
2.4:1073 to 6.3:1073 m~'s~!, shows that the ionic solvent
produces only a moderate increase of the rate constant for
the third-order process. In this reaction, involving ionic in-
termediates, the reaction rate should instead be markedly
affected by the polarity of the medium. Through the use
of solvatochromic dyes and fluorescence probes, a polarity
similar to that of short-chain primary alcohols (ethanol, bu-
tanol), and higher than that of DCE and acetic acid, has
been estimated(!°~!?! for [bmim][PF¢]. The kinetic results
therefore show that, at least for this kind of reaction, the
polarity parameter alone is not sufficient to account for the
medium effect on rate. It is possible that the viscosity is also
able to affect the reaction rate in this case, increasing the
activation energy for bond breaking in the TS affording the
ionic intermediate. On the other hand, the accelerating ef-
fect on the nucleophilic step (bond formation) could reduce
the lifetime of the intermediate and make possible reversion
of the intermediates to reagents less important.

In conclusion, the kinetic data determined in this work
for bromination of alkynes, and comparison with data relat-
ing to molecular solvents, strongly suggest that not only
polarity but also hydrogen-bonding capability and viscosity
can affect the reaction pathway and the reactivity of organic
compounds in these solvents.
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Experimental Section

General Remarks: 'H and '3C NMR spectra were recorded with a
Bruker AC 200 instrument, using [Dg]acetone as external lock solv-
ent, contained in a capillary. Kinetic measurements were performed
with a Cary 2200 spectrophotometer. Bromine (1 mL in sealed am-
poules, > 99.5%), tetrabutylammonium tribromide ([BuyN][Br;],
puriss. p.a.), and 1,2-dichloroethane (DCE, > 99.5%) were used as
supplied. Compounds la—e were synthesised as previously re-
ported;!" [bmim|Br and [bmim][PF4] were prepared by the re-
ported procedures.l?”] In the case of [bmim]Br, attention was paid
to the cooling process, to avoid solidification.

UV and NMR Measurements: Appropriate quantities of Br, were
weighed into known volumes of [bmim]Br or [bmim][PFg] to pre-
pare stock solutions, which were stored in the dark. The UV/Vis
spectra of these solutions were recorded at 25+0.1 °C in the
300—500 nm range. Aliquots of these solutions were analysed by
NMR using a co-axial tube, and data are given in Table 1.

Bromination Procedure and Product Analyses: The ionic liquid
(2mL) and Br, (96 mg, 0.6 mmol) were placed in a round-bot-
tomed flask, equipped with a magnetic stirrer bar. To the Br, solu-
tion, maintained in the dark at room temperature, an equimolar
amount of alkyne was then added whilst stirring. A water bath was
used in order to avoid any temperature increase during the addi-
tion. Products were then extracted at the end of the reaction by
three subsequent processes of addition of Et,O (2 mL), followed by
decantation of the ethereal solution of the products. The combined
extracts were concentrated in a rotary evaporator and the products
were analysed by NMR spectroscopy and identified on the basis of
the reported spectra.l?!l

Kinetic Measurements: Solutions of Br, in [bmim|Br or in
[bmim][PF4] were prepared by weighing the halogen into known
amounts of solvents. Analogously, solutions of [BuyN][Brs] were
prepared by weighing the reagent into known volumes of DCE. In
this case concentrations were also checked by UV measurements.
All these solutions were prepared shortly before use, were protected
from daylight, and were adjusted to twice the desired initial concen-
trations in the kinetic runs. Aliquots of these pre-thermostatted
solutions were mixed with equal volumes of pre-thermostatted so-
lutions of alkynes la—e of suitable concentrations.

The reactions of la—d with Br, in [bmim]Br, or with [BuyN][Br;]
in DCE, were carried out at halogen concentrations ranging from
1:1072 to 1-10~! M, in the presence of at least a tenfold excess of
olefin, following the disappearance of the halogens at 420 or
440 nm. The experiments were repeated at least in triplicate and
accepted on condition of a 5% maximum difference of the respect-
ive absorption/time curves. The second-order rate constants, kg, —,
obtained by fitting the absorption/time data to the appropriate in-
tegrated rate equation, are reported in Table 3. The apparent ac-
tivation parameters, reported in Table 4, were obtained from
Arrhenius plots. The rate constants for the bromination of alkynes
1a, 1b, and le with Br, in [bmim][PFg], were measured at 25+0.1
°C, the disappearance of halogen being monitored by a conven-
tional spectrophotometer. Pseudo-first-order kinetics were obtained
by mixing Br, (ca. 2—3X 1072 M) with at least a tenfold excess of
la or 1b, while pseudo-second-order kinetics were recorded on
treatment of Br, (ca. 6—8X 1072 M) with a tenfold excess of le. All
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reactions were carried out in triplicate. The kinetic constants k-
and k3 are given in Table 5.
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