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- -ABSTRACT

The acid catalyzed hydrolysis of methyl isocyanide was studied
as a function of teméerature; bH, general acid concentraiion and buffer
acid. The rate of disaﬁﬁearance of methyl isocyanide was followed by
vapour ﬁhase chromatograbhic analysis.

In the weakly acidic, buffered solutions (pH 4 to 6), the hydro-
lysis of methyl isocyanide to N-methylformamide is a reaction pseudo-first
order in methyl isocyanide showing a small negative salt effect. The

reaction shows a linear rate dependence on concentration of the general

acid (un-ionized acid) at fixed pH and the rate of disappearance of methyl -

isocyanide increases with temberature. The activation energy is 16.19 *
0.87 Kcal mole—l;

The observation of general acid catalysis supports a reaction
mechanism with an initial formation of a hydrogen-bonded complex between

the carbon atom af the isocyano group and the general acid, that is:

k
1. CHNC + HA S CH,NC: + + « -HA
ky
Tk H -
2. CH,NG: -+ -+ HA ¢ H,0 i3> CH3—N=C#8H + A
3 CcH N-C’H + 5.0 (or A7) 3 CH.N=CC + H.0"(or HA)
. 3— = TOH 112 or 3- = ~OH 3 or
"
H H
4 CH3—N=C:0H S CH,~NH~CS

Since water is the solvent (i.e. present in great excess), the rate expres-
sion is,

Rate = ( kzkllk_l )(CH3NC)(HA).

}
|
|




- INTRODUCTTION

Isocyanides along with carbon monoxide, are the only stable group
of campounds with a divalent carbon (1). They are isoelectronic and both

can be thought of as a hybrid of the divalent and dipolar structure:

R—§=C: €——s R-N=C:

u'

- +
:0=C: €&—> :0=C

This unusual structure of the isocyanide exﬁlains the complicated reactions
observed.

In 1859, Lieke (2) reacted allyl iodide and silver cyanide and
obtained a comﬁound with a "benetrating" odor, he erroneously believed to
be allyl cyanide. Several years later, Meyer (3) also obtained isocyanides
from alkylations of silver cyanide. Both workers unknowingly synthesized
isocyanides. Eight years after Lieke's discovery, the isocyanides were
recognized and intentionally synthesized by Gautier (4-12) and Hofmann (13-
16). Although isocyanides have been known for more than a hundred years,
relatively few studies of their chemistry had been done until about a dozen
years ago when Ugi et al (17) found a convenient method to prepare them.
The repulsive odor of isocyanides also plays a part in the scarcity of the
studies.

The structure of isocyanide plays an imbortant role in any dis-
cussion of their reaction mechanisms and will be briefly discussed.

Three types of structure (Structure I to III) have been proposed

. 4 =
(18-21), (I) R-N=C, (IT) R-N=C: and (IIT) R-N=C: or R-N2C:.




Structure I which has a éentavalent nitrogen has been long discarded (22’23)7
Structure IT which has a divalent carbon (carhene) was mainly\supéorted by
Nef (24,25) but the large number of o —additions to the isocyanide terminal
carbon show its divalent carbene character (24). However, no significant
physical evidence for the double bonded structure (Structure II) is found
from parachor (26,27) or other studies. Structure III which is a charge
separated formula (i.e. one third of the triple bond of isocyanide is a
co-ordinate covalent bond) was suggested by Langmuir (28) and later accepted
by G.N. Lewis (29), Lowrey Sugden (30) and others (31-33). Most reactions
of isocyanides can be exﬁlained in terms of this dipolar structure and, in
addition there is much ﬁhysical evidence, especially in the field of micro-

wave studies, supporting the triple bond character (31-34). The strength

of the C=N bond in isocyanides and cyanides is approximately equal, the
Ays=c at ca. 2150 cn L and Aoy 2t ca. 2250 em L are in the triple bond re-
gion. Dipole moment measurement studies (35) also support the dipolar
structure and the linearity of the C-N-C linkage has been established (36).
In raman studies, the band between 1960 and 2400 cm“1 in isocyanide spectra
was pointed out by Dadieu (37) as evidence for the presence of a triple
bond. Conclusively, the trible bond character and the linearity of the
C-N-C bond system (i.e. dipolar structure) is established (38). Thus in [
comparative studies of the structure of cyano and isocyano groups, very
similar physical properties have been found (39-44), i.e. KNEC = 16.7
mdyne/AO; Kooy = 18.1 mdyne/Ao (45) and heats of formation are 88-89 Kcal
mole—1 for both (46). The absolute values of the molecular dipole moments

given by S.N. Ghosh, R. Trambarulo and W. Gordy (47) and the molecular di-

mensions given by C.C. Costain (36) are also similar as shown below for iethyl




cyanide and isocyanide.

109°30"
H\\\\\ o o c
A
G 1.458A . 1.1574 T-—.a
1.102 R
e t
H g
B ~18
CH3CN: b= (3.92 + 0.06) X 10 esu, cm
Oy
H\ 09°7 . .
e 13424AN1.16(:EC
1.101 4 P L
S }
H g

CHNG: ol = (3.83 + 0.06) X 10™'% esu.cn

Bak and co-workers (48) calculated the electron demsities of cyano and iso-
cyano groups and found the centers of negative charge (t6 ) and positive

charge (t6+) were at quite similar positions as below.

N t t c
R | l6+ I6_ i
] 1 I L] o
0 0.387 0.474 1.160 A
C t t N
R — = ]
1.160 0.580 0.445 0 A°

Also almost identical molecular quadrupole moments and electric dipole ;
moments for these isomeric sﬁecies were found by J.M. Pochan et al (44).

But the molar bond refraction of the isocyano group is greater than that

of the cyano group attached to the same residue (49,50). Since the hond-

ing electron distributions are about the same for isccyano and cyano group,

Gillis (49) suggested that the greater molar bond refraction of the iso-

cyano group is due to the looser bonding of the pair electrons on carbon,

presumably because of the low electronegativity of carbon atom compared to

nitrogen. !




Carbon monoxide can also exist in carbenme (£=0:) and polar
structures égaazor=02C9, but Is more stable In the carhene structure since
it has a very 1ow-diﬁole moment (Q.12 D) (51)» uUnlike isocyanides.

It has been suggested that a resonance hybrid exists between
the two canonical structures (Structure IT & III), even though no physical

evidence is available for the carbene structure (52).

R-N=C: ¢—— R-izC:
(1D (ITII)

However, in a study of the infrared sﬁectra of isocyanides, Horrocks and
Mann (53) have found that the -N=C stretch frequency increases with increas-
ing solvent polarity. This is in sharp contrast to other multiple bond
systems. They concluded that this abnormal solvent shift is due to polar
solvent enhancing the contribution of the polar structure (Structure IIT)
and thus increasing the absorption frequency. In other words, the doubly
bonded carbene structure must be a significant contributory structure.
Considering the mass of physical evidence for triple bond character, the
dipolar structure must contribute most to the hybrid or actual structure.
Thus, the diéolar structure would be the best single representation of the
isocyanide group, or at least that of methyl isocyanide. According to
Pauling (54), the dipolar canonical form (CH3—ﬁEEC_) contributes 747 to
the resonance hybrid of methyl isocyanide.

Most studies of the isocyanides are of their more complex syn--

thetic reactions, such as the novel synthetic methods for heterocyclic




compounds, peptides and derivatives of o -amino acid. For example, react-

ion of an isocyanide and hydrazoic acid gives a general synthetic route to

l-substituted tetrazoles (V) (55,56).

H
/
R-NC + HN, —> (R-N=C__. )} —> R-N—CH
? s |
N
() v ey

The o —-adduct of hydrazoic acid (IV) is an unstable intermediate. More
complicated heterocyclic compounds such as the indolenins, were found to

be readily synthezized by the cyclization of aromatic isocyanides with

%5
{ D=0 + 2CN-p — O”C“C\ ] O
AN N R VN

These novel synthesis methods are making a great contribution to heteroe-

ketones (57).

N”C‘q; -NH-#
o

cyclic chemistry.

In 1921, Passerini (58-60) reported the first triple additions
of isocyanides, that is, the combination of carboxylic acids (VI), "carbonyl"
compounds (VII) (aldehydes, ketones* or acyl cyanides) and isocyanide (VIII) t

to form o -acyloxycarbonamides (IX). f

R'-CO-0H * RZ—CO-—R3 + R4—NC _— R'-CO-—O—CR2 R3—-C0—NH-R4

(V1) (VII) (VIII) (1IX)

* Some o - PRunsaturated or sterically hindered ketones, i.e. camphor, do
not undergo the Passerini reaction (1).

-




This reaction called the Passerini reaction, is ‘pOtentially useful for

the synthesis of deésiéeétides (61). A wide variety of o ~acyloxycarbonamides
have been preéared by the Passerini reaction, but the reaction mechanism

is still not really understand, Passerini éostulated a hemiacetallic adduct

like (X) as an intermediate.

3 VILI
VI + VII — R'-CO-0-CR'R"OH — IX
, @
. R
+
However, the dipolar species (Rz-é-C=N—R4) (VII + VIII) (62,63), N-protomated

+
isocyanides (RA—N=C) (64) , iminoeirane intermediates(Rz—R%:B:;C=N—R4
H
0--.-..H_0 R2
y /
RZ—R%::E::N-R4) (65) and R'—C< :;C\ 3 (66) might be intermediates
5 0___ﬁ R
N--RZ’r

of the Rasserini reaction. There is not yet enough information to choose
the proéer intermediate or intermediates from these alternatives.

It is quite clear that most isocyanide studies have concentrated
on the synthetic and more comblex reactions and that few systematic stu-
dies of simﬁler reactions with the exception of the isomerision of isocya-
nides to the cyanide have been carried out (67). The rearrangement of

isocyanides to cyanides,

R-NZ¢~ ——> R-C:N
has been known for half a century (67}, but only in recent years has this
thermal rearrangement (68-73) been quantitatively studied, mainly through
gas ﬁhase kinetics. Prom studies in solution, Kohlmaier and Rabinovitch

(68) did report some studies on the activation energy of rearrangement and

{




correlated
Casanova and co-~workexrs (74) /measuwed the rate of rearrangement of three

para-substituted aryl isocyanide in diglyme through the application of the
Hammett Equation,
log (K/Ko ) =op

where @ is the substituent constant, independent of the nature of the

reaction and p is the ﬁroﬁortionality-constant. Casanova (74) et al found
that variation in o and the folarity of the solvent have no effect on the
rate of rearrangement. They consequently concluded that there is no sepsa-
ration of molecular fragments and little charge separation during the course

of the reaction, and propose a cyclic model for the transition state;

=
...
~em

This rearrangement is an example of a Wagner-Meenwein 1-2 shift (72-76).
At ordinary temberatures, the rearrangement is a nucleophilic substitution
with isomerization. This cyclic model for the transition state was adopted
by Schneider (72,76), Maloney (77), Rabinovitch (72, 76,77) and other workers
(78,79), both for solution and vapour phase systems. ‘
Other than these thermal rearrangement studies, few careful
mechanistic studies have been undertaken. Before the more complex and
synthetically useful reactions can really be understood, however, the
simpler reactions of the isocyanides, the solvolysis mechanisms for example,
must be elucidated.
The hydrolysis of methyl isocyanide is known to. be an acid cata-
lyzed reaction throuch the formamide intermediate to the protonated amine

and formic acid. Under strongly acidic conditions, the formamide inter-




mediate will be hydrolyzed, hut under weakly acidic conditions, good yields
of formamide can be ohtained. The reaction mechanism of amides in general
is well known but the hydrolysis of isocyanides to formamide has not been

studied previously. Whether protonation is on the carbon atom (Reaction 1)

or the nitrogen atom (Reaction 2) of the ifsocyano group is unknown.

H,0
+ +
. R-NC + H =——— R-N=CH ——ZP——) R-NHCHO

+ H H,0
(2). R-NC + H =——== R-N=C —— — R-NHCHO
+
In 1965, M. Khalifa (80) suggested a mechanism for the reaction
of carbon monoxide with sodium hydroxide based on the carbene structure
of carbon monoxide (:C=0:). Likewise,. based on the carbene structure of

isocyanide (R-N=C:), he elaborated a mechanism of hydrolysis of isocyanide

as follow:

. + i H o+
R-f=c: + H —— (RA=C: > RN-C: )
H H H o H
R-N-E: + :0-H — ( R-N-C: ) = R-N-C: )
HO+ :0-H
i
H I;I - a) . "H+
R—N—q: <« R-N-(: T »  R-NHCHO
:ﬂ: 10+ b). +H
H

The proposed reaction mechanism is through initial protonation on the
nitrogen atom rather than the carbon atom. However, in 1962, a study of

carbon-hydrogen—-carbon bonding by Louis L. Ferstandig (81,82) showed that




there was strong hydrogen hond formation between alcohols and isocyanides7
Using experimental evidence, electronic and steric arguments, he argued
that the hydrogen bonding is with the carbon atom of the isocyana group.
Work by Adam Allerhand and Paul Von Raque Schleyer (83), also suggests

that strong hydrogen bonding is to the carbon atom rather than the nitrogen
atom of the isocyano grouﬁ. Their studies of hydrogen bonding between the
proton donors and nitriles or isocyanides were made by correlating the in-
frared spectral shift and Taft's constant.

Besides, isocyanides form organometallic comﬁounds. Stable com—
ﬁlexes were formed favourably with softer metal cations (51)(Reaction 1 to
3, Table 10). Isocyanides also glve simple addition reactions with halogens,
halogen acids, alcohols etc. (9)(Reaction 4 to 8, Table 10).

In the ?revious discussion on the structure of isocyanides, it
was concluded that the isocyanides are best represented by the dipolar
structure, R-N=C~ or R-N2C. If there is hydroger bond formation with or
prwotonation by an acid, it is no doubt at the negative carbon rather than
the positive nditrogen of the isocyano group. Contrary to the mechanism
proposed by M. Khalifa (80) then, it is very likely that the site of pro-
tonation is the carbon atom of the isocyano group. l

Hopefully, with the study of acid catalyZedreaction, we would be '
able to predict the reaction mechanism.

There are two general Kinds of acid catalyzed reactions, those
showing specific and those showing general acid catalysis (95,96). Speci-
fic acid catalysis is present in deduce thaf are catalyzed only by the
protonated solventor lyonium ion. Mechanistically, these can be written

as,
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s + B == g

&

+
SH + R-——EEEEL+ products

)

where S is the substrate, R the other reactant and Hf the lyonium ion. The
rate of this reaction sequence is given by,

rate = k, ( SH+) ( R
Since the first step is an equilibrium,

rate = (kk /k ;) (§) (R) (&),
For general acid catalysis; the rate defends.not only upon the concentrat-
ion of the lyonium ion (H30+ in water), but also upon the concentration of
any un-ionized acids ﬁresent. There are .several general mechanistic schemes
for general acid catalysis, but there are only two that are likely mechanisms
for the acid catalyzed hydrolysis of isocyanides. The first scheme is very
similar to that above but with a slow rather than equilibrium protonation

of the substrate by the acid.

s + HA —3% ., sg' &+ A7 (or product)

k

SH+ + R —f-i"-;—t-—r products.

If more than one acid ispresent, each acid will have its respective rate

constant and:

1

rate

K, €80 (HA, )+ % €8] CHA) +o0e e

(s)ctk (BHA ).
l—a
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The second mechanism is a reaction series invalving the formation of a
hydrogen—bonded complex between the acid and the substrate, followed by,

as the rate determining step, reaction of the complex:

S + HA ——,___l=-‘ S<HA
kg
slow
S'HA + R ——«w— products,
ky

The rate exﬁression is,
rate = (kyk,/k , )(s)(ma ) (R )

In the acid catalysed hydrolysis of methyl isocyanide, slow irre-
versible érotonation or hydrogen-bonding-proton transfer should show
general acid catalysis since any acidic species present would contribute.
Protonation on the nitrogen atom should show ‘gpecific acid catalysis since
ﬁrotonation on the nitrogen atom is relatively difficult, a relatively strong
acid— the strongest acid present,Hsot-is required. Such a protonation should
be reversible and the equilibrium should lie well to the left as written.
Thus hydrolysis through protonation on the nitrogen atom of cyanimide and
cyanide proved to be a specific acid catalyses reaction (for dietails see
the Discussion section ).If specific acid catalysis, that is catalysis by
H30+, is observed for the hydrolysis of isocvanides, the N-protonation

mechanism is not ruled out. However, if general acid catalysis is found,

the initial protonation can not be at nitrogen and must be at carbon, It
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was to provide more information about the mechanism of the hydrolysis of
isocyanides, that the kinetic study of this acid catalyzed reaction as

described in this dissertation was undertaken.
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EXPERIMENTAL

1. General Considerations

The study of the acid hydrolysis of methyl isocyanide to N-
methylformamide 1s difficult by employing nuclear magnetic resonance or
infrared spectroscopy. NMR spectroscoﬁy'was found inapplicable because
of the low intensity of the signals even at 107 aqueous solutions of methyl
isocyanide, where the complication of micro—droﬁlet formation may also
arise. The intensity of the peaks of the aldehydic-proton (broad singlet,
T=1.3) and methyl-protons (doublet, 1:6.7) of N-methylformamide and methyl-
protons (triplet, 1s6.25) of methyl isocyanide were very low in comparison
to the proton peak of water so that determining the rate of hydrolysis
through three peaks would give a very low precision.

In infrared spectroscopy, overtones of the water absorption peaks
extended into the region of isocyanide NZC absorption (2170 cm-l) so that
the N=C peak intensity could not be determined. Besides, it was rather
difficult to maintain a constant temperature in an infrared cell, so this
method was also not used.

Since desirabie results could be obtained for the kinetic studies
of the acid catalysis hydrolysis of methyl isocyanide to N-methylformamide
by using gas chromatography, in the present study, this method was adopted.

The procedure used is discussed in detail in part 3 below.

2. Materials
i. Preparation cf Methyl Isocyanide

Methyl isocyanide was prepared by deliydration of N-methylformamide

N [
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with acylhalides in the éresénte of base% The large difference in beiling
points between the reactants and ﬁroduct made the seﬁaration ﬁossible and
very pure methyl Isocyanide can be obtained;t A modified brodure of E.J.
Corey (97) and I. Ugi EE.él (17) was used;

The N-methylférmamide used was Aldrich fine grade which was vacuum
distilled (b;ﬁ. = lO3°C; 23 mm). The colorlesd liquid was used without
further burification. The tributylamioe and benzene sulfonyl chloride were
Matheson, Coleman and Bell practical grade and were used without purifica-
tion.

The preéaration was carried out with 41 grams (0.685 mole) of
N-methylformamide and 350 ml (.62 grams; 1.46 moles) of tributylamine
(M.W. = 185.35; p = 0.7782) which were ﬁlaced in a one liter three-necked
flask on a steam bath. The flask was equipéed with a 100-ml dropping funnel,
a high-speed vacuum tight stirrer (Stirovac) and a dry -ice condenser filled with
dry ice and acetone (v=20°C) to the tob of which two liquid nitrogen traps

were connected in series (Figure 12). The system was kept at 20 mm Hg

pressure by a vacuum pump connected to the second trap. The reaction was
y %%
o carried out in the hood . The mixture of N-methylformamide and *ributyl-

amine was vigorously stirred and kept at about 65°C by gentle heating on

the steam bath. Through the dropping funnel, 90 ml (124 grams; 0.702 mole)

of benzene sulfonyl chloride (M.W. = 176.6; p = 1.378) was dropped slowly

into the warm wixture. Thus the dehydration was carried out smoothly at
reflux and the methyl isocyanide (the product) was distilled into the 1li-

quid nitrogen traps and frozen as it formed (Reaction 3).

*
Methyl isocyanide is toxic and has a very unpleasant odor.
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)
60-70"C
3) CH.,NHCHO +-CGH5802C1 + 2 NBU N —memmmey CH4N=C + Cl + CgHgS04
20 mm Hg
+
+2 nBUSNH

The addition of benzene sulfonyl chloride was complete in one
half hour. The mixture was then maintained at 65-70°C and pumped at 10 mm
Hg pressure for another hour. When the reaction was complete , the two
nitrogen traps were removed from the system and the crude methyl isocyanide
from the traps was combined. The crude methyl isocyanide was transferred
to a pear-shape-flask and distilled through a six inch Vigreaux column
behind a safety shield***. The fraction distilling from 58 to 59°C was
collected and the rest discarded. This gave a yield of about 74%Z of methyl
isocyanide (21.006 grams; 0.513 mole). After redistillation, 888-liquid
chromatography of this product indicated a purity of greater than 993.
ii. Preparation of Buffer Solution

Two buffer pairs were used in this experiment; potassium biph-
thalate (l-KOOC-CGH_-Z-COOH, M.W.=204.23) with added potassium hydroxide
and citric acid (H3C6H507-H20, M.W.=210.4) with added potassium hydroxide.
Potassium chloride was added to the buffer solutions to keep the total
ionic strength constant. In order to estimate the effects of specific or
general acid catalyst, all the solutions were prepared by keeping the total

acid concentration constant, and varying the volume of base to obtain

*** Explosions of ethyl isocyanide have been reported (98,99) and an explo-
sion occured on distillation of methyl isocyanide during the present
study. However, further attemps to induce such an explosion by heat-
ing, dropping methyl isocyanide onto hot plates etc., were not success-
ful (100).
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the desired bH\(pH 4 to G) (96), exceét for those used to determine the
effect of buffer concentration. Tn order to keeé’the'ﬁﬂ constant through-
out the reaction, the concentration of the buffer solution was kebt about
five to six times higher than that of methyl isoeyanide. The details of
the buffer solution ﬁreparation are shown in Table 1.

The pH of the solutions was determined with a Radiometer pH Meter
4d using a glass electrode which was standardized with standard pH 4 buffer
solution (ﬁotassium phthalate-tartaric acid). The standard buffer solution
was prepared from the Canadian Laboratory Suﬁblies Ltd. (Harleco) product.
All chemicals used were of reagent grade and used without further purifi-

cation,

3. Gas Chromatography

Isocyanides form complexes with metals (31). 1In 1963, A. Lifshitz,
H.F. Carroll and S.H. Bauer (101) failed to analyse methyl isocyanide with a
Perkin-Elmer 154 vapor fractometer by using a six foot R column at 70%
and a column pressure of 50 p.s.i.g.. Similar observation were made in
this laboratory (iB). 1In 1965, A.G. Kelso and A.B. Lacey (102) observed
that analysis of aliphatic isocyanide with glass tubing was satisfactory
but unsatisfactory with the metal. However, on 'Chromosorb W-HMDS" (a
hexamethyldisilazane-treated support), they found that upon injection of
0.5 pl samples, the peak héight was not constant but increased with each
injection, unless a total af aﬁproximately 4 pl (introduced in several
small or one large injection) was injected before the sample injection.

Then normal peaks were obtained with 0.5 ul injections.

The study of hydrolwysis of methyl isocyanide in this experiment l

»
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was based on the peak area of methyl isocyanide. This was satisfactorily
analyzed with a dual/differential electrometer on an Aerograbh.lSZOB model
gas chromatograph, equipﬁed with a Honeywell recorder with a Disc integra-
ter, under the conditions stated below. Reversible adsorption and tailing
effects did not occur, making the bresent analysis possible.

A five foot glass column was treated with 57 of trimethylchloro—
silane in toluene solution, oven dried and packed with Corning pure, inert
glass bead support (mesh 100/120) which had been treated with dimethyldi-
chlorosilane and then coated with 0.2%7 of 0V-17. The glass column extend-
ed into the flame-ionization detector and out to the injector septum. The
sample was Injected directly into the glass column. The operating tempera-
ture was 70°C, the carrier gas, helium, had a flow rate of about 25-30
and the hydrogen gas, 20-25 ml/min. The dual/differential electrometer
was operated at a range setting of one and an attemuator setting of 64 for
both the sample and reference columns.

Reversible adsorption was not observed with a 2 il imjection of
methyl isocyanide-water solution which was only 0.03601 M. Agreement was
within 1.5% (Figure 1). Methyl isocyanide had a retention time of 9.6
seconds and was not interfered with by the buffer solutions or the N-
methylformamide (i.e. operating temperature was 70°C which was too low

for higher boiling point 103°C, N-methylformamide) , the retention time for

N-methylformanide varied from 36 to 72 seconds with the various columns.
Due to the high concentration of salt being used (part 2, ii),

it was necessary to mechanically clear the salt in the column quite oftemn

and the glass column only lasted for about one thousand injections before

clogging.
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4. Sample Preﬁaration and Analysis

Methyl isocyanide was stored in the refrigerator (0°C) in the
dark and distilled once every ten days. It is a colorless liquid with a
strong pyridine-like odor.

Five millilitres of buffer solution was withdrawn with a 5 ml-
pipette. and transferred to a dry clean reaction vessel, a 10-ml long-neck-
ed thin walled flask. After addition of the 5 ml of buffer solution, the .:
reaction vessel was sealed by means of a serum caﬁ. It was then placed in
the Sargent Thermonitor S84810 model SW controlled water fath which had an
accuracy of better than % 0.01%%.

When the temperature of the buffer solution in the reaction ves-
sel was equilibrated in the watexr bath (about 20 minutes), 10 ul of methyl
isocyanide was injected into the buffer solution with a 50 pl-syringe and
the solution shaken. The electric timer was started. Every 200 seconds,

a Hamilton 10 pl-syringe was inserted through the serum cap into the reac-
tion solution and a 2 pyl-sample was withdrawn. The sample was injected
onto the column of the gas chromatograph and the chromatogram thys obtain-
ed. It took 15-20 seconds from withdrawing the sample to the injection.
The aliquots were analyzed until the reaction was 907 complete. If the
reaction was slow (i.e. a half life greater than 2 hours), three to six
reactions were carried out at the same time and analyzed. Each reaction
solution had a separate syringe. The syringe was not washed after each
injection but pumped a few times with the solution immediately before with-
drawing the 2 pl-sample for analysis. This gave better results than clean-
ing the syringes after each injection (i.e. minute Eraces of acetone or other

wash solvent left in the syringe often interfered with the methyl

N
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isocyanide peak).

The hydrolysis rate debended on temﬁerature and pH. The fastest
reaction measured was the one that took about 4200 seconds to comﬁlete and
the slowest one was the one that took about eight hours to complete.

After the reaction was completes the pH of the solution was .

checked to make certain it was unchanged by the reaction.

5. Analysis of The Chromatogram

Since the rate of reaction was determined from the area of the
methyl isocyanide peak, the conditions of gas chromatography were set to
favor the analysis for methyl isocyanide. The relative concentration of
methyl isocyanide was interpreted by the area under its peak as recorded
by the Disc integrater on the chart recorder. The speed of the chart was
set at 2 minutes per chart inch, such that the peak width of methyl iso-
cyanide was 0.1 inch (i.e. one division of the chart or 0.2 minute). This
is shown in Figure 2. The 0.1 inch width of the peak was projected to the

corresponding Disc integrater trace and the "area" measured.
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RESULTS

1. The Order of the Acid Catalyzed Hydrolysis of Methyl Isocyanide

To determine the order of the reaction, six runs were carried out
with the same initial methyl isocyanide concentration (0.03601 M ), pH and
temperature. One of the chromatograms is shown in the Figure 2. In Table
2a and 2b, the relative concentration of methyl isocyanide at time t as deter-
mined from the area of the methyl isocyanide peaks on the gas chromatograph,
is recorded. Plots of the logarithm of the relative concentrations of methyl
isocyanide versus time t, are shown in Figure 3a and 3b. The plots give a

set of straight lines with slopes of:

(1). -(0.969 £ 0.033)x 10™* sec™™
(2). -(0.990 + 0.032) x 107% sec™t
(3). -(0.993 + 0.028) x 10" sec *
(4). ~-(1.020 + 0.040) x 10+ sec T
(5). —-(1.060 + 0.040) x 107" sec *

(6). -(0.969 * 0.019) x 10 'sec
These values were calculated by the least squares method using Olivetti Under-
wood Programma 101. The standard deviation is * 4.77, well within the experi-
mental reproducibility. Since plot of logarithm of relative concentrations of
methyl isocyanide versus time give a straight line, therefore, it is concluded
that in the acid catalyzed hydrolysis of the methyl isocyanide, the reaction
is first order with respect to the methyl isocyanide since water is present

in large excess and the pH is constant.

*
2. The Effect of pH and Buffer Concentration on the Rate Constant

. . -1
* Buffer Concentration = ( Acid ) + ( Acid Anion(s)) in moles liter .

—e
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The results for the dependence of the reaction rate constant
on the pH at constant ionic strengths are shown in Tables 3 and k.

Figures 4 and 5, corresponding to Tables 3 and 4, show the
effect of various buffer solutions and temperatures upon the relation-
ship between rate constant and pH. Plots of the observed rate constant against
hydrogen ion activity, equating activity and concentration, from Tables
3 and 4 are shown in Figures 10 and 11. In all cases curves result.

The ionic strength is kept constant in each set of buffer solutions at the
various pH values, so the salt effects can be neglected.

The observed non-linear relationship of reaction rate constant
and proton activity shows that the hydrolysis is certainly not a
specific acid catalyzed reaction. If it is a general acid catalyzed
reaction, the rate constant would not only be dependent on the hydronium
ion concentration but also on the concentration of un-ionized acids.

Another set of experiments were carried out at pH 4.18 with various

buffer concentrations. These results are shown in Table 5 and are

presented graphically in Figure 6. They show that the reaction rate

constant is directly proportional to the buffer concentration at con-
stant pH, such that a factor of two in buffer concentration gives a

doubling of the rate constant. These results confirm that the acid

hydrolysis of methyl isocyanide is a general acid catalyzed reaction.

Since the study of the rate constant versus pH was done with

fixed total buffer concentration, that is a constant initial amount of
citric acid or biphthalate was used and potassium hydroxide solution was

added to give the desired pH, the concentration of citric acid or biphthalate

is not constant at the different pH values. Hence the contribution to the ob-

served rate from the general acid catalysis by citric acid or biphthalate would
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decrease as the activity of the hydronium ion decreased. At "zero" hydro-

nium ion activity, the activities of the various acids would also be "zero".

bs

zero hydronium activity, gives the rate constant for the only remaining

Therefore, extrapolation of the aH36+ versus kb curve to intersect at

acid, the solvent, water. From Figures 10 and 11, the rate constant for
water (i.e, non-catalyzed hydrolysis), is near zero for temperatures
between 25 and 45°C, that 1s, water catalysis makes a very small contribution
to the overall reaction.
3. The Dependence of the Rate Constant on Temperature.

The rate of the acid catalyzed hydrolysis of methyl isocyanide
at temperatures between 25 and 45°C was studied. This was carried out in
either phthalate—biﬁhthalate or citrate—citric acid buffer solution. The
results are shown in Tables 6a and 6b and are plotted in Figure 7.

In Figure 7, the logarithm of the rate constant is plotted as a
function of 1/T, and straight lines are obtained. The slobes of the lines
were calculated by the least squares method using a Olivetti Underwood Pro-

gramma 101. The results are given in Table.7.

Table 7. The Calculated Slopes and Activation Energies for the Phthalate-
Biphthalate and Citrate-Citric Acid Buffer Solutions.

3 . -1
Buffer Solution pH Slopes (%10 ) Activation Energies (Kcalmole 7)

4.75 3.61 % 0.14 16.51 + 0.62
A (phthalate-
biphthalate 4.95 3.62 % 0.16 16.57 + 0.72 Average
buffer solution) 16.56 + 0.78
5.18 3.58 * 0.20 16.58 + 0.90
;. B (citrate—citric
acid buffer —, g5 3 46+ 0,22 15.81 £ 0.96

solution)
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In Buffer Solutiom A (éhthalate—biéhthalate buffer solution),
at pH 4.75 to 5718, the calculated actiyation energies are.all roughly:
the same, that is pH does not affect the activation energy. Apparently,
the reaction mechanism is not changed by the ﬁH. Comﬁarison of the acti-
vation energy using Buffer Solution A (as above) and Buffer Solution B
(citrate-citric acid buffer solution), shows that the activation energies
are the same within the limits of exﬁerimental error. Lt is very difficult
to find another buffer solution having a higher acid strength than citric
acid or potassium biphthalate within the desired ﬁH range, which also has
suitable solubility to give the necessary concentration and that is suffi-
ciently non-volatile for gas chromatograbhic analysis. The acetate-acetic
acid, formate-formic acid and the ﬁhosphate buffer solutions faileéd to
provide satisfactory analysis by gas chromatography. After several injec-
tions a sudden droﬁ of the peak height was observed, probably because of
the accumulation of a liquid acid phase in the column. Since no hydrolysis
was carried out with a buffer solution made with a stronger acid, we can
only assume that the reaction path (mechanism) is not changed by the diffe-

rent weak acid buffer solutions.

4. Ionic Strength Effects
It is difficult to estimate the ionic strength effect. This 1s
partly because of the ionic strength effect is small and not much greater

than experimental error, and partly because of the diffdculty of obtaining

buffer solutions at various ionic strengths but with unchanged pH. Also
while farther hydrolysis of the formamide was much slower than its formation

from methyl isocyanide, a limited amount of hydrolysis would always occur.
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In the acidic media used, formic acid and protonated methyl amine would be
the products. To prevent ﬁH changes, especially in the later stages of
runs where the formamide concentration is.high and hence its hydrolysis
would be greatest, moderately high buffer concentration and consequently
ionic strength, is required. No studies were éossible at very low ionic
strengths.

In Figure 5, the reaction rates of the citrate-citric acid buffer
solution at the three ionic strengths are shown. No simple correlation
between ionic strength and reaction rate was aﬁparent. Other experiments
were carried out at each of pH 4.16, 4.23 and 4.29 with ionic strengths of
2.00, 1.00 and 0.7 and the reaction rate constants determined. The curves
a, b and ¢ in Figure 5 were used to compute the reaction rate constants
at various pH values and ionic strengths. These results are given.in Table
8 and plots of the reaction rate constant as a function of ionic strength
shown in Figure 8. In Figure 8, the points calculated from curve a (ionic
strength = 2.00) do not fall upon the straight line and are tentatively
assumed to be in error. The plots indicate an inverse relationship between
ionic strength and reaction rate, a factor of two change in the former re-

sulting in about a 7% change in the reaction rate constant.

5. The Dependence of the Rate Constant Upon the Acid Strength of the

Buffer Solution.

The results shown in Table 4 for the citric acid buffer solution
are derived from reactions which do not have the same buffer concentration
(before reaction with the base) as the biphthalate buffer solution. Using

“the ionic strength and acid concentration relationship (see Figures 6 and

/
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DISCUSSION

1. Reaction Mechanism

The hydrolysis of isocyanide by aqueous acid through a substituted
formamide intermediate to formic acid and a primary amine is well known (L03)
(Reaction 4). Isocyanide is stable to base but will hydrolyze in water at

high temperature (180°C)(80,103).

+

at H
4). CH,NC + H,0 —— RNHCOH ———> RNH. + HCOOH |
3 27w 2) 3

In weakly acidic buffer solutions (pH 4 to 6), the rate of hydrolysis of
N-methylformamide (Step 2) was found to be very much lower than the rate
of hydrolysis of methyl isocyanide (Step 1). Hence in studying the rate
of disappearance of methyl isocyanide, only step 1 of the reaction need
be considered.
The hydrolysis of methyl isocyanide has been found in this study
to show general acid catalysis and to be a first order reaction with respect
to the concentration of methyl isocyanide (Details, see Resulis,section 1
& 2). Equating activity and concentration, the experimental rate of dis-

appearance of methyl isocyanide will be expressed by the:following equation:

-d (CH,NC) _ + . ‘
_(df‘— = Uk gr0") + T (00 ¢ g () ¢ kg () N

+ kHA"CHA” ) Heeseseean } (CH3NC)

+ .
where kH30+ is the catalytic constant for H39 s kHA for the general acid

HA and so on.
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Brdnsted (32) showed that there is a simple relationship between

the catalytic constant and the ionization constant,

where ka is the catalytic constant and Ka is the ionization constant for
the acid. Ga and o are constant characteristic of solvent, the reaction

and the temperature. Applying the Brdnsted Catalysis Relationship, a

-4 7

comparison of citric acid (K1=l.45 x 10 7, K2=1.73 X 10_5 and Kj=4‘02 x10 ')
to the biphthalate (K2=3.90 X 10‘6) buffer solutions under the same condi-

tion gives

-+
>> >
kHBO kcitrate I g kcitrate II kbipzhthalate g kcitrate III

> kH20 N

Therefore, at the same temperature and pH, the rate of the hydrolysis should

be greater in citric acid than biphthalate buffer solution. The results
with
shown in the Figure 9, are consistent/the Brdnsted Catalysis Relationship,

especially when it is noted that to achieve the same pH at the same "buffer

concentration' with the stronger acid (citric acid) requires that the strong-

er acid be at a lower concentration than the weaker acid (biphthalate).

These results camfirm that the hydrolysis of methyl isocyanide is without

doubt, a general acid catalyzed process.

2, ©Site of Protonation.

The hydrolysis cf methyl isocyanide to N-methyl formamide may




proceed through protonation on(or hydrogen-bonded complexation to)either

the carbon atom or the nitrogen atom of the isocyano groub followed by

the nucleophilic attack of water (Reactions 1 and 2).

. .+ *H,0

1. CH,NC + H —p R-Ni=CH—> - RNHCHO
N S X

2). CH,NC + H —p R—g;.-_-:c —» — 3 RNHCHO

In the study of acid catalyzed hydrolysis of cyanamide (104-108),
Grube (106,107) showed that the hydrolysis is specific acid catalyzed reac-
tion with a large linear salt effect. This was accepted by Hammett and

Paul (105) and conforms to the relationshib:

+ =
Ho 1og10 kbbs constant
where Ho is the acidity function of Hammett and kobs is the observed reac-
tion rate constant. The following reaction mechanism was proposed by Mary
Kilpatrick (108). The protonation on the N-atom of the cyanamide is the
first step in the reaction pathway,

+ +

+
NH,CN + A-— B + ( NH.,C=NH«+ NH,~C=NH - NH,=C=NH )

(XI)

where A is an acid and B is its conjugate base. Some protonated material
+ . .
may have the structure NHﬁCN rather than structure XI. Besides this, hy-

drolysis of cyanide with protonation on the N—atom will take place only
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in the presence of strong acid (109-111), that is the hydrolysis is a
specific acid catalyzed one. By analogy, acid catalyzed hydrolysis via
protonation on the nitrogen atom of isocyanide should also show specific
acid catalysis. On the contrary, the exﬁerimental results prove that hydro-
lysis of methyl isocyanide shows general acid catalysis. Hence, it is
very unlikely that frotonation is on the nitrogen atom. The studies of
carbon-hydrogen—carbon bonding by L. Ferstandig, A. Allerhand and Paul Von
Raque Schleyer (81-83) prove that the hydrogen bonding between the proton
donor and the isocyanide is at the carbon atom of the isocyano-group. In
the addition reactions and metal comﬁlexes (Table 10), the addition or co-
ordination is through the carbon atom of the isocyano-group (51,18). In
the discussion of the structure of isocyanide, the conclusion was reached
that the dibolar ‘strTucture (R—ﬁEE:or R-N2C) is the best single structural
representation of isocyanides (for details see the Introduction). There-
fore, if there is any hydrogen-bond complex formation to or protonation

of isocyanide by the proton donor, it is no doubt at the negative carbon

atom of the isocyand group of isocyanide. Should a hydrogen-bonded com-

plex be formed with the nitrogen atom of the isocyanide, the complex (XII)

would be much less stable than complex (XIII).

CH.-N-HA™ «— CHS—i}f—HA—-

3 n: Lo (X11)

@]

+ . os -
CH3—NECHA —> CHB—N=C—H----A (XII1)
s This is because the carbon-bonded complex much more closely resembles the

unbonded resonance hybrid isocyanide (81,82). In conclusiom, it is safe

to assume that in hydrolysis of methyl isocyanide the initial protonation
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or hydrogen-bonding is at the carbon atom, not the nitrogen atom.

In 1965, M. Khalifa (80) suggested a mechanism for the reaction
of carbon monoxide with sodium hydroxide based on the carbene structure of
carbon monoxide (:C=0:). Likewise, based on the carbene structure of iso—
cyanide (R-M{=C:), he elaborated a mechanism of hydrolysis of isocyanides
as follows:

+ H H
. [ 1 -+
RN=C: + H — @5N=C: +_,R_g_c:)

+
- H ) -H H
R-N-CI + :0-H — ®N-C:) ——ous RN-C:
H-O:+ *0-H
H
+
H H a)-H H
(RN-C: +— R-N-Ci) ——————+  R-N-C-H
e e Y +
10 G+ b) H 8
H H ’

If this mechanism is correct, the protonation on.the nitrogen atom would
be expected to result in specific acid catalysis. 1In the present study,
the experimental results prove that the hydrolysis of isocyanidz shows
general acid catalysis. Therefore, it is very unlikely that the reaction
mechanism proposed by M. Khalifa is correct. Additionally, isocyanide,

especially in ionieing solvents like water (53), is more stable in the di-

+ -
polar structure (R-N=C or R-N=C) than the carbene structure (R-N=C:),
opposite to carbon monoxide which is more stable as :C=0: (51). Thus, it
is not very reasonable to elaborate the reaction mechanism of the acid

catalyzed hydrolysis of isocyanide through the carbene structure of iso-

cyanide.
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k, H _
2). CHgNC::---HA + H,0 o= CH,-N=C_,  + A
OH
H
(XV)
H k H
7 - s
3). CHB—N-C\* + H20 (or A ) -————ii——+ CH3—N=C + H 0+(or HA)
OH “on 3
H
(XVI)
H H
4). CHN=¢! =K cp ~NH~C{
OH

The main difference between these two mechanisms is protonmation
(Schedule 1) and the formation of hydrogen-bonded complex (Schedule 2).

The step in which hydrated cation (Intermediate XV) yields a proton to an
approaching water (or base) (Step 3 of each schedule) can be rejected as
the rate~determining step. If this step were rate-determining, general
base catalysis would be observed.

In Schedule 1, step 1 is rejected as rate-determining because
protonation on the carbon to form a carbonium ion generally is a fast and
reversible reaction (96). Thus the assumption is made that the equilibrium
is immediately established between isocyanide and its cation. Then, the
only possibility as the rate-determining step is step 2, that is the attarck
of molecule of water on the isocyanide cation. If so, the rate of this
step will debend directly upon the concentration of the isocyanide cation
(Intermediate XILV), which in turn is governed by the hydrogen-ion concen-

tration, so .that specific acid catalysis should be shown. This is contra-
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dictary to the exéerimental result that the hydrolysis shows general acid
catalysis. TIn order to have hydrolysis via schedule 1 show general acid
catalysis, steﬁ 1 must be the rate-determining step, that is be slow and
non-reversible. Protonation on the carhon atom is known to be a fast and
reversible reaction, reaction via schedule 1 can therefore be ruled out
since it would show specific acid catalysis.
In the reaction mechanism of Schedule 2, by argumentsatalogous -
to those above, the rate-determining steﬁ would be the reaction of hydrogen

bonded complex with a molecule of water. The rate expression is:
rate = k, (s-HA]) ( HZO )

Since the formation of the hydrogen bonded complex is reversible,
(s-HA) =( k/k_; )(S) (BA)

so that,
rate = ( kzkl/k_l)(s) (HA) (HZO)

Since water is the solvent, it is present in a very large excess, and its

concentration is effectively constant so that,

rate = [kékl/k_l][ﬁ] (Hg) where k,= k, (HZO}.

The concentration of the acid can also be treated as a constant under the
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high buffer concentrations used.(ifeT five to ten times higher than the
concentration of isocyanide), so that a‘gseudo—first order reaction with
respect to the methyl isocyanide is observed. The higher the concentra-
tion of acid, the faster the rate. If the acid strength is higher, kl
will be higher and the reaction rate greater.

In this reaction schedule, the reaction of the hydvogen-bonded
complex is exﬁected to be the leW'steb. The kinetic data do not permit
a decision as to whether there is a concerted process of attack of the
water and the transfer of the hydrogen—bonding ﬁroton or whether the hy-
drogen—-bonded comﬁleﬁ first forms an ion—ﬁair followed by water attack.
The small negative linear salt effect suggests that there is a decrease
or a spreading of charge at the transition state. If proton transfer pre-
ceded water attack, a rate acceleration with increasing ionic strength
would be expected. Consequently, a concerted nucleophilic attack-proton
transfer is favoured for the transition state.

In conclusion, the acid catalyzed hydrolysis of methyl isocya-
nide is most likely through the reaction mechanism given in Schedule 2.
The possible mechanism involving protonation on the nitrogen atom, while

not completely ruled out, is rendered very unlikely by the present study.

s
P
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Table 1. The Preparation and Composition of the various sets of Buffer Solution.

Buffer Composition of Tonic S_tl:_rength Buf fer *
Solution Set Buffer Solution (moles K'/ liter) Concentration
100 ml of 0.5 M potassium phathalate, A ml of 1 M
Solution A potassium hydroxide and (60-A) ml of 1 M potassium 0.6875 0.312
chloride
100 ml of 0.5 M citric acid, B ml of 1 M potassium
Solution B hydroxide, (200-B) ml of 1 M potassium chloride and 0.6875 0.167
0.1675 g of potassium chloride
same as solution B, except 14.9117 g instead of
Solution C 0.1675 g of potassium chloride 1.3333 0.167
same as solution B, except 22.3728 g instead of
Solution D 0.1675 g of potassium chloride Z.0000 0.167
100 ml of 1 M citric acid, 79 ml of 2M potassium varying, but
hydroxide and 121 ml of 2 M of potassium chloride pH (=4.18)was
Solution E 1.3333

buffer solution was made up. Diluted this solution

to the desirable buffer concentration

constant

* Buffer concentration ={( Acid ) +( Acid Anion(s)) } in moles/liter.

—.'[17—



- 42 -

Table 2a. Relative Concentration of Methyl Isocyanide versus Time for
Buffer Solution A (Phthalate-Biphthalate Buffer Solution)
at 40° C and pH of 5.18.

Run No. 1 Run No.2 Run No. 3

Time2 Relative Con- Time Relative Time Relative
(x 104 sec.) centration® (x 102 sec.) Concentration® (x 102 sec.) Concentration®

6.00 0.70 6.00 0.72 6.00 0.73
12.00 0.60 12.30 0.67 12.15 0.64
18.00 0.52 18.15 0.60 20.10 0.53
26.00 0.45 26.00 0.46 26,00 0.48
32.00 0.39 32.00 0.40 35.40 0.38
41.30 0.33 40.50 0:36 40,20 0.36
46.85 0.29 46.50 0.30 46.00 0.32
52.00 0.23 52.00 0.27 52.00 0.28
58.05 0.23 58.00 0.24 58.00 0.23

i 64.00 0.19 64.00 0.22 64.00 0.21
70.00 0.16 70.00 0.19 70.00 0.17
76.00 0.12 76.00 0.13 76.00 0.15

% The relative concentration of CH,NC is based upon the area of its peak
on the gas chromatograph so that the concentration units are the areas

of the peak as traced by the Disc Integrator.
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Table 2b. Relative Concentration of Methyl Isocyanide versus Time for
Buffer Solution A (Phthalate-Biphthalate Buffer Solution)
at 400 C and pH of 5.18.

Run No. L Run No. § Run No. 6

= Time2 Relative N Time Relative Time Relative
(x 104 sec.) Concentration (%102 sec.) Concentration™ (x 102 sec.) Concentration’

6.00 0.61 6.00 0.80 6.00 0.73
12.00 0.56 12.00 0.63 12.00 0.64
: 18.10 0.53 18.10 0.57 18.00 0.57
24.00 0.44 24,00 0.46 24.20 0.48
30.00 0.42 30.00 0.41 30.00 0.46
38.00 0.34 38.00 0.38 38.00 0.37
44.20 0.27 44,25 0.31 44.00 0.31
50.10 0.24 50.05 0.29 50.15 0.26
56.00 0.22 56.15 0.23 56 .00 0.24
62.00 0.19 62.00 0.21 62.00 0.22
68.00 0.16 68.05 0.18 68.00 0.17

* The relative concentration of CH3NC is based upon the area of its peak

on the gas chromatograph so that the concentration units are the areas

of the peak as traced by the Disc Integrator.
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Table 3. The Rate Constant.: as a Function of pH for Buffer Solution A
(Phthalate-Biphthalate Buffer Solution; Ionic Strength = 0.6875;
Buffer Concentration = 0.312 M) at Temperatures between 25 and

45°C and at various pH Values.

Tempgrature pH ay ot (x 104') Number of Average gate Constant
( '¢) _ 3 Runs. (x 100 sec)
- 3.86 1.73 8 3.84 + 0.18
3.97 1.07 6 3.29 £ .0.12
4.16 0.69 6 2.33 £+ 0.11
95 4,33 0.47 5 2,23 £ 0.08
4.55 0.28 6 1.63 + 0.07
4.75 0.18 6 1.14 £ 0.05
4.95 0.11 6 0.913: + 0.034
5.18 0.066 6 0.609 + 0.024
3.97 1.07 5 4,71 + 0.24
4.16 0.69 5 3.78 + 0.20
4,33 0.47 5 3.08 £ 0.12
4,55 0.28 6 2.77 + 0.22
30 4,75 0.18 6 1.92 + 0.11
4,95 0.11 6 1.36 + 0.06 )
5.18 0.066 6 0.922 + 0.069 ‘
5.37 0.043 6 0.695 x 0.050 }
4.33 0.47 7 5.03 + 0.29 J
4.55 0.28 4 3.75 + 0.19
4.75 0.18 6 2.70 + 0.13
4,95 0.11 7 2,45 + 0.12
> 5.18 0.066 3 1.70 £ 0.09
5.37 0.043 6 1.11 = 0.08
5.63 0.023 6 0.599 + 0.030
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cont'n of Tahle 3.

: Temgerature pH aH.0+ = 104 ) Number ﬁf Average Rite Constant

: (¢ Q) 3. Runs (x 107 Sec)
L 4.55 0.28 6 5.69 % 0.25
§ 4.75 0.18 6 4.60 + 0.17
: 4.95 0.11 6 3.45 + 0.13
40 5.18 0.066 6 2.30 £ 0.07
5.37 0.043 6 1.64 £ 0.05

5.63 0.023 6 0.992 + 0.040

5.81 0.016 6 0.653 + 0.024

""" 6 0.351 + 0.021

o 6.09 0.0081

4.75 0.18 6 6.55 £ 0.32
4.95 0.11 6 5.16 * 0.32
5.18 0.066 6 3.38 £ 0.12
5.37 0.043 6 2.37 £ 0.13
45 5.63 0.023 6 1.36 +* 0.07
5.81 0.016 5 0.860 * 0.048
6.09 0.0081 6 0.496 = 0.021
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Table 4. The Rate Constant as a Function of pH for Citrate-Citric Acid

Buffer Solution (Buffer Concentration

Tonic Strengths at 30°C and various pH Values.

% 0.167 M) with Different

. ) ) 4
Ionic Strength pH 2y 0+ (x 10 ) Number of Average Rate Constant
3 Runs (x 10 sec)
3.67 2.14 6 4.53 + Q.14
3.88 1.32 6 3.31 + 0.14
4.09 0.813 6 2.57 + 0.09
0'6875 4,29 0.513 6 1.95 + 0.07
(Buffer Solu-~"4.48 0.331 6 1.64 + 0.05
tion B) 4.68 0.209 6 1.34 + 0.08
4.88 0.132 6 0.851 + 0.030
5.08 0.083 6 0.663 + 0.017
3.57 2.70 5 4.65 + 0,18
3.78 1.66 3 3.53 + 0.15
3.99 1.02 6 2.62 + 0.12
1.3333
. 6 1.96 £ 0.12
(Buffer Solu- 4.18 0.66
tion C) 4,37 0.43 6 1.64 + 0.09
4.59 0.26 6 1.18 + 0.10
4,77 0.17 6 0.859 + 0.042
4,97 0.11 6 0.656 + 0.025
_ X 0.91 2.59 + 0.08
2.004Q0 4.04 I
(Buffer Solu—~ 4.41 0.39 1.60 + 0.06
tion D) 4.77 0.17 0.847 + 0.027




Table 5.

Buffer Concentration

Effect of Buffer Concentration on Reaction Rate Constant: Citrate-

Citric Buffer, pH = 4.18, Ionic Strength = 1.3333 and 30%.

Number of Runs Average Rate Constant

.(mole 1iter“l)

0.033
0.067
0.117
0.167
0.200
0. 267

0.523 % 0.019
0.816 £ 0.044
1.44 £ 0.05
1.93 + 0.09
2.37 £ 0.07
3.23% 0.11

[ « ) W o)}

A O O
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Table 6a. The Calculated Values of the Logarithm of the Rate Constants
and 1/T for Buffer Solution A (Phthalate-Bif;hthalate Buffer
Solution; Tonic Strength = 0.6875; Buffer Concentration = 0.312 M).
pH Terzggl):au_ure ™° K Averagcz_ Rate Constant 1/T 3, -Log 0
_ x1 sec.) (x 10 ""K) Constant

25 298.1 * 0.05 3.36 3.94

30 303.1 * 0,11 3.30 3.72
4.75 35 308.1 * 0.13 3.25 3.57

40 313.1 t0.17 3.19 3.34

45 318.1 * 0.32 3.14 3.18

25 298.1 0.913 % 0.034 3.36 4.04

30 303.1 + 0.06 3.30 3.87
4.95 35 308.1 * 0.12 3.25 3.61

40 313.1 * 0.13 3.19 3.46

45 318.1 t 0.12 3.14 3.47

25 298.1 0.024 3.36 4.22

30 303.1 * 0,069 3.30 4,04
5.18 35 308.1 + 0.09 3.25 3.77

40 313.1 * 0.07 3.19 3.64

45 318.1 + 0.12 3.14 3.47
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Table 6b. The Calculated Values of the Logarithm of the Rate Constants
and 1/T for Buffer Solution B (Citrate-Citric Acid Buffer Solu-
tion; Tonic Strength = 0.6875; Buffer Concentration = 0.167 M).
ﬂ pH Temperature T %k Average Bate Constant  1/T 3 ~Log. jRate
- (OC) (x 107 sec) (x 10 Constant
‘ o
i K)
25 298.1 0.723 + 0.022 3.36 4.14
. 30 303.1 1.34 £ 0.08 3.30 3.87
R 4.68 35 308.1 1.85 £ 0.06 3.25 3.73
i 40 313.1 2.94 + 0.10 3.19 3.53
45 318.1 3.97 £ 0.11 3.14 3.40

|
!
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Table 8. The Effect of Ionic Strength on the Reaction Rate Constant at
30°C and pH 4.16, 4.23 and 4.29.

4
Rate Constant (x 10 'sec) at Ionic Strength equal to:

pH 2.0000 1.3333 1.0000 0.7000 0.6875
. 4.16 2.28 (1) 2.13 (2) - - 2,41 (3)
1.99
4.23 2.05 (1) 1.93 (2) 2.01 —— 2.19 (3)
- 4.29 1.90 (1) 1.78 (2) - 2.06 2.03 (3)

(1), (2) and (3) represented the values which were computed from curve a,

b and ¢ in Figure 5 respectively.

|
|
i
|
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Table 9. Comparison of Rate Constants for Citrate-Citvic Acid and Phtha-

late-Biphthalate Buffer Solution.

pH Rate Constant of pH Rate Constant of

Buffer Selution B Buffer ,Solution C
x 104 sec) (x 10 sec)
3.67 8.57 3.57 9.84
o 3.88 6.26 3.78 7.47
o 4.09 4.86 3.99 5.54
i o 4,29 3.70 4,18 4,15
1 4.48 3.10 4.37 3.47
4.68 2.54 4.59 2.50
4,88 1.61 4.77 1.82
5.08 1.26 4.97 1.39

* Concentration and ionic strength corrected to those used with the phtha-

late-biphthalate buffer solutionm.
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Table 10. Simple o -Additfons and Organometallic Reactions of Isocyanides.

Number Reactions References

Q). Ni(CO)A + 4 RNC —> Ni(QNR), *+ & CO 84-87

2). (Co(NO) (CO),) + 2 RNC — (Co{ND) (CO) (CNR),)+ 2CO 88

(3).  (Fe(cO),), + 3 RNC — 3 (Fe(C0),(CNR)) 87,89
-15°C
@). RNC + X, ————————> R-N=CX, (X = halogen) 22,90
CHC1,
R-N=CHSR"
). RNC + R'SH — 91,92

T R-N=C=§ + R'H

(6) . ¢-NC  +  NH,OH ———> ¢-N=CHNHOH 93

. RNC + 2 R'-COOH ——> R-NHCOH + (R'C0)20 22,90

(8). RNC 4+ R'-OH ————> R-N=CH-OR' 90,94
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Figure 2

The Chromatogram of the Acid Catalyzed Hydrolysis of
Methyl Isocyanide.
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Figure 3b

The Logarithm of Relative Methyl Isocyanide Concentra-
tion versus Time for Buffer Solution A (Phthalate-Biph-

thalate) at 40°C and pH of 5.18.
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Figure 6

Rate Constant versus Buffer Concentration for Buffer

Solution E (Citrate-Citric Acid Buffer Solution; Ionic

 Strength of 1.3333; pH of 4.18) at 30°C.
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Figure 7

Logarithmic of Rate Constant versus 1/T for the Phthalate~
Biphthalate (Buffer Solution A) and Citrate-Citric Acid
(Buffer Solution B) Buffer Solution.

©,A &8 denotes for phthalate-biphthalate buffer solu-
tion at pH 5.18, 4.95 and 4.75 respectively.

£ denotes for citrate-citric acid buffer solution

at pH 4.68.
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Figure 8

The Rate Constant versus Tonic Strength for the Citrate-—

Citric Acid Buffer Solution at 30°C and pH 4.16 (&),
4.23(A) and 4.29 (@).

O,A &0 denotes the value which was computad from
Curve a in Figure 5 at pH 4.16, 4.23 and

4.29 respectively.
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Figure 9

Reaction Rate Constant versus pH for the Phthalate-
Biphthalate and Citrate-Citric Acid Buffer Solution
at the Same Buffer Concentration (0.312 M), Ionic

Strength (0.6875) and Reaction Temperature 30°0).

& The phthalate—biphthalate buffer solution
(Buffer Solution A).

The citrate—citric acid buffer solution

*
(Buffer Solution B) .
The citrate—citric acid buffer solution

*
(Buffer Solution C).

% corrected to the same buffer concentration and ionic

strength as Buffer Solution A.
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Figure 10

The Rate Constant versus Activity of the Hydronium Ion
for the Buffer Solution A (Phthalate-Biphthalate Buffer
Solution; Ionic Strength of 0.6875; Buffer Concentration
0.312 M) at Temperature 25° to 45°C.
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Figure 11

The Rate Constant versus Activity of Hydronium Ion
for the Citrate-Citric Acid Buffer Solution (Buffer

Concentration of 0.167 M) with Different Ionic Strength

at Temperature 30°¢.

il

© Buffer Solution B (ionic strength 0.6875).

EIBuffer Solution C (ionic strength = 1.3333).

1

OBuffer Solution D (ionic strength 2.0000).
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Figure 12

The Apparatus Set-Up for the Preparation of Methyl Isocyanide.
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