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Abstract - Complexes and reactions of 2-methylbutene-2 with
hydrohalogen (HC1l, HBr) have been studied in solid phase at
80-150 K. It has been found that 2-methylbutene-2 forms with
HX complexes of 1:1 and 1:2 composition. Hydrohalogenation
proceeds via the rearrangement of complex ZHX-CSH1O into
complex of the addition product with HX. Kinetic equation de-
pends on the reagents ratio. In excess of HX (1<1HX:05H10< 10)
reaction can be described by the first order kinetic equation.
If the ratio HX:05H1O is more than 10, reaction is described
by polychronous kinetic law., The effective activation energy
of 8s0lid phase hydrohalogenation does not exceed 20 kJ/mole.
The molecular mechanism of hydrohalogenation in solid phase
has been proposed.

The mechanism of hydrohalogens addition to multiple bonds in condensed phase
has not been fully clarified, Olefins hydrohalogenation is a multistage process.
It proceeds via ionic intermediate or molecular complexes., Free radicals take
part in hydrohalogenation in the case of hydrogen bromide addition, Usually
hydrohalogenation 1is regarded as an ionic process.1’2 The recently obtained data
show, however, that reaction, can be accomplished by means of molecular mecha-
nism, without participation of ions or ton pairs.3’4

The low temperature investigations are effective for more detail understand-
ing reaction mechanism, Direct observation of molecular complexes, which are
unstable at room temperature, is possible under this conditions. At low tempe-
ratures one succeeds in determing the conformation of primary addition products.
It has been done, for example, that ethylene chlorination goes in solid state
as cis addition.5

Hydrohalogens give with olefins in solid state at low temperatures halogen-

alkanes with 100% yield., At phase transition points explosive processes are
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obtained, At other temperatures hydrohalogenation proceeds with normal rates.

Molecular complexes are formed as a result of reagents codeposition on a cooled

6,7

by liquid nitrogen surface. These complexes play an important role in low

temperature halogenation.
In the present work study on the kinetic and the mechanism of solid phase
hydrohalogenation of 2-methylbutene-2 at 80-150 K has been performed.

EXPERTMENT

The samples used to investigate complex formation and reaction of 2-methylbutene-
2 with hydrohalogens in solild state were obtained by codeposition of reagents
from gaseous phase on the surface of cooper block., This surface was cooled by
liquid nitrogen. Condensation ratee were 1015—1016 molecules/cmzos. Under these
conditions molecular beam mode take place, and the gas phase interaction dasn't
proceed, The thickness of condensate f£ilm was 2-10_ﬁ¢m. To exclude the interac-
tion between cooper and organic substances or hydrohalogens, inert substance
£11ms have been deposited on the block surface before reagents cocondensation.

The solid state processes were studied by means of IR-spectroscopy. The
measurment technique has been described in detail in.s Under experimental con-
ditions Lambert-Beer's law holds true for the absorption bands of initial sub-
stances as well as reaction products,

The proceeding of hydrohalogenation was registered by the appearance of such
bands ir the spectrum which answer to those known from literatures for 2-halogen-
2-methyl butenes (bands at 1140, 600 and 535 em™! for trans- and gauche-2-chloro-
2-methylbutane and at 1135, 565 and 498 em™} for trans- and gauche=2-bromo-2-
methyl butane). Simultaneously with an increase of the intensity of these bands
a decrease of the intensity of the bands of 2-methylbutene-2 complexes with hyd-
rohalogens (1662 and 1650 cm'1) was observed, the band intensities of reagents
not combined into complexes remained constant (olefin bands at 1680 cm'1, bands
of crystalline hydrohalogens).

The reaction degree and rate were measured by a decrease in the absorption
band intensities for the complexes and an increase in band intensities for the
reaction products. When calculating the reaction degree from the bands with a
half width of 50-100 em™? (‘\)Hm in the complexes) the integral intensities were
used; for narrow bands with a half width of the order of 10 cm'1 (vC=c in the
complex and Y C-X in the hydrohalogenation product) the optical densities at the
maximum of the band were used., It was at first checked that the intensity of
these bands did not practically depend on temperature.

Rate constants of the first order at a fixed temperature were calculated from
the following formulae:

1 .. D2 1

k1=¥lnﬁ; and k1--€1n5“—_~5¥,
where D° is the integral intensity or the optical density of the band of the
complex, D, is the same parameter at moment t, D% is the corresponding value for
the band of the product, and D .. is the reaction product absorption at 100%
degree of conversion, The value of D,, was determined after the samples had been
left to stay at 130-150 K for an hour. In these conditions a quantitative yield
of addition products is achieved, and their evaporation from the surface of
solid films is not observed.
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EXPERIMENTAL RESULTS

Complexes of 2-methylbutene-2 with hydrohaiogens. Cocondensation of 2-methylbu-

tene-2 with hydrohalogens on a cooled to 80 K surface results in the formation
of molecular complexes. Their origination manifests itself in IR spectra by the
appearance of new absorption bands not belonging to the initial reagents and

the hydrohalogenation products. Typiocal spectra of reagents and cocondensates
are shown in Pigs.1 and 2. As seen from the figures, the spectral pattern de-
pends egsentially on the ratio of reagents. This dependence indicates a possible

formation in the system of the complexes of different composition,

T%

g 2 Fig.1, IR-spectra: HCl -~ 1,
Cgyg - 2, mixture of HC1
with OgH,q at HK:CgHyo = R=

2 0.2, T=80 K ~-3and T =
94K -4; atR=5, T =
3 80K-5andT = 120 K - 6.
50+ 4
2800 | 2600 400 100 %50 v, em”

In samples with an excess of olefin (HX:CSH10 = R<1) the bands with the ma-
ximus at 2520 cm™ (HC1) and 2206 om™' (HBr) are observed. In gamples containing
an excess of hydrohalogens (R>1) the maximus of bands are located at 2570 and
2230 cm_1. According to the data,6 this dependence between the position of bands
and the value of R is associated with the formation of the complexes HX305H10
(2520 and 2206 cm'1 bands for \VH-X of the hydrohalogens combined in a complex)
and 2HX-CSH10 (bands at 2570 and 2230 cm'1). This assignment is confirmed by the
fact that the shifts of the maximus of the bands respectively to the hydrohalo-
gen isolated in a inert matrix, p) , equal in this case for the lower frequency
bands to 323 and 331 cm-1, 1lie on the curve representing the dependence of A)
on the olefin ionization potential for the complexes of 1:1 composition. Assign-
ment of the bands at 2570 and 2230 cm'1 to complexes of 2:1 composition 1s in
agreement with the ACQ H-X values published in literature for complexes of such
composition., The difference in the poaition of the maximus of complexes 1:1 and
2:1 according to the data6 is 35-60 om—1for HC1 and various olefins and to
21 cm"1 in the case of HBr complexes with ethylene. In the present work we
obtained 50 om™ !

for 2-methylbutene-2 complexes with HCl, and 25 cm~ for the

oomplexeg with HBr.
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2 Pig.2. IR-gpectra: HBr -1,
mixture of HBr with 05310
at R = 0.3, T=80K -2

3 and T = 103 K ~ 3; at R =
3,T'80K-40

2600 2000 2200 700 %50 Y, em™

The existence of 2-methylbutene-2 hydrohalogen complexes of 1:1 and 2:1 conme
position in the systems if additionally confirmed bf the changes taking place
in the 'VC=C valence vibration region. Observed in the apectra of samples con-
taining hydrohalogens is the appearance of new bands at 1662 em™! (R<1) and
1650 om™! {R>1), whose position does not depend on the choice of hydrohalogen.
These bands have been assigned for the HBr - CSH10 system by the method of iso-
molar series. The spectra processing results are presented in Fig.3. The inten-
sity of 1662 om~' vand is maximal at equimolar ratio of reagents; this band isg
thus associated with valence vibration in the olefin combined into a complex of
1:1 composition, The maximum of 1650 om"1 band intensity corresponds to the 2:1
ratio of reagents; this band is associated with 2HX005H10 complexes.

Pig.3., Determination of
D HBr—CSH10 complexes compo-
0,6 - gition by absorption band
VC:O at 1662 em™' - 1 and
1650 cm~! ~ 2.

0'5 1o HBr mote fraction

An increase in temperature results in a change in the spectral pattern of
cocondensates. When samples with R<1 are heated to 90-100 X the 2520 and
2206 cm™' bands shift into high-frequency region and turn into 2570 anﬁ
2230 om™' bands (see Pig,1,2). These changes are irreversible: cooling to 80 K
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does not restore the original pattern of the spectra. The changes observed in
the spectra show that disproportionation of the complexes of 1:1 composition is
proceeding in accordance with the following scheme:

2(RX+CgHqg) —= 2HKCgHyg + CgHyg

Disproportionation of the complexes of 1:1 combination is confirmed by the
changes taking place in the region of 9 G=C valence vibrations. As seen from
Fig.2, heating is accompanied by a decrease in the intensity of the band at
1662 cm™ ! (complex 1:1 and & simultaneous increase in the intensity of the bands
at 1650 cm™ ! (complex 2:1) .and 1680 em™! (olefin not combined into a complex).
The obtained result shows that the ratio of reagents is not the only factor de-
termining the composition of complexes in solid joint condensates, The heating
of samples can result in the trensformations of complexés. In the given case
they can be assumed to be caused by a higher stability of 2:1 complexes in the
investigated systems.

Complexes of 1:1 composition disproportionate with a small rate (1-3%/h)
already at 80 K, the disproportionation being accelerated with an increase in
temperature. The rate of the process grows nonuniformly: for each system there
exiats a critical temperature at which disproportionation is suddenly sped up ~
89 K for the system with HC1l and 100 K in the case of HBr. The microscopic study
of films in reflected polarized light at 600-fold magnification has shown that
phase tranasitions, probably of the glass-crystal type, are taking place in the
systems at these temperatures. An inorease in the mobility of particles during
the phase transition creates favourable conditions for disproportionation to be
taking place.

Conditions of interaction and the stereochemistry of solid-phase hydrohalogena-
tion. The rate of conversion of 2-methylbutene-2 complexes with hydrohalogens
into addition products depends on the ratio of reagents, R. At R>3 hydrohaloge-
nation is taking place at a considerable rate already in the course of coconden-
sation of reagents at 80 K. In this case after condensation, along with the
bands of reagents and complexes,.a number of new bands are present in the
spectra, specifically 2670, 1140, 600 and 535 cm'1 for HC1 and 2300, 1135, 565
and 498 cm'1 for HBr. The band at 2670 om-1 is associated with len_vibrations
in the oomplex with hydrochlorination product -~ 2—chloro-2-methyl-butane.7 The
600 and 535 om™! bands are close to those in the spectra of trans- and gauche-
conformers of 2-chloro-2-methyl-butane; their shift by 15-20 cm'1 into the low-
frequenocy region is also caused by the complex formation with HCl. The band at
1140 cm'1, common for both conformers of the product, does not change with
complex formation. The bands appearing in the case of samples with HBr coincide

with these observed in the independently obtained HBr condensates with 2-bromo-~

2-methyl-butane and belong to HBr complexes with gauche- (498 cm'1) and trans-
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(565 cm'1) conformers of the hydrobromination product. The 2300 en~? band
answers to the valence vibrations of HBr in this complex. The bands of 2-bromi-
ne-3-methyl-butane are absent in the speotra; this shows that solid-phase addi-
tion of HBr to 2-methylbutene-2 proceeds only in accordance with Markovnikov's
rule.

The reaction degree in the courss of condensation at large (3-20-fold) exces-
ses of hydrohalogen is considerable: in the case of hydrochlorination it reaches
30-50%, and in the case of hydrobromination - 40-100%,

In the samples of equimolar composition, or in those containing an excess of
olefin, no addition is taking place in the course of condensation and when the
samples are left to stay at 80 K, Hydrochlorination is accomplished only after
heating to 94 K and higher temperatures. The dependence of the temperature of
the onget of measurable (3-5%/h) hydrobromination on the ratio of reagents is
given below:

R 1.5 1 0.5

T, X 83 85 100

Hydrohalogenation producte at R<1 are mixtures of free gauche- and trans-
conformers of 2-halogen-2-methylbutanes and their complexes with the correspond-~
ing hydrohalogens.

The trans-conformer of 2-chlorine-2-methyl butane is unstable in s0lid phase

at low temperatures and is irreversibly trensformed into the gauche-conformer:

ce ce
H H H CH,

I
CHg, | CHa CH [ CH
CHS 3 A 3

At 100 K, isomerization proceeds quantitatively during one minute, a decrease
in temperature and the complex formation with HC1l slows it down.7 At 80 K and
more than a 10-fold excess of HCl, isomerization can be neglected. In these
conditions we observed, as it was shown above, the formation of the trans-con-
former of the hydrochlorination product. Trans-2-chloro-2-methyl butane can only
be formed as a result of hydrohalogen ois-addition. The obtained result thus
indicate the actualization of cis-addition in so0lid phase. Drawing a similarly
unambiguous conclusion with respect to trans-addition proves to be impossible
since the second conformer, gauche-2-halogen-2-methyl butane, can appear both
as a result of trans- and cis-addition.
Kinetics of 2-methyl butene-2 solid-phase hydrohalogemation. Kinmetic measure-

ments have shown that the kinetios of hydrohalogenation in solid phase depends
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on the ratio of components in the solid cocondensate at a constant rate of re-
agents condensation (1017 moleoules/cmZ«s).

Typical kinetic curves for the accumilation of the complex of addition
products with HCl and the consumption of the complex of initial substances in
2-methylbutene-2 hydrochlorination are shown in Fig.4, together with their
linearization in the coordinates of the first order kinetic equation. The
kinetic equation is seen to describe the process satisfactorily at the degrees
of conversion fL up to 80%. ]

1 Y -1 Pig.4. Kinetic curves for
107 149 | the accumulation of
05H1101-H01 - 1 and the
consumption of CSH10~2HCI-
2atR =9, T =85 K and
their linearization in the
coordinates of the first
order kinetic equation.

054 05

25 50 25 50 t min
The kinetics do not correspond to the first order kinetic equation at R> 10
for solid-phase hydrochlorination and at R>3 for hydrobromination; kinetic
curves are linearized in the coordinates of polychronous kinet1059 typical for
many solid-phase processes. An example of such linearization in 1gf] - to°5
coordinates at R = 18 is shown in Fig.5.

N Fig.5. Kinetic curves for
10 1 the assumption of
tg'l 0531101'H01 - 1 and the
consumption of CSH1O°ZHCI—

2at R =18, T = 80 K and
their linearization in the
coordinates of polychrono-
us kinetic.

0,5 J 2 45 1
1
R L L] 1|° M n.s
50 100 150 tmin 5 10 t

The proocessing of hydrochlorination kinetic curves at R = 3 ~ 10 in the
coordinates of the first order kinetic equation results in the following values

of effective rate constants:



5860 G. B. SBRGEEV et al.

T, K 80 83 86 90 92

ky*10%, &7 3.541 4+1 1343 26+3 29+4

The effective activation energy of hydrochlorination in these conditions
amounts to 12#3 kJ/mole, of hydrobromination et R<3 - 4+2 kJ/mole.

In samples with hydrohalogen deficiency (R<1) the addition is actuaslized
with a measurable rate only after a sample is heated to 94 K (HC1l) and 100 K
(HBr), i.e. after the disproportionation of 1:1 complexes and the formation of
2:1 complexes in the system. Observed in this case 1§ the accumuletion of hydro-
halogenation products and a cymbate decrease in the content of 2:1 complexes,
The process is described by an equation of the first order, but the rate
constants here are lower than with R>1:

T, K 94 99 101 103 105

k,*10°, s~ 5+2 2642 40+3 80+5 93+8 (R = 1)

The effective activation energy at R = 1 in the case of hydrochlorination
amounts to 20+3 kJ/mole, hydrobromination - 8+2 kJ/mole,

The mechanism of olefins hydrohalogenation in solid phase. Results of the work
make it possible to suggest the following scheme of transformafions taking place
in the solid condensates of 2-methylbutene-2 with hydrohalogens

~CcH

2(HX'G5H1O) or +

Sy 2HK+C oy ) ————+ CsHy (X+HX e CgH, X + HX

Realization of reactions from the complexes 2:1 i3 proved by hydrohalogena-
tion taking place with a noticeable rate only in the samples containing 2:1
complexes, In agreement with this is also the formation of halogen alkene
complexes with hydrohalogens as a result of reaction. For hydrohalogenation to
be taking place in the systems containing only 1:1 complexes thege must
previously disproportionated. Let us now examine in greater detail the stage of
2:1 complex being converted into a complex of the addition product with hydro-
halogens.

According to the concepts expounded in literature,1-4 the transformation of
an olefin complex with HX, in the absence of external initiation, can follow the
ionic or the molecular mechenism, The ionic mechanism concepts do not agree with
the low activation energies observed in experiment. Indeed, the activation
energies of ionic hydrohalogenation in liquid phase, even in polar solvents

10 A low

strongly solvating the ions, usually amounts to some scores of kJ/mole.
molecular mobility in solid samples must hinder the effective soclvation of ions,
a8 in the case of the ionic mechanism one should have expected even higher
activation energy values and very low reaction rates at temperatures of about

80 K, However, hydrohalogenation is taking place in‘the sample of 2:1 composi-
tion at 80 K with a measurable rate, the activation energies are ﬁot high, These

data allow the ionic mechanism of solid-phase addition to be excluded.
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Transformation of the complexes of hydrohalogens with 2-methylbutene-2 into
the complexes of addition products are realized in solid phase, in our opinion,
without the formation of ions, following the molecular mechanism similar to the
mechanism previously proposed for a liquid-phase proceas.4 The molecular
mechanism presupposes the transformation of a complex into a product via a six-

membered transition state, which for cis-addition has the form of

H-——-X
, ~
’ ~
X.. _-H
—~—p - ——— c’/
— —

The oyclic structure of transition states leading to the products of trans-

addition has been dealt with in.1’

Low energies of cyclioc systems and, there-
fore, low activation energies of the corresponding reactions are determined, in
our opinion, by the stabilization produced by donor-acceptor interactions. This
gtabilization is facilitated by the extension of bonds taking place in hydroha-
logen molecules when the transition states are formed, which results in a
decrease in the energy of lower vacant molecular orbitals in HX molecules and
in the intensification of their acceptor properties., Extended molecules occupy
an intermediate place between the ordinary unperturbed molecules and the
separated atoms whose overall affinity to the electron is several times (in this
cage more than 3 times) higher than the affinity of the corresponding molecules.
In our opinion, this effect leads to the situation when the energy of donor-
acceptor interactions in cyclic systems containing extended molecules can become
much greater than in the initial complexes and compensate the energy of bonds
extension, Similar stabilization also seems to be possible in other addition
processes with the participation of molecules having the properties of donors
and acceptors., Investigation of the kinetic regularities of solid-phase ethylene
chlorination has actually shown that here too the moleculer mechanism with a
oyclic transition atate is the most probable.5 This is probably a common
mechanism of solid-phase halogenation and hydrohalogenation.

Hydrohalogenation mechanisms in solid phase and in non-polar solvents are,
in our opinion, similar. In both cases the conditions for effeotive ion and ion
pair stabilization in the systems are absent. The complex formation also
proceeds in a similar way: the recently obtained data12 show that, both in the
liquid and the solid phase, hydrohalogens form 2:1 and 1:1 complexes with
olefins., The concept of the same mechanism of halogenation in liquid and solid
rhases agrees with the fact that in both cases ths same number of molecules -
two hydrohalogen molecules and one oiefin molecule - take part in the transi-
tion state. This follows from the kinetic equations in liquid phase (the second
order with respect to HX, the first with respect to the complex of 2:1 composi~
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tion). The specificity of solid phase associated with a limited molecular
mobility manifests itself in kinetic deviations taking place under certain condi-
tions, in particular when there is a large excess of hydrohalogens, from the
kinetic law of the first order and in the appearance of kinetic equations
characteristic for polychronous kinetics.

The data obtained in the present work make it possible to render more
specific some general features of the molecular addition reactions. In the works
devoted to liquid-phase processes we assumed the rearrangement of complexes 2:1
into products to be accomplished with a low activation energy.4 Direct measure-
ment of this quantity in liquid phase proved to he impoasible because of the
exligtence of a whole number of equilibrium processes of complex formation. In
golid phase the equilibriums are shifted towards the most stable, in the condi-
tions of experiment, complexes, which made it possible to determine the active-
tion energy of the transformation of those complexes. The obtained values have
confirmed the previously made assumptions (2 - 20 kJ/mole).

The existence of rapidly attained equilibrium in liquid phase did not make it
possible to ascertain before the nature of primary products of molecular haloge-
nation. The data obtained in the present work show that at the first stage of
the process the complexes of halogen derivatives with hydrohalogens are probably
formed.

Investigations in so0lid phase have made it possible to define the stereo-
chemistry of primary addition products for such processes where, in distinction
to the best studied in this respect cycloalkene hydrohalogen systems, there are
no steric hindrances for the formation of cis-addition products, associated
with the specific structure of initial molecules, Cis-addition proved to be
taking place in this case. This fact can be compared with the previously noted
moleoular cis-addition of chlorine to ethylene.5 We believe that molecular cis-
addition of halogens and hydrohalogens, in the conditions when no additional
steric hindrance for the formation of one of the stereoisomers of the product
exist, is a general regularity.

It can thus be concluded that the molecular mechanism is in good agreement
with the whole totality of data on the kinetics and the reaction products and
is common for the processes of halogen and hydrohalogen addition in solid phase

and non-polar media.
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