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The Kinetics andFIechanism of the &;xsis

of Triphenylsilane.

Abstracts,
The hydrolysis of triphenylsilane in wet piperidine which
can be represen’sed as
OH™ (0635)38:&1 £ 05H ONE——u-(Gé )BS:.OH / Hy / USHJ_GBI"
was investigated lanetlca.lly. The following rate expression for this

hydrolysis when carr:.ed out in toluene was derived experimentally:

- afsd « [SH] [Hzo} 1/2 [pg] 3/2

dt
where SH represents triphenylsilane and PH represents piperidine, This
rate expression was found to be valid through a range of water
concentrations from.l5 to 14.82 molar. The above kinetics showed that
previously proposed mechanisms were inadequate and the following
mechanism was propbsed

E B
Fast

|-
R3Sil ,l usﬁlom === R;Si.NGH,

OH= £ RBSl.Nesﬁlo — RBSJ.OH ;‘ ?2 ;l usﬂlomn

Kinetic and :Lsetepic evidence dictated that the above mechanism
proceed thi'ough a tightly bonded transition state as proposed by Gilman,
Dunn and Hammond (17). Further kinetic evidence was obtained which
indicated that in a étrorigly polar solvent medium the reaction proceeds
by a different mechanism, although the kinetics were not completely
solved.

A new method for preparing N-alkyl piperidines in good yields
has been evolved. .This synthesis employs piperidine hydrochleride and

a primary or secondary alkyl halide.
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INTRODUGTION

The alkaline cleavage of the silicon-hydrogen bond in
trialkyl- and triarylsilanes hés been the subject of both kinetic
and isotopic investigation. The hydrolysis of trialkylsilanes
was investigated kinetically by Price (45) and the hydrolysis of
triarylsilanes by Dunn (11). The results of these’investigations
show that the reaction can be represented stoichiometrically by

the equation
OH™ £ RBSiH £ HA — RBSiOH £ 32 £ AT

where R represents any alkyl or aryl group and HA is a proton donor.
The attack of the hydroxide ion causes the displacement of the
silane hydrogen with the pair of electrons which had constituted
the bond. This hydrogen because of its reactivity extracts a proton
from some proton donor that is present when the displacement occurs.

Kinetic evidence obtained by Dunn suggested that the
nucleophilic attack was the slower step; that is, the breaking of
the silicon=hydrogen bond was not involvgd in the rate~determining
process. To determine if this was the case, the rates of hydrolyéis
of triphenylsilane and triphenylsilane-d were compared. The results
of independent kinetic runs showed that triphenylsilane-d reacted
nearly six times faster than its protium analog (17).

Isotopic investigations carried out by Wilzbach and Kaplan
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(32, 58) and by Dunn and Brynko (7) bave shown that the abnormal
isotope effect observed by Dunn was in error and that the rate ratio
kp/ky was somewhat less than unity (0.73 to 0.8). Further, the
effect of isotopic substitution in ﬁhe solvent medium (which here-
after will be called the solvent isotopé effect) was found by
competitive methods to be large by both groups of investigators.

The results of these investigations, however, failed to
clearly establish the mechanism of the hydrolysis of tri-substituted
silanes. It has been the purpose of this investigation to attempt a
clarification of the mechanism by means of a kinetic study. The
order of the reaction with respect to the reactants has been determined
in the two solvents, toluene and dimethylformamide. The hydrolysis
has also been carried out in various solvents employing a variety of
basess

In addition to this work, the solvent isotope effect was

kinetically determined for the silane hydrolysis.
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HISTORICAL

The cleavage of the silicon-hydrogen bond presents a
rather unique reaction which has no parallel in carbon chemistry.
In the cleavage of the carbon-hydrogen bond, the hydrogen atom
leaves the reaction centre without the pair of electrons which
had constituted the normal bond and is thus termed a proton. On
the other hand, when the silicon-hydrogen bond is cleaved the
hydrogen atom leaves the reaction centre with the pair of electrons
normally involved in the bond. This hydride-hydrogen with a pair
of electrons has been termed a hydride ion (21), but because of
its extreme reactivity ité presence as a free ion in aqueous
solution is doubtful.

The hydrolysis of trialkylsilane was first studied
kinetically by Price (45). The cleavage was accomplished with
potassium hydroxide in aqueous alcohol and could proceed by the

following stoichiometric equatibns

OH™ # RySiH £ RICH——- R3SiOH # OR'" £ Hy (a)

or RySiH ,l ORT™ e RBSiO" / HR! (b)

where R and R! are alkyl groups. According to equation {a) one of
the products would be hydrogen gas whereas by equation (b) the

hydrocarbon derived from the corresponding alcohol used in the



Lo

hydrolyzing solution would be produced.

The actual product obtained in the gaseous state was
determined by carrying out a series of hydrolyses employing a
variety of alcohols and analyzing the evolved gas. Both chemical
and mass spectrometric analysis showed that in all cases the gas
was at least 98% hydrogen indicating the reaction proceeds accord-
ing to equation {a). These results also supported the view that
the cleavage of the silicon-hydrogen bond was of the hydride ion
type and did not correspond to the carbon-hydrogen cleavage which
involves the cleavage of a proton.

The hydrolysis of diethylmethylsilane was chosen for a
study of the kinetics. The rate of hydrogen formation was followed
volumetrically and to insure a smooth evolution of gas it was found
necessary to shake the reaction v;ssel. The order with respect to
silane was determined by variation of the silane concentration and
was found to be first order. When all the reactants but silane
were present in excess the hydrolyses followed pseudo-first order
kinetics to approximately 80% completion, further substantiating
the first order in silane. Similarly, by varying the hydroxide ion
concentration the hydrolysis was found to be first order with respect
to this reactant.

| Since the reaction was carried out in aqueous alcohol
medium the role of the water and alcoholvwas also investigated. The

reaction was found to proceed in anhydrous alcohol but its order was
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not determined. The reaction was found to be first order with
respect to water by‘varying the water concentration from 3 to 19
molar in an alcoholic medium. This indicated that both water and
the alcohol acted as proton donors in the hydrolysis and the rate

constant could be written in the form
k=agfb [ﬁééﬂ

where k = observed rate constant; a = the constant for the depend;
ence of the rate on the alcohol concentration; and b = the constant
for the water dependence of the reaction.

The results of a kinetic study involving a series of mixed
alkyl substituents in the trialkylsilane showed that as the size and
complexity of the substituents increased, the rate of hydrolyses
" decreased. This behavior was in accordance with the results
generally observed in nucleophilic displacements in carbon chemistry.
Subsequent investigations carried out with various silanes have also
borne out this similarity of structural effects (19, 20, 4k, 54, 57).

A kinetic investigation of the mechanism of triarylsilane
hydrolysis was carried out by Dunn (11). It was found that using
?rice's method, the hydrolysis with aqueous alkaline alcohol
proceeded too rapidly for a kinetic study but the reaction did
proceed at a convenient rate when the weaker base piperidine was
employed (33). The reaction was found to be pseﬁdo-first order

with respect to silane to approximately 80% completion when water
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was present in a twenty’fold excess and piperidine was employed as
the solvent.

The effect of vanying the water concentration in the re-
action medium showed that the hydrolysis was half-order with respegt
to water up to concentrations of 2 molar. The half-order with
respect to the water concentration was explained by the following
relations. Price in his investigation had shown that the reaction
was first order with respect to both silane and hydroxide ion.

Therefore the rate of disappearance of silane could be expressed as
- afsx] [ou] - k[SH][OH]

where SH represents silane.
The halfe-order in water suggested that the hydroxide ion was the
attacking species in this reaction also. The hydrolyzing golution

could equilibrate according to the following equation

s £
PH £ H,0 === pH,/ £ OH

where PH represents piperidine,

and then

[Pﬁz ] o]
N

If P was set equal to the initial concentration of PH;j W equal to
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the initial concentration of H,0; and x equal to the equilibrium
concentration of Pﬁzf s then x is also equal to the OH

concentration and the equilibrium equation became

2 -

), i)

Since P and w>>x (Piperidine is a weak base Kg = 1.35 x 10-3 )

o~
2‘-2-=K
P

~ C 111
then ¥* T KPW or x = K2P3y2
and therefore
’ 1
[or] = & [pa]f [m0]2

The hydrolysis is first order with respect to silane, and if it is

also first order with respect to hydroxide ion, then

;%.l[%iﬂ - [s8] [or]
i{K% E| [PH]% [Hzo]%

This treatment accounted for the observed half-order with respect to

Water; however, if the hydroxide ion was the attacking species, the
source of the second hydrogen atom involved in the production of

the’ hydrogen molecule was unaccounted for. To account for this the
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following argument was put forward. The production of hydrogen gas
as one of the preducts indicated that when the silane hydrogen with
its pair of electrons is displaced it picks up a proten from one of
the reactants. At low water concentrations the proton evidently
came from the piperidine which was far in excess of the water

concentration, thus
OH™ # SH # PH~——s SOH # Hy £ P,

The rate expression then became

;_<1__[_S§l . KKE [sn] [320] 3 [PH] 3/,

dt

Of course the three-halves order with respect teo piperidine could
not be cbserved since piperidine was the solvent. A proton should

be more easily obtained frem the water, and as the water

concentration increases this should increase the order with respect

to water,
OH™ # SH f£ HpO ——w=SOH £ H, £ CH .
The rate expression then became

-afsi] = i [su][em %[»6 312,
alsl - w® [s] [7]  [m0]
The three;halves order with respect to water was not realized

because at higher water concentrations the reaction solution did

not remain homogeneous,
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The above interpretation of the reaction was very similar
to that developed by Price for the hydrolysis of trialkylsilanes.
However, in a kinetic investigation (53) involving the hydrolysis
of triarylhalosilanes by water, Swain suggested that a pentacovalent
intermediate was involved in the mechanism, and could b‘e illustrated

as

R R R R R R
: \/ Fast : \/ Slow - \/ -
H,0 # ?1-1( S H20---—’Si~X — HZO-—-'Si £ X,
R R R
The hydrolysis of triarylsilanes could similarly be represented by

the equation

R R R R|™
\/ \/ H,0 or PH

OH™ # E'Si-H-b- HO-'Si-H S HOSiR; £ H, £ (cH™ or P7).
R R

The next problem was to determine whether the first or the second

step was fast. If the first is fast and the second is slow, then

the overall order of the reaction would be given by the expression

- afsr] . e [o] (0] ¥ [pu] */2

dt
in piperidine, or

- aferl = w2 ][] 2 [es] ¥
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in a non-participating solvent. If the first step is slow and the
second fast, then in any medium in which water concentration exceeds
the silane concentration ten to one or more, the water consumed in
the second step would not appear in the rate, and the equation
would become
- alsil = w2 [sn][m,0]*/2 [pu] /2
dt
This question could be answered if the order of the re;
action with respect to all three reagents; piperidine, water and
silane could be determined in a éingle medium. Methyl cellosolve
was chosen as the solvent and the results showed that the reaction
was half-order with respect to piperidine, but zero order with
respect to water at low water concentrations. The zero order with
respect to water was taken to show that methyl cellosoclve replaced
water in the preliminary equilibrium with piperidine
OHzOCH,CH,OH # PH S=== CH,OCH,CR,0” £ PH,'
If this were true then the attacking species would be the 2-methoxy-
ethoxide ion instead of the hydroxide ion. This was verified by
carrying out a larger scale hydrolysis using 2% water solution. A
78% yield of triphenyl-{2-methoxyethoxy)-silane was obtained.

A1l the evidence thus far obtained indicated that the re-



action was extremely selective with respect to the nucleophilic
reagents present in the reacting solution. For example, when the
hydrolysis was carried out with wet piperidine, the attacking
species appeared to be the hydroxide ion even though the nucleo-
philic reagents, piperidine and water were also present. The
selection apparently tends toward the most nucleophilic reagent
present. This was further substantiated when the reaction was
carried out in methyl cellosolve, here the attacking species
appeared to be the 2-methoxyethoxide ion which is a stronger nucleo-
philic reagent than the hydroxide ion. On the other hand there
appeared to be little or no selectivity for the proton donor in the
formation of hydrogen. The proton apparently was obtained from the
reagent present in excess.

This evidence suggested that the attack of the nucleophilic
reagent was the slow step. That is, the displacement of the hydrogen
was not involved in the rate controlling process. For a verification
of this an isotopic study was undertaken. Triphenylsilane-d was
prepared and its rate of hydrolysis checked against that of the
normal silane. The isotopic method of determining whether or not the
breaking of a bond to hydrogen is concerned in the rate controlling
step of a reaction has been fairly widely applied in the cleavage of
carbon;hydrogen bonds (39, 43, 50, 56) but this was the first case
where it had been applied to a reaction in which silicon-hydrogen

bond fission would lead to the formation of a hydride ion. In



general, where the breaking of a bond to hydrogen is involved in the
rate controlling step, the reaction is slower with the compound
containing deuterium than with the one containing protium. When the
breaking of a bond to hydrogen is not rate céntrolling the rate is
essentially the same in both cases, The difference in rate with the
two isotopes is due to the fact that the mass ratio between deuterium
and protium is large for isotopes and, consequently, the difference
in zero point energy between compounds containing these isotopes is
significantly large. Since deuterium is heavier than protium the
fundamental vibration frequency, and therefore the zero point energy,
of deuterium compounds will be smaller than those of protium compounds.
As the molecules move from their ground state into a transition state
there is a generaléloosening of the bonds at the point of attack,
with consequent decrease in vibration frequencies and zero point
energies, Since protium compounds have larger zero point energies
than deuterium compounds in the ground state, a proportional decrease
in zero point energies will give a larger absqlute decrease for the
protium than for the deuterium analog. Consequently, the activation
energy will be smaller, and the rate of reaction faster, for the
protiun compound than for the deuteriun one,

The results of the isotopic investigation carried out by
Dunn showed that triphenylsilane-d hydrolyzed six times faster than
did triphenylsilane. This indicated that, contrary to the consider-

ations outlined above, the breaking of the silicon-hydrogen bond was
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part of the rate controlling process. However, the sign of the
isotope effect was opposiﬁe to that expected on the basis of bond
rupture involving isotopic species,

These results were interpreted by Gilman, Dunn and
Hammond in the following mamner. It was conceivable that some re-~
actions which involve breaking bonds to atoms of different masses
will not show any considerable isotope effect because of a fortuit-
ous similarity of zero point energies of the transition and resting
state of the reactants.

While the lack of a detailed knowledge of the configurat-
ion of the transition state for the hydrolysis of triphenylsilane
did not permit a complete interpretation of the observed results,
it seemed likely that the abnormal effect should be attributed in
large part to the fact that the reaction effectively involved the
displacement of a hydride ion. Because of the rather low electron
affinity of hydrogen atoms [17 kcal. per mole (23)] such a
displacement would not be expected to occur at ordinary'temperatﬁres
unless the hydrogen was continuously bound to some other atom or
atoms throughout the course of the reaction. This means that if
the old bond has been largely destroyed in the transition state, the
new bond (hydrogen-hydrogen) must have already attained considerable
strength. The transition state for the hydrolysis would then be

represented as is shown in the overall equation



[ R Rm
OH" £ RySiH # Gyl N —m [HO=mSi~nimnHn-NC,Hy | ——aH, £ B_S1OH £ G N°.

R

Where the dotted bonds in the transition state represent the partially
destroyed bond between silicon and hydrogen as well as that between
nitrogen and hydrogen and the newly formed bond between the hydrogen
atoms,

Since the hydrogen-hydrogen bond has a rather large
stretching force constant [5,76 x 10° dynes per cm. (291] the restor-
ing force for vibrational displacement of the hydrogen atom might
well be larger in the transition state than in silane. Reversal of
the argument outlined above for the normal isotope effect would then
account for the abnormal effect observed in this reaction.

Several reactions in which hydrogen gas was formed by the
displacement of the supposed hydride-hydrogen were investigated by
Wilzbach and Kaplan (58). In these hydrolyses tritium was employed
in place of deuterium to enhance any isotope effect. Pricetls
alkaline alcoholic hydrolysis of tripropylsilane wa.s repeatéd and it
was found that the relative rates of hydrolysis (ratio of kT/kH) was
0.7. The results of the hydrolyses of lithium aluminum hydride and
lithium borohydride were not precisely reproducible, falling in the

range of 1.2 to 0,8 (59, 60).
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The hydrolysis of triphenylsilane was carried out using
a piperidine water solution in which the water was one molar. The
runs were carried to 4LOZ completion employing competitive hydrolysis.
During the reaction, portions of the evolved gas were isolated by
cooling the reaction apparatus to -80°C. Tritium analysis were
carried out on these gas volumes using an ion chamber and a vibfating
reed electrometer. The ratio of kT/kH was found to be 0.,79. This
value was in good agreement with the theoretical value of 0.8 which
was calculated by Bigeleisen's method considering only the stretch-
ing frequencies of the silicbn—hydrogen and the hydrogen-hydrogen
bonds (2, 3, 13).

An isotopic investigation of triphenylsilane hydrolyses
was undertaken by Dunn and Brynko (7) employing both kinetic and
competitive.hydrolyses. The kinetic isotope effect for the breaking
of the silicon-hydrogen bond was determined by comparing the fates
of hydrolyses of triphenylsilanefg and triphenylsilane. The rate
ratio kp/ky was found to be 0,72, In the competitive hydrolyses,
an equal mole ratio of triphenylsilane-d and triphenylsilane was
reacted competitively in the same reaction medium. The hydrolyses
were stopped at approximately 50% completion and the evolved gas,
consisting of a mixture Hy and HD, was oxidized to water. The water
samplés were purified and analyzéd for deuterium by the gradient
density tube methed (1). The rate ratio kp/ky was calculated from

the percent deuterium in the water sample and found to be 0.68.
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The agreement between the kinetic and competitive isotope effects
was good in this investigation and these results were likewise in
good agreement with those of Wilzbach and Kaplan (58), considering
that the results were obtained by different methods.

In addition, the hydrolysis of triphenylsilane was carried
out in a piperidine-deuterium oxide solution to determine if the
substitution of hydrogen by deuterium in the solvent had any effect
on the reaction., The competitive rate ratio kD/kH for proton uptake
calculated on the assumption that piperidine donated the proton was
0.13, and 0«34 if the proton was obtained from water.

A clear distinction should be drawn between a kinetic and
a competitive isotope effecé. A kinetic isotope effect will occur
when there is a choice between protium and deuterium in the step
that controls the rate of appearance of the products or any step
that precedes it. A competitive isotope effect will be observed
where there is a choice between protium and deuterium in the step
. that produces the products or any step that precedes it.

The following mechanisms would be in agreement with the

established kinetic evidence.

(a) OH™ ,t RySiH ,l PH ——> RgSiOH £ H, £ P
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() H; : Slow ,H
b ) R_SiH ———— si
= RS

H]| " Fast
O 4

R331< . # PH ~———= R, Si0H FHy £ P

Past . 3

(c) OH" £ R,SiH —— [R,517
E NoH

)z Slow '

7/ ) -
,!PH—-—-’-RBSJ.OH{HZ;ZP

BBSI\‘OH

It will be noted that in all three mechanisms (2), (b),
and (c¢) there is a choice between protium and deuterium in the
formation of products and a competitive isotope effect should be
observed in all three mechanisms. Consequently the competitive
solvent isotope effect observed by Dunn and Brynko did not
distinguish among the three mechanisms. A choice is offered in
the step that determines the rate in mechanisms (a) and (c) but
not in (b). However, no attempt was made to determine the kinetic
solvent isotope effect,

The isotope effects observed in this investigation alsc

failed to answer the question of whether the silicon-hydrogen bond
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bresking was part of the rate~determining process. Both the kinetic
and competitive isotope effects in the cleavage of the silicon-~hydro~
gen bond were small, which could mean that the breaking of the
silicon-hydrogen bond is not involved in the rate-controlling
process. It could also mean that bond breaking is involved but that
the hydrolyses proceed through a tightly bonded intermediate as
proposed by Gilman, Dunn and Hammond (17). In the latter case the
partial formation of’the hydrogen-hydrogen bond in the transition
state could nearly cancel the normal isotope effect. The results

did not distinguish between these two cases.

However, if a tightly bonded intermediate produced a small
silicon~-hydrogen isotope effect it was thought that the solvent
isotope effect should be small also. Since the competitive isotope
effect for solvent-hydrogen bond breaking had been shown to be
large, the results of this investigation were taken to favor the two-
step mechanisms,

Wilzbach and Kaplan (32) extended their original investi-
gation by determining the compétitive solvent isotope effect in
both triphenylsilane and tripropylsilane hydrolysis employing
deuterium and tfitium. These authors calculated the solvent isotope
effect on the assumption that the proton was obtained from water
whereas Dunn and Brynko assumed that the proton came from piperidine.
The results of these two investigations were in excellent agreement |

if the calculations were based on the same proton source.
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Wilzbach and Kaplan, however, went a step further and
determined the solvent isotope effect in two isotopically substit-
uted media, piperidine water and aqueous alcohol. They observed
that the competitive isotope effect in the agueous alcohol solvent
was considerably larger than that in the piperidine-water solvent.
These results, the investigators concluded, favored the concerted

or one step mechanism (a) below,
RySiH f OH™ # HA—w RySiOH £ Hy £ A” (a)

rather than the two step mechanism (b)

o Slow /,H -
OH” # BgSiH ———tm [RgSIT
OH
’,H = Fast ‘
sil # HA ——» RSIi0H # Hy £ A7 (b)
OH ; .

where HA represents the solvent. These correspond to the mechanisms
(a) and (b) proposed by Brynko, page 16. The rather large change in
the isotopic rate ratio for triphenylsilane upon changing the solvent
from piperidine-water to ethanol-water was taken to be a strong
argument in favor of mechanism (a) since it implied considerable
interaction in the transition state between the silane hydrogen and

the solvent. They also observed a greater kinetic rate of hydrolysis
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of tripropylsilane in ordinary alcchol-water solvent than in the
deuterated solvent, thus showing that the solvent participates in
the rate-determining step. This again favored the concerted
mechanism (a) as opposed to the two step mechanism (b).

Apparently Wilzbach and Kaplan had overlooked the
possibility of yet a third mechanism which their kinetic solvent
isotope effect admitted

Fast /,H
OH™ # RBSiH i R3Si\
CH

H] ~ Slow '
£ HA-—-—-ﬂh'RBSiOH £ H2 £ A”

R
OH
where HA represents solvent. This would correspond to mechanism (c),
page 16. The kinetic solvent isotope effect indicated thét the
process of proton abstraction was involved in the rate controlling
step and the above mechanism was therefore consistent with this
fact. Perhaps this mechanism was disregarded because these investi-
gators calculated the isotope effect on the basis of water as the
proton donor which in this third mechanism would require the order
with respect to water to be three-halves. The order with respect

to water had been observed by Dunn to be one-half. However, if

the possibility that piperidine is the proton donor is admitted the



third mechanism was in agreement with the data.

From the above survey of the work carried out toward
establishing the mechanism for the hydrolysis of silanes it can
readily be seen that the mechanism had not been established with
certainty. The purpose of the present investigation was to study
the mechanism further by carrying out a more thorough kinetic.

investigation.
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KINETIC RESULTS AND DISCUSSION

To summarize the work of previous investigations into the
hydrolysis of triphenyisilane by aqueous piperidine the following

points of information were available:

(1) the reaction was first order with respect to silane;

(2) the reactioﬁ was half-order with respect to water;

(3) kinetic isotope effect for cleavage of silicon-hydrogen
bond was 0.72;

(4) competitive isotope effect for the cleavage of silicon-
hydrogen bond was 0.68 to 0.80;

(5) competitive isotope effect for the cleavage of solvent

bond in formation of hydrogen was large.
The various mechanisms which have been postulated are

(a) o ,t R,SiH ,t PH——-R3Si0H # H, ,t P~

‘ Slow H] <
(b)  OH™ £ RySiH meim RBSi/
N
~ o
/,Hﬁ = Fast ‘ :
RySi # PH ——— RySiOH # Hy # P~

™ oH|
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Fast i O
(¢) oH ,l ‘?.BSJ.H  ——— 381\ ]
CH
S = Slow
RySi] # PH ———= R SiOH ,z H, ,l P

where PH represents piperidine.
Another mechanism can be added in which the proton donor is water

as postulated by Wilzbach and Kaplan,

‘ Slow H|~™
7
(d) OH™ # RySiH ————p RBSZL\ o
HY = © Past
'?331/ £ Hy0 —= R,Si0H ,t H, ,t OH™

N oH

These mechanisms which have been postulated in previous
investigations assume that either water or piperidine is the proton
donor. It may be noted that in a piperidine-water mixture another
possible proton donor, piperidinium ion, is present. Hence a fifth
mechanism which would fit all the data available at this point is
as follows.

Slow

(e) OH™ sm——-—-as:/
e fRs 3% o

A ,{ Fast
R333-\0H - # Py} ———= R3Si0H £ H, / PH
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A mechanism resembling (e) in which the second step is
slow is ruled out because the order with respect to water would be
first, whereas it has been shown to be cne-half. Yet another
mechanism in which water is the proton donor and resembling mechanism
(d) but having the second step slow must alse be discarded because
this mechanism would require three-halves order with respect te
water.

The kinetic expressions for the remaining mechanisms, (a),
(v), (e), (d) and (e), can be cbtained in the following man;'xer.
Previous investigations have indicated that the hydroxide ien is

the attacking species formed by a preliminary equilibrium

Oty gNH £ Bp0 === OH" # Cslhy N,
and [OH' ] has been shown to be proportional te [PH] 1/2 [3201 1/2,
For the mechanisms in which the second step is fast the rate
expression would be of the form

' : Mol 1/2 [ o1 1/2

alsl o i [su][r] /2 [50]

where SH represents silane and PH piperidine. This rate expression
would be consistent with mechanisms (b), (d) and (e¢). The mechanisms
(2) and (c¢) require that the proton donor be included in the kinetics,

giving the rate expression
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‘ 2
- afsal . i [su][em 32 Tu0]/2
dt
Consequently a kinetic study in which the order of the reaction
with respect to piperidine was determined would distinguish between
the two groups of mechanisms.

The Kinetic Order of the Reactants in Toluene,

In the kinetic study carried out by Dunn the triphenyl;
silane was hydrolyzed by a piperidine-water solution. However, to
determine the order with respect to both piperidine and water the
reaction would have to be carried out in an inert solvent. In
the present investigation toluene was chosen as the solvent. It
has been previously shown that the produbts of the reaction employ-
ing a piperidine-water solution were triphenylsilanol and hydrogen.
These products were also isolated in this investigation when
toluene was added to the reaction solution.

Effect of Varying the Piperidine Concentration,

The order with respect to piperidine for triphenylsilane
hydrolysis in toluene was determined by carrying out two series of
runs in which the piperidine concentration was varied. In one
series, the water concentration was fixed at 1.86 molar and the
piperidine concentration varied from 3 to 6 molar. The total
volume was maintained at 15 ml. by varying the toluene concentration.
In the second series, the water concentration was fixed at 5.21

molar and the piperidine concentration varied in the same range of
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concentrations as the first series. The data for these runs can
be seen in Table I and the graphical plot of the rate constants
vs. the three-halves power of piperidine in Figure 1.

The kinetic expressions for the hydrolysis given on pages
2 and 25 indicate that the order with respect to piperidine might
have the values one-half and three-halves. The results of Figure 1
definitely establish this as three-halves., This shows piperidine

is the proton donor and therefore eliminates all the mechanisms but

(a) and (c).
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Rate Constants for Kinetic Runs in Which Piperidine

Concentration was Varied

(4) Water Kept Constant at 1,86 Molar.

Ran  Piperidine  P/?  PP/2x 0%  Rate fonstant
No. cor_;centratépn ‘ : x 10%,
38 3.39 6.25 7.88 Qolp5
39 LT3 10.30 14,00 0.77
10 '6,42 16,24 21.81 1.20

(B) Water Kept Constant at 5.21 Molar.
41 3429 597 13,00 0e49
42 3495 7085 17.07 0.75
43 L.60 2.87 22,50 1.06
Lk 5.26 12,07 27,27 1.37
45 5.81 14.00 33.75 1.77
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It is not surprising that piperidinium ion is not the
proton dorior since it is formed in the preliminary equilibrium
and would be present in an extremely small concentration. But
it is surprising that piperidine should hold that position instead
of water which is a weaker base and should therefore be a much
better proton donor. This can possibly be due to the fact that
the water concentration was low and the piperidine, because of its
greater concentration, was favored in that role. It would be
expected that at the higher water concentrations where the
piperidine concentration is considerably lower than that of water,
the role of proton donor would be taken over by water. In terms
of mechanisms, (c) would gradually yield to mechanism (d) as the
water concentration surpassed that of piperidine. Dunn in his
investigation was unable to attain high water concehtrations using
a piperidine-water solution because it failed to dissolve the
triphenylsilane at water concentrations beyond 2 molar. It was
found in this investigation that employing a hydrolyzing solution
of 1 part of toluene to 2 parts of the piperidine-water mixture,
water conceﬁtrations approaching 15 molar could be employed.

Kinetic runs were carried out in which the water con-
centration was varied from .15 to 14.82 molar in three series of
runs of varying piperidine concentrations. In series 1 the total

volume was fixed at 15 ml., the toluene concentration fixed at
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3.11 molar and as the water concentration was increased the piperid-
ine concentration was decreased. In series 2 the total volume was
maintained at 15 ml., the piperidine concentration was fixed at
6.09 and with increasing water concentration the toluene concentration
was decreased. A third series of runs was carried out in which the
piperidine concentration was maintained intermediate to series 1 aﬁd
2. The results of these three series of runs are shown in Tables II,
III, and IV, The plots of the rate constant vs. the half power of
water concentration are shown in Figure 2, and Figure 3 shows the
rate constant vs. the water concentration. The series 1, 2 and 3 are
the curves A, B and C, respectively. The plots in Figure 2 produced
a linear relationship indicating that the reaction is half order
with respect to water throughout the range of water concentrations
studied. The slopes of the linear plots from the various series
differed, indicating that the reaction is also strongly dependent on
the piperidine concentration. This strong dependence has been shown
in Figure 1 to‘be three-halves order with respect to piperidine.
The rate expression for the hydrolysis of triphenylsilane in toluene
by a piperidine-water solution can therefore be represented as

~afem] - [SH][HZO] /2 [pa] /2.

dat

The validity of this expression was tested by a graphical plot of

the rate constant vs. the product of the reactant concentration



Rate Constants for Triphenylsilane Hydrolysis in Toluene.

TABLE IT.

31.

Series 1.
I%un Water Piperidine Pr<3> 121ct ‘of Rate Eonstant
No. conc. conc. (PH) (H50) x 10
1 .15 67k 7.08 30
2 .30 6.71 9.73 «38
3 .60 6.65 13,0k .70
b .81 6.61 15.29 .76
5 1.26 6.53 18.97 .96
6 1.60 6.47 20.70 T 112
7 1.81 6u2 21.83 1.22
8 3.06 6420 27.00 1.55
9 L.60 5.92 30.81 1.78
16 5.21 5.81 31.92 1.86
11 7.10 5.46 33.97 1.76
12 7.41 5,26 32,75 1.83
13 741 5.26 32.75 1.77
1 8.34 5.20 33,00 1.75
15 11.10 .58 32.63 1.73
16  11.10 4.58 32.63 1.75
17 14.82 3.92 29.81 1.60
18 14.82 3.92 29.81 1.56

was increased,.

Total volume and toluene were kept constant.
piperidine concentration was decreased as the water concentration
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TABLE III.

Rate Constants. for Triphenylsilane Hydrolysis in Toluense.

Series 2.

Run  Water piperidine (PH)>/? (5,002  Rate constant

No. - conc. conce. ‘ x 1
19 3.71 6409 29.02 1.49
20 .68 6.05 32,14 1.78
21 6,08 6.05 36.60 1.99
22 7.41 6.09 40,90 - 2.32
23 7.41 6409 40490 2,38
2 8.33 6.09 543.17 2.52
25 9.26 6.09 45,72 2.68
26 11.10 6.09 50,08 3.05
27 11.10 6.09 50,08 3.00
28 14.83 6.09 57.90 3.50
29 12.96 6.09 53.84 324

Total volume and the piperidine concentration were kept
constant. Water and toluene were varied to maintain constant
volume of 15 ml.
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TABLE IV.

Rate Constants for Triphenylsilane Hydrolysis in Toluene.

Series 3.

Run Water piperidine (PH)3/2(1,0)/?  Rate constant
No. __conc, conce 7 x 10
30 6,69 5.87 36.25 2.08
31 6.69 5,87 36425 PRt
32 9.02 5.56 39.51 2,29
33 942 5.56 4043 2.36
34 11.10 5.45 42.56 2,54
35 12.43 5436 43.81 2.68
36 12.96 5.30 Lbo53 2.73
37 14.82 5.20 45,62 2.84

Volume of toluene was kept constant. Water and piperidine
were varied to maintain the piperidine concentration linearly
intermediate to the series 1 and 2.
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[HZO] 1/2 [PH] 3/2 for all the runs from Tables I, I1I, IiI, and
IV. The plot of these values can be seen in Figure 4. The
excellent linear plot definitely establishes that the order of the
reaction remained [PH] 3/2 [HZO] 1/2 through a range of water
concentrations such that the ratio OH/NH varied from .05 to 7.5.

It should be noted that the series of runs for the piper-
idine order at the higher concentrations (5,21 molar) presents a
linear plot in Figure L but is displaced somewhat below the main
series of runs. In Figure 1 the same series of runs failed to pass
through the origin as was expected. The cause of this displacement
was not obvious nor was it determined through experimentation and
therefore remains unexplained.

The fact that the order with respect to water did not
increase with increasing water concentrations indicated that water

" did not take over the role of proton donor and so the mechanism of
the type (d) but in which the second step was slow can be
eliminated. Since the mechanism (c) would have certainly yielded
to the (d) type at higher water concentrations, the constancy of
both piperidine and water orders must therefore eliminate the
mechanism (c¢). Also mechanism (a) can be eliminated because this
mechanism which is of the one step type would be dependent on the
collision frequency of the reactants. Again at higher water
concentrations the frequency of the water molecule collisions would

require an increase in the order with respect to water.
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Mechanism of Triphenylsilane Hydrolysis.

The kinetic evidence obtained in this investigation has
eliminated all the mechanisms proposed on the basis of previous
investigation and a new mechanism must be outlined which would be
consistent with all the available evidence. The constant order
with respect to piperidine through the entire range of water
concentration implies that piperidine must be constrained in the
role of proton donor. This could occur if the piperidine were
complexed to either of the two reactants prior to the attack of the
remaining one,

The most likely possibility is that piperidine should
domplex with water. This is suggested by the large solubility éf
primary and secondary amines in water and their high heat of
hydration. If this complex were involved in the reaction, the
following kinetics would have to apply. The complex would be formed
in a preliminary reaction |

’ K

PH £ H,O0 —==PH.H0
It would then attack the silane molecule producing the products. If
the amount of complex (PH.H,0) is set equal to x the equilibrium

becomes

K=

X
(PH=x) (Hn0-x)
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If the equilibrium constant is small so that xn(&(PH or Ho0 then

=
[

X
) (5,0)

or X

K (5,0) (PH)

The rate expression for the supposed reaction is

dfo] - i [ ][]

Substituting for the complex concentration, the rate expression

becomes

-afml s ] - [SH] [H20] [PH]

which would not be consistent with the observed kinetics.
On the other hand, if the equilibrium constant is large

then in the regions of low water concentration

and the rate expression becomes

-alsl = « [sa] [HZO]

dt

or in high water concentrations
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and

~af . x [s#][ea]

dt

This implies that at either end of the water concentration range
the reaction becomes independent of the piperiding or the water,
Weither of these expressions fits the observed kinetics. Intermediate
values of the equilibrium constant would produce intermediate
‘kinetic expressions. Calculations of complex concentration for
values of K in the intermediate ranges, failed to produce a linear
plot against the rate constant.

Investigations of several workers (5, 16, 46) have showm
that evidence exists for the fqrmation of two other complexes
involving piperidine and water; these are PH,2H,0 and 2PH.H,0, How-
ever, calculations based on these two complexes have also shown that
for a large range of equilibrium constants (K = .0l to 100), no plot
of complex concentration vs. the rate constant produced a linear
relationship. The possibility of a piperidine-water complex
participation in the hydrolysis of triphenylsilane was therefore
discarded.

The other possibilities of complex formation would involve
silane and either water or piperidine, The formation of these
complexes is not too startling in view of the fact that silicon can
form hexavalent compounds through coordination with other elements

or molecules, Both piperidine and water have the necessary extra



pair of electrons on the nitrogen and oxygen atoms to provide the
coordination bond. If water complexes with silane to form a penta-
covalent intermediate then the attack of the hydroxide ion would
decompose this intermediate to form the products. The reaction
should thergfore be observed in the absence of the amine; that is,
the reaction would be independent of the piperidine concentration.
This would not be consistent with the observed kinetics,

The remaining possibility is that the silane must complex
with piperidine, The formation of this complex in a rapid step
 followed by the hydroxide ion attack in a slow step to form the
products is entirely consistent with the observed kinetics. Several
investigators (22, 28, 52) have obtained evidence favoring a silane-
amine complex through a nitrogen-silicon coordination bond. On the
other hand, Eaborn (12) undertook a spectrophotometric investigation
to determine whether this postulated complex exists in observable
quantities and has shown that this is improbable, at least for SiHL
and aromatic amines, Piper and Rochow (47) have suggested that
since the only experimental evidence obtained for the complex in-
volved halo-silanes, the isolated compounds are in reality quaternary
salts of the amine employed.

The participation of this complex may be improbable but it
is not impossible. The kinetic requirement for this complex is that

it be formed in a rapid equilibrium process. So long as this

el
P

\2\“‘
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requirement is met the actual cencentration at equilibrium may be
as dictated by Easborn's spectrephotometric study. On the above

assumptions the follow:i.ng mechanism can be postulated

11
RySill £ CgHy NH == RgSi.HCgH |
H B
L1 sew SR
OH™ # RBSi.NG5EIO —— RBSiOE £ H, 4 Gsﬁlel@".
This mechanism would be in agreement with the observed kinetics,
Further, a study of the fellowing predictions for this mechanism
can be made to determine its validity.
- (a) ©Since the silane is attacked by the hydroxide ion the
effect of more polar solvents should, according to Ingold
(31) and Laidler (38), decrease the rate of reaction
slightly.

(b) In the present investigation the kinetics have shown that
the proton donor must be the amine; thus the reactionm
should go only with primary or secondary amines, Further,

'since triphenyisilane is in itself a bulky molecule, the
primary or secondary amine must not contain large groups
which could hinder or prevent the complex from forming

and therefore reduce the rate of reactione.
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(¢c) The postulated mechanism requires that the piperidine-
hydrogen bond be broken in the rate controlling step
(second) so that if a deuterated solvent (piperidine)
is employed there should be a large kinetic solvent
isotope effect,
in experimental study of these predictions was made by
the methods outlined belows |

Effect of Solvent Medium on the Rate of Hydrolysis. In

the determination of the kinetic order with respect to‘piperidine
and water, the reaction medium consisted of 10 ml. of hydrolyzing
solution and 5 ml. of toluene. Toluene, being a non-polar solvent
increased the solubility of triphenylsilane, enabling a wider range
of water concentrations to be studied. The volume of toluene
employed was rather small to be £ermed a solvent; however, increas-
ing the volume of solvent decreased the rate considerablye. The
solution volume employed during the kinetic order.determinations wa.s
kept constant at 15 ml., and a convenient rate of reaction was
obtained by adjusting the rafios of the reactant components.

In determining the effect of the solvent medium the volume
of solvent employed was increased to 10 ml. and the volume of
piperidine-water solution reduced to 5 ml. The increase of solvent

volume reduced the rate; however, it did approximate more closely



the normal role of a solvent.

The solvent effect was determined by employing a represent-
ative number of solvents in the dielectric constant range of 2 to
118 and included dioxane, toluene, acetone, nitrobenzene and
dimethylformamide . $ The volume of solvent was constant but since the
molecular weights and densities varied, the molarity of the solvents
employed are not equal. The results of this series of runs are

shown below in Table V,



TABLE V.

Effect of Solvent Medium on the Rate of Hydrolysis.

Water concentration was 1.86 molar

and piperidine concentration was 3.38 molar.

Run Molarity Rate Constant
Noe Solvent of Solvent x 1

L5 Dioxane 7.89 0.37

L6 Toluene 6.2 0.45

L7 Acetone 9.01 1.10

48 Nitrobenzene 6.49 1. 36

49 f)imethylfomamide 8.66 3.69

45,
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The results of Table V clearly indicate the presence of
a solvent effect. The magnitude of the increase in rate with
increasing polarity is small when compared to th_e increase in the
dielectric constant in passing from toluene (€ = 2.4) to dimethyl-
formamide (€ = 118). Ingold {31) has predicted that for the
attack of a charged nucleophilic particle on a neutral molecule
the effect of more polar medium should decrease the rate of reaction
slightly. The small increase observed here is not out of line since
in the solvent effects discussed by Ingold a fixed concentration of
the nucleophile was employed whereas in this case the nucleophile
(hydroxide ion) is produced in the equilibrium

‘ K _

HpO # PH === p,# £ OH".
The equilibrium would be expected to shift to the right in a more
polar medium and the predicted small decrease could well become a
small increase, The observed solvent effect is therefore consistent
with the proposed mechanism.

Effect of Various Bases on the Rate of Hydrolysis. Attempts

were made to determine what effect various bases had on the rate of
hydrolysis. This study was concerned with base strength, type of
amine, and type of alkyl substituents in the amines. Seven bases
were chosen, of which three were weak and the other four were of
base strength comparable to piperidine (25, 26). This series of runs

was carried out employing a reaction solution 1.86 molar in water and
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3,11 molar in toluene. The results along with the dissociation
constants of the amines are shown in Table VI. Since each reaction
was carried out in a different medium, the effective base strength
need not be directly related to the dissociation constant KB'
However, it is supposed that the grosser differences in Ky would be

reflected in relatively large differences in the hydroxide ion

concentrations in the reaction media,



TABLE VI

Effect of Various Bases on the Rate of Hydrolysis.

Base Dissociation Rate
No.  Base Molarity Constant Kg& Constant
55  Pyridine 7.87 1.61 x 10~9 No Cbservable
. Reaction.
56  Diethanolamine 6.61 7.59 x 106 No Observable
Reaction.
57 Triethanolamine 5.03 6.02 x 107 No Cbservable
Reaction.
58 Diethylamine 6449 8.91 x 1074 0.32 x 1074
59  Triethylamine L.78 5,25 x 10'4 No Observable
, Reaction.
60 N~ethyl-piperidine L4.87 2.57 x 1074 No CObservable
Reaction.
61 Di-isopropylamine  4.77 1.12 x 1073 2.5 x 107
Piperidine 6.42 1.35 x 10~3 1.20 x 10~k

& The Kg values for the amines were taken from one source so that all
values would be comparable. (See references 25, 26.)
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The results of Table VI indicate that in the weaker bases
the hydrolysis is extremely slow or the reaction may not proceed at
all. The slow rate of reaction in these amines can be attributed
to their small base dissociation constant, which in the preliminary
equilibrium would produce a correspondingly small concentration of
hydroxide ion as compared to piperidine.

The absence of reaction with triethylamine and N;qthyl
piperidine in spite of base strengths comparable to piperidine in-
dicates that an amino hydrogen is involved in the production of the
reaction product, hydrogen gas. The reaction with the two secondary
amines diethylamine and di-isqpropyiamine show that indeed such is
the case since both produced an observable reaction. Further, the
reduced rate of reaction with di-isopropylamine as compared to
diethylamine, even though the former has a larger basic dissociation
constant, indicates that the isopropyl substituents must in some way
hinder the rate of reaction. This observation is in good agreement
with the above outlined mechanism. Considering the formation of
the silane-amine complex, the two ethyl substituents in diethylamine
are not as effective in shielding the nitrogen atom as are the two
isopropyl substituents; thus the concentration of the silane-di-
isopropylamine complex would be much smaller because of this
restriction and, even though there would be a larger hydroxide ion

concentration available for reaction, the reaction would proceed at

a slower rate.
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The reduced rate of reaction in diethylamine as compared
to piperidine can also be attributed to steric requirements., In
piperidine the two substituents are peld rigidly, due to its
cyclic structure, whereas in diethylamine the two ethyl groups are
free to move and as a result would shield the nitrogen atom to a
greater extent., This argument can be extended to include the
tertiary amines as well where there are three substituents to shield
the nitrogen and so explain the lack of hydrolyses in these amines,
To determine whether the lack of the amino hydrogen or the presence
of large steric effect was responsible for the absence of reaction
with tertiary amines an attempt was made to use quinuclidine as the
base. Quinuclidine, although a tertiary base, has a bicylic
structure which leaves the nitrogen atom relatively unobstructed.
Its formula is
//GHQ——-CH2<\\

N — CH,— CHZ—CH

which clearly shows the availability of the amino nitrogen. The
preparation of this compound employing a five stage synthesis'

(See Experimental Method) yielded a small amount of quinuclidine
which proved insufficient for a kinetic run. Since the preparation
was lengthy and gave poor yields of the intermediate cgmpounds the

reaction with quinuclidine was abandoned.
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Although the role of the amino hydrogen in the formation
of hydrogen gas was not conclusively proved, the experimental
evidence did favor its necessity in the hydrolysis.

The Transition State. In a previous investigation by Dunn

and Brynko (7) the isotope effects for three of the four possible
combinations had been determined. The kinetic solvent isotope effect
had not been calculated. The results of this isotope effect were of
importance in that they would indicate whether the cleavage of the
nitrogen-~-hydrogen bond was involved in the rate controlling step.

The determination of the kinetic solvent isotope effect was
undertaken in the present investigation (See Experimental Method.).
The rate ratio kp/ky was found to be 0.49 £ .0l. This value was
obtained from five separate runs at different reagent concentrations
showing excellent agreement.

The small kinetic and competitive isotope effects (0.72 and
6.68) suggest that the cleavage of the silicon-hydrogen bond is not
involved in the rate-determining process. If this is true the cleav-
age of this bond must occur in a rapid step following the rate-
determining one. The mechanism would then have to be postulated
somewhat as follows:

H H

K

R,S1H # PH === RyS1.NCH,
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H H R R
11 Slow \/
. " s — 3 - g had
OH" £ RySL.NCH, - HOISi Hy # NGGH,
R
R R
\/ Fast

HO-Si-Hy ——wm= B3SiOH £ Hy.

R

Tn this mechanism the nitrogen-hydrogen bond is broken in
the rate controlling step, which precedes the product controlling
steps There should be a kinetic and competitive solvent isotope
effect as was in fact observed (kinetically the rate ratio kD/kE was
0.49 and competitively the rate ratio kp/ky was 0.13). However,
there are difficulties involved since both the kinetic and competitive
isotope effects originate in the same step, a priori they would not
be expected to differ, Furthermore the structure of the short lived
intermediate formed in the slow step appears highly improbable in
that there is no obvious way in which the proton obtained from the
piperidine can be incorporated into such a structure.

These difficulties can be resolved by postulating a process
which is continuous and involves a transition state such as proposed

by Gilman, Dunn and Hammond {(17) and amplified by Wilzbach and

Kaplan (32)
T R R -
HO—-—SIJ.--H--H--NGSHIO
R
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but in which the breaking qf the nitrogen-hydrogen bond is still a
more difficult step than the breaking of the silicon-~hydrogen bond.
In this transition state the following conditions would have to

hold., The silicon-hydrogen bond must be nearly intact, the hydrogen-
hydrogen bond very nearly formed and the nitrogen-hydrogen bond
nearly broken. Then the postulated mechanism would be consistent
with the kinetic and isctopic evidence,

Kinetics in Dimethylformamide.

In.the study of the effect of solvent media on the rate of
hydrolysis the rate in diméthylformamide was found to be large.
Since dimethylformamide is an extremely polar medium it was decided
to find out if this change in polarity produces any change in
mechanism and whether or not the observed solvent effect was involved
in the kinetics.

Effect of Varying the Water Concentration., A series of
kinetic runs were carried out in dimethylformamide (DMF) which ﬁould
be comparable to the series 1 in the toluene reactions. The water
concentration was varied from 3 to 14.82 molar. The piperidine
concentration decreased as the water concentration was increased.
The DMF concentration remained fixed at A4.33 molar to maintain the
15 ml, total volume.

The results of this series of runs are tabulated in Table
VIT and a plot of the results is shown in Figure 5, where the rate

constants were plotted against the water concentrations,



TABLE VIT

ke

Rate Constants of Silane Hydrolysis in IMF

Effect of Varying the Water Concentrations

DMF Run Water Piperidine Rate Constant
No. Conc. Cone. x 10%
1 3.70 6,09 542k
2 741 5.41 9430
3 741 5.41 8.99
4 8.33 5.20 10.01
5 5.66 5.75 7.67
6 5.66 5.75 7.57
7 10.18 4493 12,07
8 11.10 L.78 13.18
9 11.10 Lo78 13.06
10 11.10 L8 13.48
11 12.96 le39 15.15
12 14.82 .06 16.19
13 14.82 la06 16.68

The total volume and DMF concentration were
The water and piperidine were varied

kept constant.

to keep the total volume fixed at 15 ml,
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The linear plot obtained in Figure 5 indicated that the
ordér with respect to water was unity and the fact that the fit
is good even up to 14.82 molar water suggested that the order with
respect to piperidine approached zero. These results when compared
to the half-order with respect to water and three-halves with
respect to piperidine in toluene solution indicated that the reaction
was proceeding through a different mechanism, and therefore an
attempt was made to determine the order with respect to piperidine.

Bffect of Varying the DMF Concentratioh. The kinetic

order with respect to piperidine was studied by means of a series of
kinetic runs carried out at a fixed water concentration of 7.41
molar. The piperidine concentration was varied in the range from 2
to 8 molar. The DMF concentrations were accordingly altered to
maintain the constant volume of 15 ml. The rate constants and the
corresponding reactant concentrations are shown in Table VIII while
the plot of rate constant vs. the piperidine concentration is shown
in Figure 6. It is evident that the data cannot be fitted to any
constant power of piperidine concentration.

The dotted line of Figure 6 corresponds to the piperidine
concéntration used in the water variable series of Figure 5. Figure
5 shows that the order with respect to water is first in the neighbor-
hood of the dotted line of Figure 6, Cn the other hand, at zero DMF
concentration (extreme right of Figure 6) the solvent is composed |

of water and piperidine only, in which medium the order has
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TABLE VIIT

Effect of Varying the Piperidihekand DMF Concentrations.

DMF Run Piperidine DMF Rate Qonstant

Noo . Conc. Conc, x 10
1, 2.03 9.10 é.hﬁ
15 3.38 7.28 9,09
16 L .06 6,37 9.59
17 L.78 546 9.69
18 5ell 4.33 9.30
19 5.4l L33 8.99
20 6.09 3.6k 9.32
”1 6.76 2.73 8.7
22 7olily 1.82 753
23 8.12 91 6.51

The water was fixed at 7.41 molar and the piperidine
and DMF were varied to maintain a constant volume.
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previously been shown to be one-half with respect to water and three-
halves with respect to piperidine. That these orders apply at zero
DMF concentration in Figure 6 is confirmed by the fact that the
extrapolated point at the right hand margin of Figure 6 falls on the

[PH] 3/2 [HZO 1/2 jine of Figure 4. It is evident, them, that
the order with respect to water increases, and consequently the
mechanism of the reaction changes, with increasing DMF concentration.
It is, therefore, not surprising that the data of Figure 6 cannot be
fitted to any reasonable linear plot.

The change in mechanism could take place by two methods.

(1) There may be one mechanism in which the structure of the trans-
ition state varies continuously as the medium changes from non-polar
to polar. Or, (2) there may be two mechanisms competing with each
other, one of which is more favored by the polar medium than the
other., If we let this order be n with respect to piperidine in the

new medium, then the rate expression for the reaction would be
afgl o [sln0] 2 (] 7 45 [ofeclfe] ™
dt

At zero DMF concentrations (right hand margin of Figure 6) the y term
is negligible and the reaction obeys the old kinetics. Increasing
DMF concentration apparently favors the y term so that at moderate
DMF concentrations both x and y terms participate. At a sufficiently

high DMF concentration (dotted line in Figure 6) the x term becomes
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negligible and the reaction obeys the new kinetics. Of course, the
new mechanism could only displace the old if the new mechanism
produces a greater rate of reaction than the old at the same reagent
concentrations. Figure 6 shows that the rate by the new mechanism
(dotted line) exceeds that by the old {right margin) even when the
reagent (piperidine) concentration is greater for the old mechanism
than the new,

When the piperidine concentration is kept constant and the
water and DMF concentrations varied (DMF increases as water decreases)

a similar mechanism change is observed.

TABLE IX
Effect of Varying the DMF Concentration

Piperidine Concentration fixed at 6.09 molar.

IDMF Run Water DMF Rate Constant
No. conc, conce. x 1

28 3.7 L.31 L.96

29 Tolil 3.64 9.21

30 11.10 2.73 ll._’?Q

31 14,82 1,82 12,75
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The data of Table IX plotted in Figure 7 show this., It
is seen that at low water (high DMF) concentrations the order with
respect to water is unity, but as the water concentrations increase
(DMF decreases) the order with respect to water falls off,

The observed increase in the order with respect to water
from one-half to unity as the reaction medium is changed from
piperidine or a piperidine-toluene mixture to a piperidine-DMF
mixture suggests that the hydroxylic reagent changes from hydroxide
ion in the old mechanism to water molecule in the new. Since hydrox-
ide ion is the nucleophilic reagent in the old mechanism it is
reasonable to suppose (although it is not proved) that water is the
nucleophilic reagent in the new one.

This implies that in a piperidine-toluene medium the re-
action chooses the most nucleophilic reagent available (hydroxide
ion) even though it is present in much lower concentration than the
weaker nucleophiles piperidine and water; while in a piperidine-DMF
medium the reaction can use the weaker but more plentiful nucleophile,
water. That this hypothesis is not unreasonable can be seen from a
consideration of the Leveling Effect (15). In a water solution,
perchloric and hydrochloric are strong acids and very nearly completely
jonized, whereas in a less polar medium such as ether, perchloric is
a much stronger acid than hydrochloric. Increasing the polarity of
solvent decreases the spread in acid strength between the two acids.

Hence it seems not unlikely that increasing the polarity of solvent
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should decrease the spread in nucleophilicity among the hydroxide
ion, water and piperidine. DMF is one of the most polar solvents
known {dielectric constant € = 118 compared to € = 78 for water)
so that feplacing piperidine ( € = 5.9) in Figure 6 or toluene
( € = 2.3) in Figure 5 by DMF might well reduce the difference in
nucleophilicity between hydroxide ion and water to such an extent
that the concentrational advantage of water would make it the
effective nucleophile. Some support for this theory is found in the
fact that the deviation from simple orders is greater when DMF
replaces the non-polar piperidine (Figure 6) than the polar water
(Figure 7). |

If the above interpretation of the data from reaction
mixtures cdntaining DMF is correct, it should be instructive to study
the effect of varying the DMF concentration at fixed concentration of
ﬁater and piperidine. It might be expected that at low IMF
concentrations the old mechanism would apply and added DMF should
have only a small accelerating (solvent) effect on the rate; the
plot of the rate vs. DMF concentration should have a small positive
slope. As the DMF concentration increased, the new mechanism should
begin to participate and the slope of the plot should increase. At
some sufficiently high DMF concentration the contribution of the
0ld mechanism should become negligible and further addition of DMF
should have only a solvent effect again; the slope of the plot should

decrease,



TABLE X
Effect of Varying the DMF Concentration.
Water concentration fixed at 7.41 molar

Piperidine concentration fixed at 5.26 molar.

DMF Run DMF Toluene Rate Constant
No. Conc., Conc., x 1
24 0 3.12 1.83
25 1.82 1,86 3.9
26 3.6h .62 7.65
27 he33 0 9.30

The data of Table X plotted in Figure 8, show the results
of an attempt to observe thege predicted changes by measuring the
. rate in a series of solutions in which the water and éiperidine
concentrations were fixed while the DMF concentration was varied by
replacing various amounts of it with toluene. It can be seen that
the small positive slope at low DMF concentrations is observed, and
that the slope increases at higher DMF concentrations but the sldpe
does not fall off at still higher DMF concentrations as predicted.

Three interpretations of the failure to observe a decrease
in the slope in Figure 8 are possible. (1) Perhaps the DIMF
concentration never became great enough to make the contribution of

the old mechanism negligible. {(2) Perhaps DMF exerts a strong
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solvent effect on the new mechanisme (3) Perhaps DMF participates
in the new mechanism as a reactant. The third possibility seens
very unlikely since DMF should be very poor as either a nucleophile
or a proton donor. Furthermore, when either water or piperidine is
left out of the reaction mixture the rate is negligible, so that it
seems very probable that water and piperidine are still the effective
reactants. Nor is it easy to see why the new mechanism should have
a much larger solvent effect than the old as proposed in the second
possibility, since reactants a.ﬁd products are the same in both cases.
The first of the three possibilities is not very attractive either,
since Run 27, Table X, of Figure 8 is almost identical with Run 19,
Table VIII, of Figure 6 and Run 3, Table VII, of Figure 5. Since
the new mechanism is supposed to be in control in the last two of
these runs the same should apply to the first. Of course, there is
no assurance that the change in mechanism has reached its limit in
the range of solvent concentrations used in Figure 5 and 6. The
supposition that it has rests on the observation that the order with
respect to water has changed from one-half to one. It is conceiv-
able that at even higher DMF concentrations further mechanism changes
might occur. Examination of the order with respect to water and
piperidine at even higher DMF concentrations might answer these

questions, but this was not attempted in the preserit investigation.
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EXPERIMENTAL METHOD

Materialse

(1) Purification of Materials.

Piperidine, Employed as the weak base in silane
hydroi!.ysis s the piperidine was purified by distillation through a
fifteen~plate fractionating colum. The fraction boiling at 106° ¢.
(740 mm,) was collected and stored éver KOH pellets. Spectrophoto-
metric analysis of a sample from this fraction detected the
presence of water to the extent of .023 molar.

Toluene, Toluene was used as one of the solvents for
the silane in the hydrolyses. Purification consisted of four
. ‘stirrings with concentrated sulphuric acid to remove impurities in
the form of sulphur-containing compounds. The toluene was then
washed. with sodium carbonate, followed by several washings with
distilled water. It was dried over anhydrous sodium sulphate and
distilled through the fifteen-plgte colum. The fraction boiling
at 110,50 Co (740 mm,) was collected and stored over sodium wire,

Dimethylformamide, Dimethylformamide employed as a

solvent in the hydrolyses was purified according to the method of
Rochow and Gingold (48). Benzene (50 ml.) was added to 500 ml.

of dimethylformamide and distilled through the fifteen-plate column.
The benzene-water azeotrope and the excess benzenerwere distilled

and the fraction boiling in the range 151-2° C. (740 mm,) was
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collected.

Acetone, Employed as one of the solvents, acetone was
purified by the method of Vogel (55). Acetone (4OO ml.) was re-
fluxed with sodium iodide (100 gm.) for 30 minutes. The solution
was then cooled to -10° C. and the sodium iodide-acetone complex
crystallized out as large needles. The crystals were placed in a
distilling flask and on being heated the purified acetone distilled

over at 56.1° C. (740 mm.).

Nitrobenzene, HNitrobenzene was purified by the addition

of benzene and distillation through the fifteen plate column. The
benzene-water azeotrope and the excess benzene were distilled and
the fraction boiling in the range of 209-10° C. (740 mm.) was
collected.

Dioxane, Employed as solvent in the silane hydrolyses
as well as in spectrophotometric analyses, the dioxane was purified
according to the method of Fieser (14). Dioxane (1000 ml.)
concentrated hydrochloric acid (14 ml.) and water (100 ml.) were
refluxed for 12 hours during which time nitrogen gas was bubbled
through the solution to entrain the acetaldehyde, produced in the
decomposition of dioxane. On cooling, the solution was treated
with potassium hydroxide pellets until they no longer dissolved.
The dioxane was decanted into a clean flask and refluxed with sodium
-~ for 12 hours. The solvent was then distilled from the sodium and
the fraction boiling in the range 100.5--101o C. (750 mm.) was

collected.
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Water, The water was purified by an alkaline permangan- -
ate distillation followed by threé other distillations from an all
Pyrex glass still,

(2) Preparation of Materials.

Iriphenylsilane, The triphenylsilane was prepared by

the reduction of the corresponding chlorosilane using lithium
aluminum hydride as reducing agent (18). The reduction proceeded

according to the following equation.

L (Cglis)y SL0L f LiklHy ——m 4 (Cgils)s SiH £ LiC1 £ ALCL,.

Triphenyl chlorosilane, k.4 gm. (.015 mole) and lithium
alumimum hydride, 0.57 gm. (.0l5 mole) were placed in 150 ml. of
aﬁhydrous ether in a round-bottom flask. This suspension was re-
fluxed for six hours under a dry atmosphere, after which the excess
lithium aluminum hydride was hydrolyzed with water-saturated ether.
When the violent reaction had subsided this was further treated
with dilute hydrochloric acid. The ether layer was separated and
dried with anhydrous sodium sulphate.

The ether was distilled, leaving a pale yellow oil
contained in a 50 ml, distilling flask. The flask was filled with
glass wool 'to prevent bumping, and the oil distilled under reduced
pressure (1 mm.). The fraction boiling in the range 121-23° C.

was collected, which solidified on cooling to room temperature.
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Recrystallization from petroleum ether (beiling range 30-60° ¢.)

yielded 2.6 gms. of triphenylsilane (m.p. L% C. uncorrected).
During the course of this investigation twelve such

reductions were carried out. The yields of these preparations

ranged from 66 to 75% of the theoretical yield,
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K-Alkyl Piperidines.

The employment of N-alkyl piperidines was ori’gina.lly
intended to determine the effect of base strength on the rate of
hydrolysis. The base strengths of these various amines are included
in the table containing the results of this series of kinetic runs.
Quinuclidine although a special type of N-alkyl piperidine will also
be included under this section of preparation of materials,

The N-alkyl piperidines have been prepared by several
methods, but in rather poor yields. Several groups of workers
(8, 27, 30, 37) have prepared N-alkyl piperidines by the direct
action of alkyl iodides on piperidine using a variety of conditions
to attain the reaction. The yields in these preparations ranged
from 25 to LO% of the theoretical yield. The first of these prep-
arations was carried out by Ladenburg (37) who prepared alkyl
piperidines by gently heating the alkyl halide and piperidine. In
all these direct syntheses the low yields of the alkyl-piperidines
can be attributed to the formation of quaternary salts. Attempted
decomposition of these salts caused the rugure of the piperidine
ring. Braun (4) succeeded in preparing a series of N-alkyl piper-
idines using 1,5~-dibromopentane and primary alkyl amines, The
yields in this investigation were somewhat higher, ranging up to 60%.

Japanese investigators (49) prepared N-ethyl piperidine
employing glutaramide as the starting material which they treated

with potassium metal to form the potassium salt. This product was
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then reacted with ethyl iodide, which after reduction of the two
carbonyl groups yielded N-ethyl piperidine. The yields in this
synthesis were not reported but from the length of this synthesis,
they would not be expected to be high. Another group of Japanese
investigators (41) has prepared N-ethyl piperidine in excellent
yield by reacting piperidine with ethanol at 30 atmoépheres pressure
and 225-230° temperature, The yields were over 90%,

N-ethyl piperidine. In this investigation N-ethyl
piperidine was prepared by Ladenburg!s method and by two new methods.,
The first method consisted of preparing an aqueous solution of
piperidine (.25 mole) in 100 ml. of water contained in a 300 ml.
flask fitted with reflux condenser and dropping funnel. The employ=-
ment of an aqueous solution of piperidine was intended,to reduce by }
dilution, the vigor of the reaction and so reduce the formation of
quaternary salts, Ethyl iodide (.25 mole) was added dropwise, with
stirring, at a rate so that the temperature did not exceed room
temperature., After all the alkyl halide had been added the flask
was slowly warmed to 65° C, when the solution separated into two
layers. The oily layer was taken up in ether and the ether extract
dried with solid potassium hydroxide. Distillation of the dried
extract yielded 10._6 gms of N-ethyl piperidine boiling in the range
127-129° C. The percent yield was 38% ,

The action of ethyl iodide on piperidine in the absence of

a solvent even at 0° C. produced a large amount of the quaternary
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salt. ?hé dilution effect due to added water did reduce the amount
of the quaternary salt formed, however, even in this case, over 56%
of the alkyl halide was involved in the salt formation resulting in
low yields of the alkyl piperidine. If one of the groups of the
quaternary salt were hydrogen it was thought that ethyl iodide might
add resulting in the formation of the hydrochloride of N-ethyl
piperidine. The decomposition of this salt would yield the desired
alkyl piperidine,
qecot

Piperidine hydrochloride was chosen for thislattempt to
prepare N-ethyl piperidine. Piperidine hydrochloride, 60 gm.
(.5 moles) was dissolved in 150 ml. of water contained in a 300 ml.
flask fitted with a reflux condenser. Ethyl iodide, 78 gums.
(,5 moles) was added to the agueous solution and the flask immersed
in an ice bath. The insoluble ethyl iodide formed a lower layer in
the flask. Potassium hydroxide pellets 70 gms. (1.3 moles) were
added slowly, with occasional stirrings. The reaction was found to
be occurring essentially at the interface of the aqueous and alkyl
halide layers. The reaction with a potassium hydroxide pellet at
the interface was vigorous with the formation of small droplets of
oil which rose to the surface of the aqueous layer. These droplets
were the N-ethyl piperidine which is lower in density than water.
The reaction solutions were occasionally stirred to prevent the
accumulation of potassium hydroxide pellets in the alkyl halide layer.

With the final addition of the pellets the denser and lower layer of



o

alkyl halide had disappeared forming in its stead a new lighter oily
liquid layered over the aqueous solution.

The oily layer was taken up in ether and the ether extract
dried over solid potassitm hydroxide. Distillation of the dried
ether extract yielded 45.2 gms. of H—ethvl_ piperidine beiling in
the range 127-129°C, 1%5 : 1.44h3. A second preparation using the
same quantities of starting materials yielded 49.3 gms of N-ethyl
piperidine {(88%).

Spectrophotometric analysis of the N-ethyl piperidine
detected the presence of 5% of piperidine. This was duly removed
by the addition of acetyl chloride followed by a redistillation.

N-alkyl piperidines, The excellent yields obtained in

the preparation of N-ethyl-piperidine by this new method prompted
further investigation. Piperidine hydrochloride was reacted with a
variety of alkyl halides to determine what the limitations were with
respect to the alkyl halide. The results of this series of
preparations are outlined in Table XI. The action of bromebenzene
on piperidine hydrochloride was tested and it was found that no
reaction took place. After the addition of alkali had been
completed, the oily liquid obtained was distilled and found to
contain only piperidine and bromebenzené.

The reaction was also tested to determine whether this was

a general method of preparing tertiary amines from secondary amines,




TABLE XI

Preparation of N-Alkyl Piperidines

75

Piperidine

Hydro=- Alkyl Boiling Index of Weight Yield

chloride Halide® Product Point® Refraction (ems) (%)
. (28°CT

+115 mole Ethyl N-ethyl 127-29° 1.4443 9.8 75
Bromide Piperidine (130.5) (1.4440) ‘

115 Propyl N-propyl 146-48° 1.4453 9.6 66
Bromide Piperidine (152) (1.4446)

115 Isopropyl N-Isopropyl  147-48° 8.7 60
Bromide Piperidine (151)

115 Ter.- Ter~butyl
butyl . Alcohol
Chloride

115 Tere.- Ter~butyl
butyl Alcohol
Bromide

115 N-amyl N-n-amyl 193-95° 1.4513 .t 88
Bromide Piperidine (198) (1.4498)

.25 Ethylene  @-N-piperidyl 171-72° 24.1 Th
Chloro- Ethanol (172)
hydrin

.25 Ethylene B-N-piperidyl 171-72° g.8 27
Dibromide Ethanol® (172)

2 The mole quantity of alkyl halide was equal to the corresponding
molar quantity of piperidine hydrochloride employed.,

b

The recorded boiling point is at 740 mm. and is uncorrected.
values in parenthesis are the corresponding literature values.

The

¢ The reaction of ethylene dibromide did not yield the expected products

p-N-piperidyl ethyl bromide and 1, 2-N-piperidyl ethane but p-N-
piperidyl ethanol and the potassium salt of an alcohol.
potassium salt when dissolved in water yielded an oil boiling at
171-72° which was proved to be @-N-piperidyl ethanol by heating

The

the product obtained from the ethylene chlorohydrin reaction with 50%
KOH solution which yielded a precipitate of the potassium salt on

cooling.
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The hydrochlorides of three secondary amines; dimethylamine,
diethylamine and diphenylamine were each treated with ethyl iodide
and bromobenzene, The results in all cases were negative; the free
amine and bromobgznzéne were the products obtained in the bromobenzene
series of reactions, whereas in the other series the free amine and
small quantities of ethyl iodide were isolated.

The results of this investigation together with the re-
sults of Table XI indicate that the reaction in its present form
is restricted to'piperidine and primary or secondary alkyl halides,
The isolation of t.=butyl alcohol fram the reactions involving the
corresponding bromide and chloride is not too surprising in view
of the fact that tertiary halides are readily hydrolyzed. The
addition of potassium hydroxide pellets to the aqueous solution
would present a suitable hydrolyzing solution.

Quin ﬁclidine. Quinuclidine was first prepared by Loffler
and Steitzel (AO) employing a series of reactions previously used by
Koenigs and Bernhardt (35, 36) for the preparation of 2-ethyl
Qﬁnuclidine; Picoline was condensed with formaldehyde and the
'résulting R =i pyridyl ethancl was reduced with sodium and alcohol;
treatment of the product with hydrogen iodide gave 3 -4 piperidyl
ethyl iodide which underwent an intramolecular rearrangement to
quinuclidine hydrochloride. The free baée was reported as a viscous

liquid boiling at 141°C.
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Meisenhiemer (42) repeated this synthesis. He increased
the yield of the rearrangement from 10% to 70% and described the
base as a volatile solid with a melting point of 158° ¢, The draw=-
back in this synthesis was the first step involving the condensation
of Y =-picoline with formaldehyde to give a 1% yield of the @B -4
pyridyl ethanol. Brown and Sujishi (6) eliminated this difficulty
by employing the then commercially available @ -4 pyridyl ethanol.

Originally it had been intended to prepare quinuclidine by
the method of Brown and Sujishi, however, the @ -4 pyridyl ethanol
was no longer available commercially and an alternative synthesis
was chosen. This synthesis, reported by Clemo and Metcalfe (9) can

be outlined as followss=

COoOH COOH COOEL
Na
———»
\‘ Alcohol
I II II1
K2003
ClCHchOEb
COOEL
=0Kin
L
Toluene
N N
CHoCOOES
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Ethyl Piperidine-h-carboxylate (IIT), Isonicotinic acid, (I),

20 gn. (16 mole) was dissolved in hot amyl alcohol (1200 ml.) and
treated with 90 gm. (3.9 mole) of sodium metal. The clear solution
was cooled and poured into 2 litres of water, the amyl alcohol was
separéted, then washed with dilute HCl followed by water. The
hydrochloric acid and water washings were added to the aqueous
layer, which was then acidified with concentrated hydrochloric acid
and evaporated to dryness. The residue was extracted five times
with 200 ml. portions of ethyl alcohol (95%) and the extract
evaporated to dryness. 250 ml, 61' absolute ethyl alcohol saturated
with hydrogen chloride gas were added to the residue, allowed to
stand 12 hours and refluxed for 5 hours more. ' The ethyl alcohol
was distilled until the volume was reduced to 50 ml. and the residue
evaporated to dryness. The residue was basified with potassium
carbonate and extracted with ether. The ether extract was dried
over anhydrous sodium sulphate. Five such ether extracts were
combined, the ether distilled and the oily residue fractionated
under reduced pressure to give 7h.l gm. of liquid having a bpiljng
point of 74° at 1 mm. and an index of refraction Ll.4596 at 25° ¢,
The yield obtained in this step was 59% and comparable to that re-
ported by Clemo and Metcalfe (64%). o
Ethyl piperidine-l-acetate-h-carboxylate, (IV). Ethyl piperidine-j-
carboxylate, (III), 35 gm. (.22 mole) ethyl chloroacetate, 30 gme

(.24 mole) and anhydrous potassium carbonate, 30 gm. (.22 mole) were
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mixed and heated at 110-115°C, for 4 hours. Water was added and
the oil taken up in ether. A second portion of ethyl piperidine;-
L-carboxylate, 39 gm. (.25 mole) was similarly treated, the ether
extracts combined and fraqtionated to give ethyl piperidine-l-
acetate-f~carboxylate (4l.4 gln.) boiling point 136-138°C. at 1 om,
The yield in this step was 34% and approximately 50% of that
reported by Clemo and Metealfe (64%) ,
2-Ketoquinuclidine, (V)Z The above diester, (IV), Al.,4 gm,

( .17 mole) in toluene (50 mi.) was added to a warm suspension of
finely powdered potassium metal, 13 gm. (.33 mole) in toluene

(50 ml,) and the mixture heated at 120° for 10 minutes; it then
solidified and was again heated at 110° for 3 hours. After cooling,
absoclute alcohol was added to destroy the excess potassium, this was
followed by water (20 ml.) and concentrated hydrochlgric acid (250
le); The solution was heated in a water bath for 14 hours. After
evaporation to dryness, the residue was basified with potassium
hydroxide solution (50%) and the product extracted with ether. The
pale yellow extract, dried over anhydrous potassium carbonate was
added to a warm alcoholic solution of picric acid. The keto picrate
which precipitated after crystallization from alcohol, was decomposed
with a slight excess of KOH solution. The product, extracted and

dried (solid KdH) in ether gave on distillation the ketone (6 gnme



boiling point 120° at 14 mm.) as a crystalline solid. Recrystalliz-
ation from petroleum ether (boiling range 30-6006.) gave dendrites
melting at 136-137°C. The yield was 28% in this stage.
Quinuclidine (Vi), Ketoquinuclidine, (), 5 eme (.04 mole) was
refluxed with amalgam&ted zinc, (90 gm.) and concentrated hydro-
chloric acid (250 ml,). More acid (100 ml.) was added and refluxed
for 24 hours. The acid solution was decanted and basified then
steam distilled. The distillate was acidified with hydrochloric
acid and evaporated'to dryness. The yield of crude quinuclidine
hydrochloride was lo/ gms. The yield in this final stage of the
synthesis could not be compafed to the work of Clemo and Metcalfe
who did not report the yields obtained in the last two steps of
their synthesis.

The poor yields of the intermediate steps produced a much
smaller yield of the final product which would be too small for a

kinetic run and so this project was abandoned.
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Kinetic Runs,
The hydrolysis of triphenylsilane employing a piperidine-

water solution may be represented by the following equation
OH~ # (CgHis)3Sil £ PB;-—.-(GéHs)BSiOH # Hy £ P”

where PH represents piperidine. Since one of the products of the '
reaction is hydrogen gas, the reaction lends itself to a mancmétric
study.
Apparatus. The kinetic runs were carried out in the apparatus
shown in Figure 9. The reaction flasks were 25 ml. distilling
flasks (4) with the side arms removed. The reaction flask was
connected to an open manometer (M) by means of Tygon tubing. Both
the reaction flask and the manometer were clamped to a long brass
rod (R) but the reaction flask had to be held with a movable clamp
since previous investigators (11, 45) have shown that to insure a
smooth evolution of hydrogen the reaction flask had to be agitated
during the reaction. Consisting of an open mancmeter and reaction
flask attached to a brass rod, the reaction apparatus required for
a kinetic run was, therefore, a single unit which could be easily
manipulated for both loading and cleaning.

Agitation of the reaction flask was provided by a stirring
motor (B) to which was comnected a cam (C) by a long shaft. The
shaft was steadied by the bearing (D). The agitation apparatus was

permanently mounted in a glass fronted thermostat maintained at
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25,00 f .01° Co

The reactions were carried out in pairs, thus a
reaction unit after being loaded was mounted on either side of the
cam (C). The flasks were kept in contact with the cam by means of
the spring (S). |
Procedure, The kinetic runs were carried out by the following
procedure. The water, piperidine and solvent were added directly
in the reaction flask. The proportions of these components were
varied to maintain the fixed volume of 15 ml. of solution. The
water concentration in the 1owér regions (up to 3 molar) was
determined by titration with Karl Fischer Reagent. In the region
of higher water concentrations the water was weighed. The upper
limit of solubility of toluene was detemined by adding Methylene h
Blue to a sample of piperidine-water solution and examining this
solution under & microscope. Samples from a solution 16 molar in
water showed that two phases were present. The water concentrations
were calculated on the assumption that there was no change in the
volume upon mixing of the reactants., The silane was weighed out
separately and introduced when all was in readiness for a run. The
silane sample used in the runs was .2000 gm. which in conjunction
with the fixed volume of 15 mle. of solution produced sufficient gas
to give a final manometer reading of 34.00 cme

The silane sample was introduced into the reaction flask

containing the reaction solution, the system stoppered and the



83,

stopwatch started. The apparatus was then immersed into the
thermostat and clamped rigidly against’the cam. The spring was
connected and the stirring motor started.

The progress of the.reaction was followed by reading the
increase of pressure with time by means of a vertical reading
.cathetometer. The rate of reaction was calculated by the method
of least squares (10) from log (Pe -P) and the time interval t.

In the logarithm expression P, is the manometer reading that the
hydrogen gas exerted at the completion of the reaction and P is

the manometer reading of the gas at time t. The hydrolyses were
carried out under conditions yielding pseudo~-first order kinetics,
that is, all the reagents except silane were in excess. A good
linear plot was obtained to 85% completion when toluene was employed
as solvent and to 97% wheﬁ DMF was used. The data and plot.of a
typical run carried out in toluene are presented in Table XII and
Figure 10, and the data and plot of a typical run carried out in
DMF are shown in Table XIII and Figure ll.

In determining the root mean square deviation of the‘points
from a given run, the error was extremely small (see Figures 10 and
11), being about .1% in magnitude. It was felt a truer plcture of
thé error could be obtained from the reproducibility of the rates
obtained from the check runs ﬁhich are tabulated below in Table XIV.
The error in the rate constant was taken as the largest deviation
from the mean value and was found to be £ .03 x 10~% for runs in

toluene solvent.



TABLE XII

Check Run 7.

Hydrolysis of Triphenylsilane in Piperidine Containing

1,86 Moles of Water per Liter at 25°.

Weight of Sample = 0,2000 gm.; Thermostat temperature = 25°%;
Pressure = 741 mm.; 10 ml. of piperidine-water solution (1.86 molar)
5 mle of toluene (3.11 molar).

8L

Pressure
Time Manometer Difference ' '
Min, Reading (cm.) PP log Bg-P
3 21.61 26,26 .65 29.35 l.h675
10 20.93 26.98 ‘6,05 27.95 L.L46k
15 20.38 27.43 7405 26.95 1.4306
20 19.92 27.92’ 8,00 26.00 1.4150
30 19,03  28.80 9.77 24423 1.3843
L0 18.17 29.66 11.47 22.53 1.3528
50 17.42 30.36 12.94 . 21.06 1.3234
60 16,73 31,09 14.36 19.6h4 1.2932
70 16,03 31.72 15.69 18.31 1.2627
80 5.4 32.32 16.88 17.12 1.2335
90 14,74 32.90 18.16 15.84 1.1998
105 14.06 33.69 - 19.63 .37 1.157h
120 13.30  34.29 21.09 12,91 1,1109

P‘I= 31;.00 e
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Fig. 10. Hydrolysis of triphenylsilane in toluene.




Weight of Sample = 0.2000 gm.; thermostat temperature = 25° ¢,
Pressure = 737.; mm; 8 ml. of Piperidine (5.41 molar)
2 gm. of Water (7.4l molar); 5 ml. of DMF (4.33 molar).

7.41 Moles of Water per Liter at 25°,

TABLE XTI

DMF - Run 3

Hydrolysis of Triphenylsilane in Piperidine Containing

86,

Time Mancmeter Pressure Px~P log
Min, Reading Difference Pu~P
, (cm.) .

3 21.47 27.50 6.03 27.97 14467
10 17.08 31.76 14.68 19.32 1.2860
15 .55  34.18 19.63 14,37 1,157k
20 12,88 35.86 22.98 11.02 1.0422
25 11.53  37.17 25,64 8.36 .9222
30 19.60 38,10 27.50 6.50 «8129
35 9.77 38.89 29.12 L.88 6884
39 9425 39.32 30,07 397 +5988
53 8.2  LO.42 32,18 1.82 2601

Py = BA,OO Cle
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The error in rate for the kinetic runs carried out in

dimethylformamide was obtained from the largest deviation of rate

constants at the same concentration of reactants. This was found

to be 0.5 x 10~4 and is therefore the error assigned to the rate

constants obtained from kinetic runs carried out in dimethylformamides

TABLE XTV

Hydrolyses of Triphenylsilane at 25°,

Check Piperidine Water Toluene Rate Constant
Run No. _ (Molar) (Molar)  (Molar) x 10% sec-l

1 642 1.86 3.11 1.22

2 6442 1.86 3.11 1.22

3 6442 1.86 3.11 1.19

L 6.42 1,86 3.11 1.18

5 6.42 1.86 3.11 1.21

6 6.42 1.86 3.11 1.20

7 6.42 1.86 3.11 1.17

8 642 1.86 .3.11 1.21

Mean 1.20 # .03.

The rate constants from this series of runs were in good

agreement with those obtained in a previous investigation (7,

which were obtained from the increase in volume at constant pressure

(k = 1.27 X l()'[F sec.'l), A comparison of rates could not be made
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with the rates obtained by Dumm (11) since the investigation had
been carried out at higher tanperaturesi'

Preliminary Experiments, During the early stages of this investi-
gation several samples of tfiphenyléilane were prepared and kinetic
runs showed that the raie constants at fixed concentration of
reactants did not agree, although all samples had the same melting
point (44°C.). Further, the pressures exerted by the gas at
completion of the runs were in good agreement whereas the rate
constants varied from 1,22 te 11.20 x 10 sec,'l,

Isolation of the impurities from a itriphenylsilane prep-
aration yiélded small amounts of triphenylsilanol, hemphenyl;-
disiloxane, hexaphenyldisilane and p-terphenyl, Kinetic runs were
therefore carried out in which relatively large amounts of these
impurities were added with no observable change in ﬁhe rate constant,
Samples of silane subjected to ultravioiet and sunlight likewise
produced no change in the rate constant.

Newer stocks of triphenylchlorosilane when reduced to
triphenylsilane did produce consistent rate constants. Although
the cause of these erratic results was not determined it could only
be attributed to minute guantities of’ some impurity which behaved
as a positive catalyst. During the remainder of this investigation
check runs were carried out on new samples of silane to insure

against the use of rate constants obtained from erratic samples‘f
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ThcAKiggggc Solvent I;etqg§ Effects The kinetic solvent isotope
effect was calculated from the results obtained in a series of runs
employing a hydrolyzing solution of piperidine and deuterium oxide.
The deuterium oxide concentration was varied from 1.83 molar te
9+38 molar. The rate constants for this series of runs were
determined in the normal manner,

The hydrolyzing solution, because of the presence of the
amine hydrogen in piperidine, would contain not only the deuterium
oxide initiaily intreoduced but also other deuterated species

produced by the exchange equilibrium

o - |
CsHy oNH £ D0 === ¢_H WD # HOD. (2)

The presence of HOD in the reaction solution preduced a further
equilibriuwm

H,0 # D0 === 2 HOD. (b)
The equilibrium constant for the reaction (b) is known to be 3.80
(BA) but that for the reaction (a) was not known. In & previous
investigation carried out by Dunn and Brynke 7N the equilibrium
constant for the reaction (a) was approximated by considering two

other exchange equilibrium reactions for which the constants are
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known. These reactions are

NDoH # Dp0 ====KDjy # HOD (c)
and

D2H07‘ £ DZO ] D30f #£ HOD. (d)

The equilibrium constant for the reaction (c¢) is 0,72 {34) and 0.76
(51) for (d). Since the difference in the exchange constants for
the two reactions (c¢) and (d) is only 5% even though deuterium is
being transferred to an oxygen atom in one case and to a nitrogen
atom in the other, it seemed reasonable that when deuterium is being
transferred to nitrogen in both cases (a) and (c¢) the difference
should be no greater than 5%, The value K = 0,72 was employed as the
éxchange constant for the above reaction (a)e

In order to calculate the kinetic solvent isotope effect
the concentrations of the reactants, both normal and isotopically
substituted had to be determined. The concentrations of the reactants
piperidine, piperidine-d, deuterium oxide, water, and hydrogen
deuterium oxide were determined from the following conditions
imposed on the reactants |

K :
oy PH ,l D20 PD / HOD K =207



(3)
()

(5)
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FD £ PH = y moles (total moles of piperidine employed).
HOD # D0 f B0 : x moles (total moles of deuterium

| oxide employed).
2D,0 £ HOD £ FD = 2x moles (total moles of deuterium

in the deuterium oxide).

The above five conditions were incorporated into a cubic

equation, the solution of which yielded the concentrations of the

reactants after attainment of equilibrium conditions. That this

equilibrium was a rapid process had been proved in a previous

investigation (7). The equilibrium concentrations of the reactants

are shown in Table XV,

TABLE XV

Moles of Reactants in 15 ml., of Reaction Solution at Equilibrium,

Run No. Piperidine Piperidine-d  H;0 HOD D0
61 .0695 +0269 0066 L0136 L0074
62 <0695 0269 .0066 -0136 -0074
é .6535 -0378 -0066 .ozz,é .0241
6 0u48 0525 0065 L0397 065
65 0376 0608 .0058 0493 .1109
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The following kimetic expression for the hydrolysis of

triphenylsilane has been proved to apply
afm] . o [sH][pE] 22 [m0] Y3 (e)
dat

When this expression is employed with an isotopically substituted

medium it would have to be expanded to the following form

a [y £ o Xy [sH][rH] 32 [p0] Y2 £xp [s] [ o] 3/2 [py0] /2.
at | )

where Dy0 represents the equilibrium species Hp0, HOD, and D0 and

ky designates the contribution from the normal reac{.ants and kp the

contribution of the isotopic reactants.

However, this expression must be modified before a
calculation of the rate ratio kp/ky can be made. Piperidine
participates in the reaction in a dual role. Firstly, its

participation in the preliminary equilibrium te preduce hydroxide
ion, gives rise to the tems [PH|1/2 [10] 1/2 jn the kinetic
expression (e). Both PH and PD can participate in this equilibrium
so that in the isotopicél]y substituted medium [PE] 1/2 in the
kinetic expression {e) can be replaced by [PH '4 PD] 1/ 2. Wilzbach
and Kaplan (32) have pointed out that the autoprotolysis constant

of deuterium oxide is about one-fifth that of water which would
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indicate that in a deuterium oxide-piperidine medium the deuteroxide
ion concentration would be smaller than the hydroxide ion
concentration in a piperidine-~water medium, However, these
investigators have also pointed out that the reactivity of the
deuteroxide ion in deuterium oxide is from 20 to 40 percent greater
than that of the hydroxide ion in a water medium, That these two
opposing factors must compensate each other can be seen in the re-
sults of Table XVI which show exceeding good agreement among the
rate ra;tios kp/ky in the large range of deuterium oxide concentrat-
ions studied,

The solvent isotope effect results from the second role of
piperidine in which it acts as proton donor,‘ giving rise to the
first power of the piperidine concentration in the kinetic expression
(e). In this role piperidine and piperidine-d will react at different
rates so that k [Plf]in the expression (e) must be replaced by
ky [PH] £ kp [PD] o Making these substitutions gives rise to the

kinetic expression

gl = )4 ] Bl ([l - 0

Since ky is known from the reactions in the undeuterated media, the
kinetic isotope effect can be calculated by determining the rate
ratio kD/kH in the kinetic expression (g). The results of the kinetic

runs and the isotope effects are shown in Table XVI.
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TABLE XVI

Rate Constants for Triphenylsilane Hydrolysis

in Piperidine and Deuterium Oxide.

Run Ho. Initial PH Initial D0 Rate Constant® Rate Ratio
Conc. (molar)®  Conc. (molar)® x 104 kp/kss
61 643 1.83 1.03 (L22) 49
62 6443 1.84 1,04 (1.22) .5§
63 6409 3.66 1,28 (1.63) k9
6 5.7 6,66 131 (1.80) A9
65 5,56 9,38 142 (2.08) 49

% The equilibrium concentrations can be calculated from Table XV,

b
The value in parenthesis is the rate of hydrolysis corresponding to
the same concentrations of undeuterated reactants.

The results of Table XVI substantiate the rate expression
obtained from the kinetic study. If the rate expression was in error
then the rate ratio kp/ky would hafdly be expected to remain constant

through the wide range of deuterium oxidé concentrations employede
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(1) The hydrolysis of triphenylsilane in a .non-polar solvent

(toluene) has been found to be:

(a) first order with respect to triphenylsilane;

(b) half order with respect to water; and

(¢) three halves order with respect to piperidine,
These orders with respect to the reactants indicate thal the
rate expression for the hydrolysis must be

-afonl o o] [m0] V2 [r] /%
This rate expression which was _found to hold through the range
of water concentrations from .15 to 14.82 molar, shows that
the mechanisms proposed by previous investigators are 1n-

consistent with the kinetics of the reactione

(2) The following mechanism which is consistent with the above
kinetics has been proposed

H H
Fast

C 11
RySifi £ Oy VH === RgSi.NCgH, o

H B ,
S B ~ Slow : L
OH" £ RgSL.NCGH, | ——% RySi0H # Hy # CoHy i



(3)

(&)

(5)

97.

The effect of more polar solvent media shows a moderate in-
crease in the rate of hydrolysis at fixed reactant concente
rations. The use of a variety of amine bases has shown that
the reaction will not proceed with a tertiary amine, indicat-
ing that the amine employed in the hydrolysis plays the role

of proton donor. These results support the proposed mechanism,

Baploying a piperidine-deuteriwn oxide hydrolyzing solution
the kinetic solvent isotope effect (rate ratio kp/ky) was
calculated to be 0.49. This value, along with the isotope
effects determined in a previous investigation and the above
mechanism, require that the reaction proceed throilgh a tightly
bonded transition state as proposed by Gilman, Bunn and

Hammond (17) and amplified by Wilzbach and Kaplan (32).

The hydrolysis of triphenylsilane in dimethylformamide as
solvent was found to be first order with respect to water and
not half;-order as observed in toluene. The change in water
order clearly showed that a mechanism change occurred when a
more polar solvent was employed. The kinetic order of all

the reactants in dimethylformamide was not determined.

A new method for preparing N=-alkyl piperidines in good yield
has been evolved. This synthesls employs piperidine hydro-

chloride and a primary or secondary alkyl halide,
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