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THE EFFECT OF PH.ES::>Ulili ON THE HATl'~' OF ::IT.c:ltICALLY HINDER.ElJ ' HEA~TION::> 

There are a few experimental data t hat indicate a considerable acceleration 

of sterically hi~dered reaction with increasing pressure. Thus; tetra-

methylethylene was completely poly,merized within 3 hours under 231 000 atm. 

at 300°C., while only 20% (1) vf it was polymerized in 50 hours at the 

same temperature and under a pressure of 200 atm. The pressure also 

accelerates strongly the ther.mal conversions of tetrachloroethylene at 300°, 

yielding hexachlorobutadiene and hexachloroethane (2). In both cases shown, 

the observed acceleration of the reacti~n by means of pressure is connected 

only to a small extent with the increase of the concentration of starting 

substances; the determining factor is the increase of the reactio~ rdte constant 

with the increase of pressure. 

According to the theory of transition state the vdriation o£ the~eaction 
e 

rate constant with pressure is determined by the value of the change in 

volume in the fornation of an activated complex (illV ~ (3): 

-4v=F (1) 
RT 

• 
It is evident that the change in volume of the reacting molecules in 

the formation of an activated complex ( L\v mol) is an important component 

of the value ~ '1/ t ; together with this, an important role may be played by 

other volume effects, in particular, by the variation of the solvent volume 

(if the reaction is carried out!..'1 SOLution) as a result of the d.:U£erent _ 

solvation Of" reacting molecules and of the activiated complex ( L11\J~Ol. i. 
. f 

In the following work, only L1 V mol. "''ill be considered. At the same 

time we shall limit our~elves to the consideration ·of Menshutkin reactions 

for which it is Possible to use l with - ~ufficient certainty, a fixed geoxootrical .. 
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model of the transition. stat·e. It' should ·be. mentioned in c~nne.ction· With " 

this that, Menshutkin's reactions have served as the object of a series of 

kinetical investigations · under high pressures. 

Digressing from a possible participation of the solvent in Menshutkin's 

reactions (4), we shall start with a presentation of the structure of the 
, 

activated complex shown schematically in Fig. 1 (5). According to this 

scheme, the C-ii', C-lt" and C-1i'" bonds are in the same plane. As for the 

N-C (or N-H) bonds in the amino group, their position, with regard to ~he 

plane passing through the nitrogen atom and parallel to the Cit) plane, depends 

upon the structure Clf' the amine molecule. rrhus, if nitrogen in the amine is 

linked to alkyl radicaJs or hydrogen atoms, these bonds are arranged 

py:amidal.ly (with the angles between "them - 1080
). If the radical is a 

phenyl group, then the N-C bonds in the amine molecule are in the same plane, 

which, according to our hYDothesis, is parallel to the Crt) plane. Finally, 

in the case of a complex vdth p,yridine it is most probable that the pyridine 

ring is perpendicular to the CR3 plane. 

The N ••• C distance in the activated complex was assumed to be equal to the 

length of the valence bond N-C (1.5A), although the possibility, ~ee (6i] 
that in reality it is somewhat longer, is not excluded. The approach of N 

and C atoms ' at such a distance itself explains for all }lenshutkin* reactions, 

a decrease of the volume of the activated complex in ' co~parison with the 

volumes of reacting molecules. 
. 0 

This vo.lume decrease amounts to 8.41.3 , i.e. 

5 cc/mol. Nevertheless, additional compressions arise in. the formation of 

~l- The following values of intermolecular radii (7) are used, here and in 
what fellows, for the calculation of the compression in the formation of . 
the activated complex: .Rw=l.21; RN=1.6A; Rc=l.8A; Rch)=2.0lt. The lengths 
of C~H and C-C bonds are considered as equal, respectively, to 1.1 and 
1.55A. ' . 
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the activated complex together with this volume effect, since the mutual ' 

approach to a distance of 1.5A of the two . planes shown in .Fig. 1 i~ads to 

the fact that the distances between some atoms that are not linked by 

valence bonds become smaller than the sum of their intermolecular radii 

HI 
\ R-

N ....••• ' •• C~" •••••• HAt I 
/ I 

R'll 

Fig. 1. Scheme of the structure of the activated complex in 
Menshutkin reactions. 

Fig. 2. Activated complex in the reaction of pyridine with 
methyl iodide. The compression is cross-ha~ched. 

These additional compressions characterize (although, of course, 

incompletely) the steric hindrance of the reaction. It appears, from this 

consideration, that Men shut kin reactions are sterically hindered, to a 

grea ter or smaller extent. ' 
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Reactions with Wridine-. In the py~idine m~le~U1.~ t -he're -is only one 

nitrogen atom situated i~ the plane p.:trallel to the GR'R"H,l" plane and 

perpendicular to the ring (Fig. 2). Two "ortholl-hydrogens do not reach 

this plane (by '-'\ O.2A), and two "ortho"-carbons - by 0.71. A compression 

originates, in the reaction with methyl iodide, between nitrogen atom and 

three hydrogen atoms (1.85A), between one H in CH3I and an H atom in CsHsN 
o q 

(1.7A instead of 2.4A) and also between G atoms in C;HsN and H atoms in 

CH3I. The sum of these compressions is equal to 6.7A3, i.e. 4 cc/mol.; 
4= 

6'Vmol• · =- 9 cc/mol. 

In the reaction with ethyl iodide, one compression N ••• H is changed 

into N ••• GH 3 (2.l5A instead of 3.6A) and there arise interactions with 

"ortho" - carbons; -F 6.'Ii:Ol• =- 14 cc/mol. 

The value b..v mol. does not change with further increase of the number 

of carbon atoms in the normal little chain of al~l halide • . 

In the reaction with isopropyl iodide, there are two N ••• GH 3 compressions 

and the character of the interaction with "ortholl-carbons is somewhat changed, 
7 -

~~ mol. =-19 cc/mol. . 

Reactions with trimethylamine. Consider the reaction of trimethylamine 

with isopropyl iodide. The ' most preferable mutual disposition of the CR3 plane 

and N(CH 3 )3 pyramide is represented by the scheme in Fig. 3a (along the C-I bond). 

In the activated complex originate the following compre~sions: compression 

N ••• H (1.851), two N ••• CH3 compressions (2.61) and four CHI" .CH3 compressions 

(2.7 A). The calculated value of LJ. t mol. is equal to -24 cc Imol., i. e. larger 

than in the reaction of isopropy: iodide with pyridine. This value does not 

-)H:- Including the compression in. the formation of a C-N bond (see above) • . 
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chang.e upon sUbstitution of trimethylamine by triethylamine.' 

Reactions with dimethylaniline. In a free 

the plane of benzene ring is drawn out from the 

dimet~lartiline molecule, 

"W·e 
C plane as a 

consequence of steric interactions of t-.-IO "ortholl-hydrogens with methyl groups. 

Fig. J. ~cheme of the structure of tne activated ' complex . (view 
'along tha C-I bond)in the following reactions: ~~) -trimethyl
amine + isopropyl iodide; (b) dimethylaniline + isopropyl iodide; 
iodide; (1) -centers of the amine atoms; (2) -centers of the atoms, 
of the alkyl halide. 

The benzene ring is turned up, upon entering into an activated complex, in 

such a way that all carbon atoms are found in one plane. In this turning 

originate two contracted distances (inside the molecule) CH3 ••• H, equal to 
o . 

2.5A, which leads to a insignificant volume contraction. 

The mutual disposition of the approaching plan~s in the reaction of 

diinethylaniline with iscpropyliodide is shown in Fig. 3b (from the side of 

the I atom). The following compressions originate in the activated complex: 
. 0 0 0 

','. one N ••• H (1.85A), two N ••• CH3 (2.15A), one H ••• H (2.lA), two H ••• C 
o 0 0 

(1.9· and 2.lA), two CH3 ••• H (1.8 and 2.0A), two CH3 •• ~C (2.0 and 2.lA), thr~e 

CHj •. ~.CH~ (2.ll). The vaiue of h.tmol• · for t~s rea~tion . i~ ~qUal·· to 
~'... ..- -44 'cc/mol. ' .. 
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Th~ ~alue . 'of L\"" mol. " i~ th~ ' ree"cti~nof di~ethylani'li~~ : ~ith me'c,hyl' 

iodide and ethyl iodide are equal, respectively~ to -19 and -29 cc/mol. 

The.substitution of Hortho"-hycirogen in dimethylaniline molecule with 
. ~ . 

a methyl group leads to some increase ( - b:u . mol.) for the reaction with 

methyl iodide (up to 22 cc/mol.). -:f' 

In this way, the values ( - 6" mol.), calculated according to the above' 

scheme, attain for some Menshutkin reactions, the values of several tens 

cubic centimeters per mol. This should lead according to equation (1) to 

an extremely significant acceleration of these reactions with increase of 

pressure. Th~s acceleration actually takes place, as seen from the data 

shown in Table 1. The relations of the rate constants for each of the . 

investigated Menshutkin reactions under a pressure of 3000 kg/sq. cm. and at 

atmospheric press~~e ( I~3QOO/~1), ' characterizing the acceleration of the 

. reaction with- the pressure increase, vary perfectly "symbatically" with the 

values ( -~Vmol) calcula'ted for the reactions under consideration • 

. Table 1 

' 1-
The value fS.v mol. and the effect of pressure on the rate constants of;, 
Menshutkin reactions (in acetone at 60°C.). 

Reaction,S ~mol. 
cc/mol. K3000Pl 

CsHsN + CH31 -9 6.8(8) . 
CsHsN + C2HsI -14 7.9(9) 
CsHsN .+ .,!!-C4H91 -14 6.5(~) 
CsHsN + iso-C 3H71 -19 ' 9.6( & 
o-C~iC6H4N(CH3)2 + CH31 -22 11.5(1) 
TCH 3 3N + iso-C 3H71 -24- 16.4(8) 

, 

(C2Hs )JN + iso-C 3H71 -24- . 8 
16.0i8~ 

C6HsN(CH3)2 + iso-C~71 -44 25.5 
- .-
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In this way, the calculation or the steric hindran'ce ' of the process of ' 

formation of the activated complex (determined by us as a mutual approaching 

of valence-bond-free atoms to distances ' smaller than the sum of their 

molecular radii) permits a quantitative explanation of the different 

accelerations by means of pressure of Menshutkin reactions that differ in 

the structure of participating amines and alkyl halides. The increase of 

acceleration of these reactions under pressure in .the transition from CH3I 

to C2HsI and ~ - C3H7I '*, from CsHsN to (CH3)3N and'C6HsN(CH3)21 and also 

the unique effect of pressure in the reactions of trimethylami'ne and triethylamine I 

becomes particularly clear. It is essential for a complete analysis of . the 

effect of pressure on the rate of Menshukin reactions to calculate all 

6. V components. 

Vie think that the notions developed in this work as well as the simple 

calculations shown, in spite of their approximate character, permit an 

explanation of the extreme~ important acceleration of sterically hindered 

reactions with increase of pressure. It may be assumed, together with this, 

that an investigation of the reaction kinetics under high pressures is 

helpful also for the verification of these or other presentations of the 

structure o£ the activated complex in these reactions. 

N. D. Zelinskil's Institute of Organic 
Chemistr,r of the Acade~ of Science of 
U.S.S.R. 

Institute of ' Elemento-organic Compounds 
of the Acade~ of Science of U.S.S.R • 
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