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Abstract - Complexes and reactions of 2-methylbutene-2 with 

hydrohalogen (HCl, HBr) have been etudied In solid phase at 

SO-150 K. It hae been found that 2-methylbutene-2 forms with 

HK oomplexes of 1:l and 1:2 composition. Hydrohalogenation 

proceeds via the rearrangement of complex 2EIX*C5Hlo into 

complex of the addition produot with HK. Kinetic equation de- 

pends on the reagent6 ratio. In exoeaa of HK (1<HK:C5H,0C 10) 

reaction can be deeoribed by the first order kinetic equation. 

If the ratio HK:C5H,0 ie more than 10, reaction is described 

by polyohronoua kinetic law. The effeotive activation energy 

of solid phase hydrohalogenation does not exceed 20 kJ/mole. 

The molecular mechanism of hydrohalogenation in solid phaee 

has been proposed. 

The mechanism of hydrohalogens addition to multiple bonds in oondeneed phase 

has not been fully olarified. Olefine hydrohalogenatlon la a multistage prooese. 

It proceeds via ionic intermediate or molecular complexes. F'ree radicals take 

part In hydrohalogenatlon in the case of hydrogen bromide addition. Usually 

hydrohalogenation ie regarded a8 an ionic process.'s2 The recently obtained data 

show, however, that reaction, can be accomplished by means of molecular meoha- 

niem, without participation of ions or ion paira.3s4 

The low temperature inveatigatione are effeotive for more detail understand- 

ing reaction meohaniam. Direot observation of moleoular complexes, which are 

unstable at room temperature, is possible under this conditione. At low tempe- 

ratures one euoceeda in determing the oonformation of primary addition products. 

It has been done, for example, that ethylene chlorination goes in solid state 

as cle addition. 5 

Hydrohalogena give with oleflne in eolid etste at low temperatures halogen- 

alkanes with 100% yield. At phaae transition points exploeive processes are 
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obtained. At other temperatures hydrohalogenation proceeds with normal rates. 

Moleoular complexee are formed as a result of reagents codeposition on a aooled 

by liquid nitrogen surface. 697 These complexes play an important role in low 

temperature halogenation. 

In the present work study on the kinetic and the meahanism of solid phase 

hydrohalogenation of 2-methylbutene-2 at 80-150 K has been performed. 

EXPERIMERT 

The samples ueed to Investigate complex formation and reaction of 2-methylbutene- 
2 with hydrohalogens in solid state were obtained by codeposition of reagents 
from gaseous phase on the surface of cooper block. This surface was cooled by 

liquid nitrogen. Condensation rates were 1015-10 16 moleoulee/cm2*s. Under these 

oonditione molecular beam mode take place, and the gas phase Interaction dasn’t 
proaeed. Thethickness of condensate film was 2-10jU.m. To exclude the interac- 
tion between oooper and organic substances or hydrohalogens, Inert subatanoe 
films have been deposited on the blook surface before reagents cocondensation. 

The solid state processes were studied by means of IR-spectroscopy. The 
measurment technique has been described in detail in.5 Under experimental con- 
ditions Lambert-Beer’s law holds true for the absorption bands of initial sub- 
stanaes as well as reaatlon producte. 

The proaeeding of hydrahalogenation was registered by the appearanae of such 
bands in the speatrum which answer to those known from literature8 for 2-halogen- 
2-methyl butanes (bands at 1140, 600 and 535 cm” for trans- and gauche-2-chloro- 

2-methylbutane and at 1135, 565 and 498 cm” far 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 am”) was obeerved, the band intensities of reagents 

not oombined into complexes remained constant (olefln bands at 1680 cm”, bands 

of crystalline hydrohalogens). 
The reaction degree and rate were measured by a decrease in the absorption 

band Intensities for the complexes and an inarease in band intensities for the 
reaction products. When aalculating the reaction degree from the bands with a 
half width of 50-100 cm” (3, in the complexes) the integral inteneities were 

used; for narrow bands with a half width of the order of 10 am -’ ( $ C,C in the 

complex and 1 C-K 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 practlaally depend on temperature. 
Rate constants of the first order at a fixed temperature were calculated from 

the following formulae: 

k, = + In and k,=iln 

where Do Is the integral intensity or the optical density of the band of the 
complex, Dt is the same parameter at moment t, DC is the corresponding value for 

the band of the product, and D - is the reaction product absorption at lOC% 

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 aondltions a quantitative yield 

of addition produats la achieved, and their evaporation from the surface of 

solid films is not observed. 
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RKPRRIbQRTALRRSULTS 

Complexee of 2-methslbutene-2 with lvrdrohalonene. Cooondenaation of 2-methylbu- 

tene-2 with hydrohalogene on a cooled to 80 K surface results in the formation 

of moleoular oomplexes. Their origination manifests Itself in IR spectra by the 

appearance of new absorption bands not belonging to the initial reagents and 

the hydrohalogenation products. Typioal spectra of reagenta and cocondensates 

are shown in Figs.1 and 2. Aa seen from the figures, the spectral pattern de- 

pends essentially on the ratio of reagents. This dependence indicates a poesible 

formation in the system of the oomplexee of different oompoeition. 

T,% 2 
nm 
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In samples with an exoeas of olefin (HX:C5Hlo = R<l) the bands with the ma- 

ximus at 2520 cm" (HCl) and 2206 om" (HRr) are observed. In samples containing 

an excess of hydrohalogena (R>l) the maximus of bands are located at 2570 and 

2230 cm" . According to the data, 6 this dependence between the position of bands 

and the value of R Is aasooiated with the formation of the complexes HK:C5H,0 

(2520 and 2206 cm" bands for \I H_K of the hydrohalogene combined in a complex) 

and 2RX45H10 (bands at 2570 and 2230 om-'1. This assignment is confirmed by the 

fact that the shifts of the maximus of the bands respectively to the hydrohalo- 

gen ieolated in a inert matrix, b)l , equal in thia ease for the lower frequency 

banda to 323 and 331 om", lie on the curve representing the dependence of ay 

on the olefin Ionization potential for the oomplexee of 1:l oomposition. Assign- 

ment of the bands at 2570 and 2230 cm" to complexes of 2:1 composition ia In 

agreement with the A‘3 R-K values publlehed in literature for complexes of such 

oompoeitlon. The difference in the position of the maximue of complexes 1:l and 

2:1 according to the data6 is 35-60 om-'for HCl and various oleflns and to 

21 om-' In the oaee of FIBr oomplexee with ethylene. In the present work we 

obtained 50 om -1 -1 for 2-methylbutene-2 oomplexee with HCl, and 25 cm for the 

oomplexee with HBr. 
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Fig.2. JR-epeotra: HBr -1, 
mixture 0r RBr with Cflto 
at R = 0.3, T = 80 K - 2 
and T = 103 K - 3; at R = 

3, T = 80 K - 4. 
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The existenoe of 2-methylbutene-2 hydrahalogen complexes or I:1 and 2:t oom- 

poeition in the eyatems if additionally confirmed by the 'changes taking place 

in the Ii&C valenae vibration region. Observed in the spectra of samplea con- 

taining hydrohalcgena is the appearance of new bands at 1662 cm" (R<l) and 

1650 cm-' (R>l), whose position doee not depend on the choice of hydrchalogen. 

These band8 have been assigned for the HBr - C5Hlo system by the method of iso- 

molar series. The spectra procersrring results are presented in Fig.3. The inten- 

aity of 1662 cm-' band is maximal at equimolar ratio of reagents; thia band is 

thue associated with valence vibration in the oleiin combined into a complex of 

1:l composition. The maximum of 1650 cm" band intensity corresponds to the 2:l 

ratio of reagents; this band is associated with 2HX*C5H,C complexes, 

Fig. 3. Determination of 
HBr-C5H,C complexes compc- 

siticn by absorption bend 

't, C=C at 1662 cm”1 - 1 and 

1650 cm" - 2. 

An increase in temperature reaulte in a change in the speotral pattern of 

cocondenaatee. When sample8 with Rc+l are heated to 90-100 K the 2520 and 

2206 cm-' bands ehift into high-frequency region and turn into 2570 and 

2230 cm" band8 (eee Fig,l,Z). These changes are irreversible: cooling to 80 K 
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doee not restore the original pattern of the spectra. The ohanges observed in 

the spectra ehow that dieproportlonation of the complexee of 1:l oompoaition ie 

proceeding in acoordanoe with the following soheme: 

2(HX*C5H,0) - PHx*C5H,0 + C5A,C 

Disproportionatlon of the complexes of 1:l combination is confirmed by the 

changes taking place in the region of 3 C_C valence vlbratione. As Been from 

Fig.2, heating Is 8Ocompanled by a decrease in the lntenaity of the band at 

1662 cm” (complex 1:l and a simultaneous increase in the inteneity of the bands 

at 1650 cm” (complex 2:l) and 1680 cm” (olefin not combined into a complex). 

The obtained result chows that the ratio of reagents ie not the only factor de- 

termining the oompoeition of complexes in aolld joint oondenaatee. The heating 

of aamples can result in the traneformations of oomplexes. In the given case 

they can be assumed to be caused by a higher stability of 2:l oomplexee in the 

investigated systems. 

Complexee of 1:l composition disproportionate with a small rate (l-%/h) 

already at 80 K, the clieproportionation being accelerated with an inorease in 

temperature. The rate of the prooese grow8 nonuniformly: for eaoh system there 

exiets a oritioal temperature at whloh disproportionation ie 8Uddf3niy sped up - 

89 K for the system with HCl and 100 K In the case of HBr. The microscopic etudy 

of fllms in refleoted polarized light at 6oo-fold magnifioation hae shown that 

phase transitions, probably of the glaee-cry&al 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 disproportionatlon to be 

taking place. 

Conditions of interaction and the atereoahearietrv of solid-nhaee hsdrohalo~ena- 

Mon. 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 1~ taking place at a oonsiderable rate already in the oourae of coconden- 

sation of reagents at 80 K. In thie oaae after condensation, along with the 

bands of reagents and oomplexea,.a number of new bands are present in the 

spectra, speoifloally 2670, 1140, 600 and 535 cm” for HCl and 2300, 1135, 565 

and 498 om -’ for HBr. The band at 2670 om” is aseociated with qHCl vibrations 

in the oomplex rrith hydroohlorination produot - 2-ohloro-2-methyl-butane.7 The 

600 and 535 om” ban& are olose to those in the epeotra of trana- and gauohe- 

conformers of 2-ohloro-&methyl-butane; their ehift by 15-20 cm -’ into the low- 

frequenoy region ie also oaueed by the oomplex formation with HCl. The band at 

1140 cm” , oommon for both conformere of the prodnot, does not ohange wfth 

complex formation. The bands appearing in the oaee of samples with HBr ooinolcle 

with theee observed in the Independently obtained IiBr oondeneates rith P-bromo- 

2-methyl-butane and belong to HBr oomplexee with gauche- (498 om") and tram- 



5858 G. B. SHR~ et al. 

(565 cm 
-1 ) oonformere of the hydrobrominatlon product. The 2300 cm-’ band 

anawere to the valenoe vibrationa of HBr in this oomplex. The bands of P-bromi- 

ne-3-methyl-butane are absent in the speotra; this ehors that solid-phase addi- 

tion of HRr to 2-methylbutene-2 proceeds only in accordance with Markovnikov’e 

rule. 

The reaction degree in the oourse of condensation at large (3-20-fold) exoee- 

Bea of hydrohalogen la considerable: in the oaee of hydroohlorination it reaohee 

30-5C&, and in the aaee of hydrobrominatlon - 40-10% 

In the eamples of equimolar compoaltion, or in those oontalnlng an exoeaa of 

olefin, no addition la taking plaae in the oourae of condensation and when the 

sample8 are left to etay at 80 K. Hgdroohlorinatlon is accompllahed only after 

heating to 94 K and higher temperatures. The dependence of the temperature of 

the onset of meaeurable (3-5%/h) hydrobromination on the ratio of reagents is 

given below: 

R 1.5 1 0.5 

T,K 83 85 100 

Hydrohalogenation products at R<l are mixtures of free gauohe- and trans- 

oonformere of 2-halogen-2-methylbutanes and their complexes with the correspond- 

ing hydrohalogene. 

The trana-conformer of 2-ohlorlne-2-methyl butane ia unetable In eolid phase 

at low temperatures and is Irreversibly transformed into the gauohe-conformer: 

ce 

CH3 

CH, ] CH, 

H 

At 100 K, isomerization prooeede quantitatively during one minute, a decrease 

In temperature and the oomplex formation with HCl slowe it down.’ At 80 K and 

more than a lo-fold exceaa of HCl, ieomerlzation aan be negleoted. In these 

conditions we observed, as It wa8 shown above, the formation of the trane-con- 

former of the hydroohlorinatlon produut. Trane-2-ohloro-2-methyl butane can only 

be formed as a result of hydrohalogen ols-addition. The obtained result thue 

indioate the aotualization of ale-addition in solid phase. Drawing a similarly 

unambiguous oonclusion with respeot to trane-addition proves to be impossible 

elnoe the seoond oonformer, gauche-2-halogen-e-methyl butane, can appear both 

aa a result of Wane- and cie-addltlon. 

Klnetios of 2-methY butene-2 eolld-Dhaae hsdrOhaloReIEatiOn. Kinetic meaeure- 

ments have shown that the kinetlos of hydrohalogenatlon in solid phase depende 
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on the ratio oi oomponente in the solid oooonaensate at a oonstant rate oi re- 

agent8 oondeneation (1015 moleoulee/om2~s). 

Typiaal kinetio curves ior the aooumulatlon of the oompler oi addition 

products with HCl and the oonaumption of the complex OS initial aubetanoea in 

2-methylbutene-2 

linearization In 

kinetic equation 

oi oonversion 
z 

z 

hydroohlorination are ahown in Fig.4, together with their 

the coordinates of the first order kinetic equation. The 

is seen to deecribe the prooees satleiaotorily at the degree6 

up to 8O%. 

Fig.4. Kinetic curve8 Sor __ 
the aooumulation of 
C$I,,Cl~HCl - 1 an8 the 

consumption oi C5H10*2HC1 - 
2 at R = 9, T = 85 K and 
their linearization in the 
coordinates oi the rirst 
order kinetic equation. 

2s 50 25 50 t,min 

The kinetic8 do not correspond to the first order kinetic equation at R>lO 

for solid-phase hydroohlorination and at R>3 ior hydrobromination; kinetic 

curves are linearized in the coordinates oi polyohronoua klnetice’ typical ior 

many eolia-phase prooeeses. An example of such linearization in lg\- too5 

coordinates at R = 18 is shown in Fig.5. 

‘L Fig.5. Kinetic curves ior 
I,0 

a.5 

the asmuzption of 
C,+i,,Cl*HCl - 1 and the 
oonsumptlon of C5H,0*2HC1 - 

1.5 

2 at R = 18, T =-80 K and 

/ 

their linearization in the 

ooorainatee oi polyohrono- 
UB kinetic. 

I I 180 
50 100 150 t,min 5 10 t 

0.5 

The prooeeaing of hydroohlorination klnetio ourves at R = 3 - 10 in the 

coordinates oi the iiret order kinetlo equation reeults in the following values 

of effective rate oonstants: 

J 
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‘p, K 80 03 06 90 92 

k,'105, s-' 3.521 421 1323 26+_3 2924 

The effective aotivation energy of hydrochlorination in these conditions 

amounts to 1223 kJ/mole, of hydrobromination at RL3 - 422 kJ/mole. 

In samples with hydrohalogen deficiency (R(l) the addition is actualized 

with a measurable rate only after a sample is heated to 94 K (HCl) and 100 K 

(HBr), I.e. after the disproportionation of 1:l oomplexes and the formation of 

2:l oomplexes in the system. Observed in this case is the aocumulation of hydro- 

halogenation products and a cymbate decrease in the content of 2:l oomplexes. 

The process is described by an equation of the first order, but the rate 

constants here are lower than with R>l: 

T, K 94 99 101 103 105 

k,'105, s-' 522 2652 40+_3 80+2 9328 (R = 1) 

The effective activation energy at R = 1 in the case of hydrochlorination 

amounts to 2023 kJ/mole, hydrobromlnation - 8+_2 kJ/mole. 

The meohanism of olefins hsdrohirlonenation in solid phase. Results of the work 

make It possible to suggest the following scheme of transformations taking place 

in the solid oondenaates of 2-methylbutene-2 with hydrahalogens 

-c H10 
2(HX*C5Hlo) ~&&2HX=C5H10 - C5Hl,X*HX - C5Hl,X + HX 

Realization of reactions from the complexes 2:l is proved by hydrohalogena- 

tion taking place with a noticeable rate only in the samples containing 2:l 

complexes. In agreement with this is also the formation of halogen alkane 

complexes with hydrohalogena a8 a result of reaction. For hydrohalogenation to 

be taking plaoe in the systems containing only 1:l complexes these muet 

previously dieproportionated. Let us now examine in greater detail the stage of 

2:l oomplex being oonverted Into a oomplex of the addition product with hydro- 

halogens. 

According to the concepts expounded in literature,'-4 the transformation of 

an olefin oomplex with HX, in the absence of external initiation, can follow the 

Ionic or the molecular mechanism. The ionic mechanism ooncepts 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 

strongly solvating the ions , usually amounts to some scores of kJ/mole." A low 

molecular mobility in solid samples must hinder the effective salvation of ions, 

as 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 ia taking place in the sample of 2:l composl- 

tion at 80 K with a measurable rate, the activation energies are not high. These 

data allow the ionic mechanism of solid-phase addition to be excluded. 
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Traneiormation oi the oomplexee oi hydrohalogens with 2-metbylbutene-2 into 

the complexes oi addition produote are realized in solid phase, in our opinion, 

without the iormatlon oi lone, hollowing the molecular mechanism similar to the 

mechanism previously propoeed ror 8 liquid-phaee process. 4 The molecular 

mechanism presupposes the tranaiormatlon oi 8 complex into a product vi.8 8 six- 

membered transition &ate, which ior cls-addition haa the iorm oi 

,H- --4, 

x:: -\ 
& --__f L 

HI-l 

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

addition hae been dealt with in. 
11 Low energiee oi cyclic systems and, there- 

iore, low activation energiee oi the corresponding reactions are determined, in 

our opinion, by the stabilization produced by donor-aoceptor interactlone. This 

stabilization Is iacilitated by the extension oi bonda 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 inten8liication of their acceptor properties. Extended molecules occupy 

an intermediate pLace between the ordinary unperturbed molecules and the 

separated atome whose overall aifinitg to the eleotron is several times (in thi8 

case more than 3 times) higher than the aiiinity oi the corresponding molecules. 

In our opinion, this effect leads to the aituation 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 oi bond8 

extension. Similar stabilization aleo seems to be poesible In other addition 

processes with the participation oi molecules having the properties oi donors 

and acceptors. Investigation oi the kinetic regularities oi solid-phase ethylene 

chlorination has actually shown that here too the molecular mechanism with a 

oyclic transition state le the most prob8ble.5 Thie is probably a common 

mechaniem oi solid-phase halogenation and hydrohalogenation. 

Hydrohalogenation meohaniems in solid phase and in non-polar solvents are, 

in our opinion, elmilar. In both cases the conditions ior eiieotive Ion and ion 

pair atabilizatlon in the systems are absent. The complex iormatlon also 

proceeds in a similar way: the recently obtained dat812 ehow that, both in the 

liquid and the solid phase, hydrohalogens iorm 2:l and 1:l complexes with 

oleiine. The concept oi the same mechaniem oi halogenation In liquid and solid 

phaeee agrees with the iact that in both caeee the same number oi moleculee - 

two hydrohalogen molecules and one o&In molecule - take part in the trausi- 

tion etate. This hollows irom the kinetic equation8 in liquid phaee (the second 

order with respect to Rx, the first with respect to the oomplex or 2:l oompoei- 
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tlon). The epeolfiolty of solid phase aesooiated with a limited molecular 

mobility manifeets itself in kinetic deviations taking place under certain condi- 

tions, in particular when there ie a large exceee of hydrohalogene, from the 

kinetic law of the first order and in the appearance of kinetic equationa 

characteristic for polyohronoue klnetlce. 

The data obtained in the present work make it poeslble to render more 

specific some general features of the moleoular addition reactiona. In the works 

devoted to liquid-phase processes we assumed the rearrangement of complexes 2:l 

4 into products to be accomplished with a low activation energy. Direct measure- 

ment of this quantity in liquid phaee proved to be impossible because of the 

exietenoe of a whole number of equilibrium processes of complex formation. In 

eolid phaee the equilibriums are shifted towards the moat &able, in the condi- 

tions of experiment, complexes, which made it possible to determine the activa- 

tion energy of the transformation of thoee 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 aecertain 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 prooees the complexes of halogen derivatives with hydrohalogene are probably 

formed. 

Investigationa in solid phase have made it possible to define the stereo- 

ohemistry of primary addition produots for such processes where, in distinction 

to the best studied in thie respeot oyoloalkene hydrohalogen systeme, there are 

no steric hindrancea for the formation of cia-addition produots, aeaociated 

with the specific structure of Initial moleoules. Cls-addition proved to be 

taking plaoe in this caee. This fact can be compared tith the previously noted 

moleoular cle-addition of ohlorine to ethylene. 5 We believe that molecular ois- 

addition of halogene and hydrohalogene, in the oonditions when no additional 

eteric hindranoe for the formation of one of the stereoisomers of the product 

exiet, Is a general regularity. 

It oan thus be ooncluded that the molecular mechanism is in good agreement 

with the whole totality of data on the kinetics and the reaction products and 

1s oommon for the processes of halogen and hydrahalogen addition In solid phase 

and non-polar media. 
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