1975

953

Kinetics and Mechanism of the Reaction between Copper(ii) lons and
Thiobenzamide in Aqueous Solution

By Alan J. Hall and Derek P. N. Satchell,* Department of Chemistry, King’s College, Strand, London WC2R 2LS

The reaction between thiobenzamide and copper(ll) ions in agueous perchloric acid leads to benzonitrile and
copper(ll) sulphide. With N-substituted thiobenzamides the organic product is the corresponding O-amide.
At 60° and with [HCIO,] 2 0-5M, the thiobenzamide reaction obeys the rate equation —d[S-amide]/dz = [S-amide]
[Cu?+] (8.2 + 0-063/[H30+*]) mol I-* h-% A mechanism is suggested which involves the rate-determining
decompositions of both a 1 S-amide: 1 Cu?+ complex and of its deprotonated form.  This mechanism is similar
in outline, but different in detail, from that probable for the corresponding reaction involving mercury(ll) ions,
which is ca. 2 x 10°-fold faster under comparable conditions. A-Cyclohexyl thiobenzamide reacts faster than
does thiobenzamide with Hg?t, but slower with Cu®*. The reasons for these differences are discussed. The
copper(ll) sulphide product can be precipitated in colloidal form and then leads to powerful heterogeneous auto-

catalysis. This effect is relatively unimportant at temperatures <50°.

WE reported recently 1 on the mercury(i1) ion promoted
decomposition of thiobenzamides. We deal now with
the corresponding reaction involving copper(l1) ions.
Little is known about this type of process. Three
studies exist. Two 2 show that thioacetamide or thio-
benzamide added to an aqueous Cu?*-hydrogen halide
mixture leads to the precipitation of an S-amide-
[Cu(halide)]® complex, although with nitric or sulphuric
acid in place of the hydrogen halide what is probably
copper(11) sulphide is precipitated without evidence of
intermediate complex formation. The third,® pre-
liminary report concerns the kinetics of such precipit-
ations under various conditions of pH. The organic
product was not identified in any of these studies and
there has been no discussion of the reaction mechanism.

EXPERIMENTAL

Materials.—Pure samples of thiobenzamide, N-cyclo-
hexylthiobenzamide, = N-thiobenzoylpiperidine, = benzo-
nitrile, N-cyclohexylbenzamide, and aqueous perchloric
acid were obtained as previously described.! Copper(i1)
perchlorate hexahydrate was B.D.H. reagent grade material;
carbon tetrachloride and ethanol were of AnalaR grade.

Products.—Preparative scale experiments, which simu-
lated as far as possible the temperature and concentration
conditions of the kinetic runs, showed that thiobenzamide
and an aqueous Cu?'-HCIO, mixture leads to benzonitrile
and copper(ir) sulphide. The overall reaction is (1).

PhCSNH, + Cu?* -+ 2H,0 ~p
PhCN + CuS + 2H,0* (1)

With N-cyclohexylthiobenzamide the product is the O-
amide (2). Both reactions proceed in high (>909,) yield.

PhCSNHR + Cu?* + 3H,0 —»
PhCONHR + CuS + 2H,0* (2)

Kinetic Avvangements—These were similar to those used
for the mercury promoted reactions.! In all runs a small
concentration of S-amide was added (as a stock solution in
ethanol) to an excess of an aqueous Cu(ClO,),~HCIO,
mixture. The resulting reaction mixture contained ca.
3% (v/v) of ethanol. The S-amides absorb?! u.v. light
strongly at 285 nm, where the products, and other reagents,
absorb relatively feebly. In contrast to the mercury(i)

! A.J.Halland D. P. N. Satchell, J.C.S. Perkin I1, 1975, 778.

2 D. Rosenthal and T. I. Taylor, J. Amer. Chem. Soc., 1960,
82, 4169; F. Kasparek and J. Mollin, Coll. Czech. Chem. Comm.,
1960, 25, 2919.

3 E. H. Swift and F. C. Anson, Talanta, 1960, 8, 296.
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ion promoted reactions, with copper(i) ions there is no
spectroscopic evidence for the rapid formation of a detect-
able quantity of an S-amide-Cu?" complex; the dis-
appearance of the S-amide with time can therefore be
directly observed in the 285 nm region. The disappearance
is very slow at room temperature and reactions were there-
fore conducted at ca. 60°. The thermostat was controlled
to within 40.1°. Another reason for conducting these
reactions at temperatures >50° was that, as reaction pro-
ceeds, some copper(11) sulphide is precipitated. At lower
temperatures this precipitate appears in a colloidal form and
produces powerful, heterogeneous autocatalysis.? At
temperatures '50° this effect is much reduced and a clean
first-order loss of S-amide can be observed over more than
one half-life. The observed first-order rate constants,
kopg, were calculated from plots of log(D — Dg) against time,
where D is the optical density at some chosen wavelength.
Values of %y, for thiobenzamide were reproducible to within
+10%. Our results for various Cu?* and perchloric acid
concentrations are in the Table. The reactions with the
N-substituted derivatives proved to be very slow even at
60°.  Our results for these compounds are more qualitative
(4159%) and cover a smaller range of concentration
conditions (Table).

RESULTS AND DISCUSSION

The Experimental section, and the results in the Table
and Figure 1, show that for thiobenzamide the loss of S-
amide is kinetically first order in S-amide and in copper-
(11) ions, while the reaction order in the hydrogen ion is

PhC=S —> Cu?*

PhCSNH, + v =
!

NH,
{1
M + HO == Phﬁ~S—Cu' + Hy0*
NH
()
m + HO = Ph—C-L5 —cyt

Il
.
H/N \H
H20:/‘

Transition state

M —> PhC=N'H + Cus

PhC=N'H  + H,0 —= PhCN + HSO*

[or PRC=N'R +  2H,0 —> PhcoTR + H0*

H

variable. At very low values of [H;O%], &gy is approxi-
mately inversely proportional to this concentration, but
when [H30%] has risen to 0.1M, kg, has become largely
independent of [H;O%]. At relatively high values of
[H;0%], kons begins to rise again.  This latter effect is due

J.C.S. Perkin II

to the hydrogen ion catalysed hydrolysis of thiobenz-
amide  whose rate is known to become significant at 60°

Reaction between copper (11) ions and thiobenzamides
in aqueous perchloric acid at 59.5°

[S-amide]initial ca. 107*M; for kq,e see text; solvent, 3% (ufv)
ethanol-water

(1) Thiobenzamide
(a) Effect of [Cu?t] with [HCIO,] 0.0036m

10°[Cus*]/my 050 1.0 15 20 3.0 5.0
10/ 71 0.12 0.24 0.38 0.50 0.69 1

(b) Effect of [HCIO,] with [Cu?]1 x 107u

102[HCIO ]/ 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
10%kgps /D72 14 68 48 395 33 29 245 20
10*[HCIO]/m 0.60 0 08 095 1.2 14 15 20
10%0ps /71 1.75 145 14 135 13 13 1.2

0.7
1.6
10°[HCIO,]/m 2.5 4.5
102kgps/h72 1.1 0.85
(2) N-Cyclohexylthiobenzamide ([Cu2+] = 1 X 1073m)
10°[HCIO,]/m 0.00 0.05 0.18
102k gps/h™1 0.21 0.13 0.12

(3) N-Thiobenzoylpiperidine ([Cu?+] = 1 x 1073m)

102[HCIO]/m 0.00 0.05 0.18
10%ae/hT 0.05 0.035 0.030

when [H;O*]<IM. This hydrogen ion cataysed hydro-
lysis contributes negligibly to Aqs at lower concentr-
ation,® where the copper(11) ion promoted decomposition
is dominant.

The variation of Zqs with [H;0*] for the copper(1)

Fast, K (3)
Fast, K, (4
~—> PhC=N'H + H0"
+ CuS
Slow, k;  (5)
Slow, kg B
Fast (7)

Fast]

ion reaction is similar to that found for the analogous
mercury(II) ion process and probably arises from the
same type of effect.! Reactions (8)—(7), from which

% H. Flaska, Chem. Analyst, 1955, 44, 2.
5 A.J.Halland D. P. N. Satchell, J.C.S. Perkin 11,1974, 1077.
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solvating water molecules have been omitted for sim-
plicity, can account for the present results.* This
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FI1GURE 1 Variation of keps with [H;O+] at 59.5°

mechanism is a simplified version of that proposed for
the mercury(m1) ion reaction; it is simpler mainly
because the rapid and stoicheiometric formation of
2S-amide-M"* complexes is not detected for Cu?* under
our conditions. Since only very small concentrations of
1 S-amide: 1 Cu?* complexes can be formed here, the
suggested slow steps differ from those probable for the
mercury(11) ion reaction, where the rate-determining
processes appear to involve the formation of similar
1:1 complexes from stoicheiometrically formed 2 S-
amide : 1 Hg?* complexes and free Hg?" ions. Apart
from this difference the proposed mechanisms are similar.
The present scheme would not be expected to be very
susceptible to changes in ionic strength.

Reactions (3)—(7) lead to the rate equation (8). A
plot of equation (9) leads to a good straight line over the
whole acidity range (Figure 2). The proposed mech-
anism is therefore compatible with the observed kinetic
behaviour. Our values for the composite constants
k'yand k'g are8.2 X 1073 h1and 0.063 X 10~ mol " h7,
respectively. Since k; would be expected to be com-

— d [S-amidel/d¢ = E[(I)] + A¢[(I1)]
— (k5K3 + k6K3K4/[H30+])[Cu2+]-

[S-amide] (8)
Fovs = (5K + gS3Kyf[Hz07])[Cu®"]

] k’5 + k’s/[HgO+] (9)

* Equilibrialike [Cu(H,0),)*t 4+ H,0 === [Cu(H,0),_,OH]+
+ H O+ will only be expected to intrude at pH > 6.

955

parable or greater than kg, it seems that K, 21072
This is reasonable in the light of the value of 0.7
obtained for the corresponding constant in the Hg?*
system1; Cu?" probably engages the S-amide in a
much weaker bond than does Hg?* for a negligible con-
centration of complex appears to form in equilibrium
(3). It can be calculated that the relative rates of the
Hg?* and Cu?* reactions under similar conditions would
be ca. 2 x 10%: 1.

Some authors 2¢ believe that, in contrast to mer-
cury(11), the copper(11) ion engages the S-amide’s nitrogen
atom as well as, or instead of, its sulphur atom. Our
results with the N-cyclohexyl derivative suggest that
this could be the case. The fact that this compound
reacts ca. 30-fold slower than does thiobenzamide itself
in the present system, whereas with Hg?* it reacts ca.
12-fold faster than the unsubstituted compound, sug-
gests that for the Cu?* reaction an important steric effect
opposes the polar effect of the cyclohexyl group, for the
polar effect alone would be expected to lead to an in-
crease in rate, as found in the mercury(i1) ion reaction.

007
006
005

004

/ht

3 om

002

01

.

1 |
500 750
[H,0%]/u

!
00 250

1000
Ficure 2 Plot of kg against [H;O+]1

If the copper ion must co-ordinate to nitrogen, as well as
to sulphur, the N-cyclohexyl group could well lead to
steric interference. Similar considerations could explain
the even smaller rate found for N-thiobenzoylpiperidine,
although the modification of the mechanism necessary for
S-amides which cannot lose protons from nitrogen can
also account for the lack of reactivity of this compound.!

[4/2646 Received, 19th December, 1974]

6 N. N. Greenwood and B. H. Robinson, J. Ckem. Soc. (4),
1967, 511.





