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A kinetic investigation of the reactions of aryl
cyanates with Grignard reagents and dibutyl-
magnesium in diethyl ether has been carried
out. The reaction is best described as involving
a concerted four-center mechanism in the rate-
determining step, first order both in aryl
cyanate and in the organomagnesium species:
alkyl- or arylmagnesium halide and dialkyl-
or diarylmagnesium, present in the Grignard
reagents.*

For reactions of m-substituted phenyl cya-
nates with ‘butylmagnesium bromide” a linear
correlation is obtained between the logarithm
of the rate constants and the Hammett sigma
values with a g-value of +0.97. For reactions
of p-substituted phenyl cyanates with “butyl-
magnesium bromide’’ it has not been possible
to obtain a smooth curve when plotting the
logarithm of the rate constants versus the
Hammett sigma values.

The reaction constant for the reaction of
phenyl cyanate with p-substituted ‘‘phenyl-
magnesium bromides’ is calculated to be ca.
—0.80.

“Arylmagnesium bromides’’ are found to be
more reactive than dibutylmagnesium, which
again is more reactive than ‘“butylmagnesium
bromide”.

In another paper! we have described the
product formation in the reaction between
alkyl or aryl cyanates and Grignard reagents,
and we now wish to report a kinetic investiga-
tion of the reaction between aryl cyanates and
Grignard reagents.

The present work has been carried out in
order to obtain information about the mecha-
nism of the reaction (I) between aryl cyanates

* The Grignard reagents are in the following
symbolized as “RMgX"”.

Acta Chem. Scand. B 28 (1974) No. 7

and Grignard reagents, which leads to the
formation of aryloxymagnesium halides and
nitriles:

ArOCN + RMgX —= ArOMgX ¢« RCN  (I)

A thermographic method * was used for
the kinetic measurements, and this technique
allowed rate measurements reproducible within
+5 9% by use of a concentration of 0.01 M
of the reagent present in lesser amount. All
measurements were carried out with one of the
reagents in excess.

Fig. 1 shows three examples of plots of
In (4Tw — AT,)/(4T« — AT) * versus the reac-
tion time, ¢, for the reaction of phenyl cyanate
with “butylmagnesium bromide”. From all
kinetic measurements linear plots were obtained
for at least 70 9, transformation of the limiting
reagent. The linearity of the plots means that
the reaction order in phenyl cyanate is one.
The pseudo first order rate constants (k) are
obtained from the slopes of the lines and found
to be linearly dependent on the initial con-
centration of Grignard reagent (Fig. 2), and
therefore the reaction orderin ““butylmagnesium
bromide’’ is assumed to be one. Because of the
association of most Grignard reagents at con-
centrations above 0.1 M3 it is surprising that

*Lnaf(a—z)=In (4T w— AT)[(4T 0 — AT)= ks X
t, where AT « is the total rise in temperature, AT, is
the rise in temperature after 2 ms and AT is the rise
in temperature at the time ¢. AT, is a correction for
heat evolved from reaction between traces of
impurities (water) and the Grignard reagent and
from mixing.
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Fig. 1. Plot of In (4Tw— AT,)/(4Tw— AT)
versus the reaction time, ¢, for the reaction of
phenyl cyanate with excess ‘‘butylmagnesium
bromide” in diethyl ether at 25 °C (c°cz,00N =
0.010 M; c®«cgmgnr? =0.103 M (O), 0.413 M
(@) and 0.750 M (A)).
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Fig. 2. Plot of the pseudo first order rate
constant (k,,s) versus the initial concentra-
tion of the Grignard reagent for the reaction
of phenyl cyanate with excess ‘‘butylmagnesium
bromide” in diethyl ether at 25°C (¢’c,m,0cn =
0.010 M).

the pseudo first order rate constant is linearly
dependent on the initial concentration of
“butylmagnesium bromide”. However, the
degree of association of ¢butylmagnesium
bromide” has not been measured. This reagent
could be associated to a lesser extent than the
lower homologues because the degree of as-
sociation decreases as the hydrocarbon chain
ig lengthened.® Another possibility is of course
that the cyanate also reacts with the dimers
(polymers) besides the organomagnesium species
(butylmagnesium bromide and dibutylmagne-

sium) involved in the Schlenk equilibrium (reac-
tion (II)).*

Kl
=

2 CHMBr (CHolMg + MgBr, (1D

In kinetic measurements with a constant
excess of “butylmagnesium bromide” the
pseudo first order rate constant was found to
be increased by 9 9, when the initial concen-
tration of phenyl cyanate was doubled (Table
1). An increase is expected due to the tem-

Table 1. Pseudo first order rate constants for
the reaction of phenyl cyanate with a constant
excess of “butylmagnesium bromide” in diethyl
ether at 25 °C.

Feanocn (M) Cucmmgpr” (M)? Koy (373)
0.010 0.220 7.6
0.020 0.220 8.3

4 Sublimed magnesium (“Specpure”, Johnson,
Matthey Chemicals Ltd.) was used for preparation
of the ‘“butylmagnesium bromide” used in these
experiments.

perature dependence of the rate constant. The
doubling of the concentration of phenyl cyanate
doubles the total rise in temperature. On this
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Fig. 3. Plot of In (4Tw— AT,)/(4Tw — AT)
versus the reaction time, ¢, for the reaction of
excess phenyl cyanate with ‘“butylmagnesium
bromide” in diethyl ether at 25 °C
(co“(:.H.MgBr” = 0.010 M; COCIHIOCN =0. 100 M
(0), 0.200 M (@) and 0.300 M (A)).
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basis it is difficult to say anything about
catalysis by traces of transition metals present
in the magnesium used for the preparation of
the Grignard reagent.

Kinetic measurements with excess phenyl
cyanate and 0.010 M “butylmagnesium bro-
mide”’ likewise give linear pseudo first order
plots (Fig. 3), and the pseudo first order rate
constants obtained from the slopes of the curves
are again linearly dependent on the initial
concentration of the reagent in excess (phenyl
cyanate). The kg e-values found with excess
phenyl cyanate are almost equal to the k-
values found in measurements with excess
“butylmagnesium bromide” (Table 2).

Table 2. Pseudo first order rate constants for
the reaction of phenyl cyanate with “butyl-
magnesium bromide” in diethyl ether at 25 °C.

SCeanoey M) Cecammgnr? M) Fops (87%)
0.010 0.100 2.9
0.100 0.010 2.9
0.010 0.200 6.2
0.200 0.010 6.2
0.010 0.300 9.2
0.300 0.010 8.6

Because of the results reported above the
rate of the reaction between phenyl cyanate and
“butylmagnesium bromide’ can be described
by eqn. (1):

— d[C4H,0CN]/d¢ = k[C,H,OCN] [“C,H,MgBr"]
(1)

We have made kinetic measurements on the
reaction of phenyl cyanate with excess dibutyl-
magnesium and found that the &y e-value is
a factor of 22 higher than the ky-value for
the reaction between phenyl cyanate and
“butylmagnesium bromide” (Tables 2 and 3).
The pseudo first order plots are linear for up
to 80 9% transformation of phenyl cyanate
(Fig. 4), and the pseudo first order rate con-
stants are linearly dependent on the initial
concentration of dibutylmagnesium (Table 3).

If only the dibutylmagnesium present in
“butylmagnesium bromide’’ reacts with phenyl
cyanate the k. -value for the reaction of 0.010
M phenyl cyanate with 0.100 M ‘“butylmagne-
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Table 3. Pseudo first order rate constants for
the reaction of phenyl cyanate with excess
dibutylmagnesium in diethyl ether at 25 °C.

coCCHIOCN (M) co(CJHI)IMg (M) kobs (s-x)
0.010 0.097 63
0.010 0.194 134
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Sls 10 | ]
| |
8| 8
==
Q|9
c 05 B
0 1 | | |
0 5 10 15 20

t (ms)

Fig. 4. Plot of In (4Tw—AT,)/(4Tw— AT)
versus the reaction time, ¢, for the reaction of
phenyl cyanate with excess dibutylmagnesium
in diethyl ether at 25 °C (c°c0cn=0.010 M;
CO(C‘H,),Mg=O.097 M (O) and 0.194 M (.)).

sium bromide’ can be calculated to be 2.1
s-1,* which is 0.8 s~ smaller than the observed
value (Table 2). Therefore it seems reasonable
to assume that both butylmagnesium bromide
and dibutylmagnesium react when ‘butyl-
magnesium bromide” is reacting with phenyl
cyanate.

‘When magnesium bromide etherate is added
to “butylmagnesium bromide’ the k,-value
becomes smaller (Table 4). The concentration of
dibutylmagnesium decreases according to the
Schlenk equilibrium when magnesium bromide
is added, and therefore it is reasonable that the
pseudo first order rate constant becomes smal-
ler. However, the value is still high, which we
suppose is due to the reactivity of butyl-
magnesium bromide.

* The concentration of dibutylmagnesium in 0.100
M “butylmagnesium bromide’ is ca. 0.0032 M for
K,=1x10-% (Ref. 5). The calculation of kg, is
made with the assumption that k., is linearly
dependent on the initial concentration of dibutyl-
magnesium in the interval 0—0.1 M, thus k=
63 x 0.0032/0.097=2.1 s,
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Table 4. Pseudo first order rate constants for the reaction of phenyl cyanate with excess ‘“butyl-
magnesium bromide” in diethyl ether at 25 °C.

Scamoen (M) Cuciamgne’ (M) Mgprs (M) kops (87)
0.010 0.138 0.003 5.7
0.010 0.138 0.069 4.4

On basis of the results described above the
rate expression (eqn. (1)) should consequently
be:

—d[C,H,0CN]/dt = (k,[C,H,MgBr] +
k,'[(C H,):Mg])[C;HOCN] (2)

where k, and k,” are the second order rate
constants for the reaction of phenyl cyanate
with butylmagnesium bromide and dibutyl-
magnesium, respectively. k,” is calculated from
the pseudo first order rate constant and the
corresponding  concentration of dibutyl-
magnesium (Table 3), Kkops=k," X ¢°(comames
ky’ =650 M-1s-1, The second order rate constant
(k;) for the reaction of phenyl cyanate with
butylmagnesium bromide can be calculated

» (M)

co
“CiHyMgBr

Fig. 5. Plot of pseudo first order rate constants

from the following equation:

Fops = ka X ¢ mamgns + Fa” X ¢ (canyamg (3)

For oo“CaHlMgBt" =0.100 M, c°CaHtMgBt =0.0936
M, co(CAHD)IMg =0.0032 M, and kobs =2.9 S-l,
which gives k,=8.6 M-1s-1,

versus the initial concentrations of the Grignard
reagent for the reactions of m-substituted phen-
yl cyanates with excess ‘‘butylmagnesium
bromide” in diethyl ether at 25 °C
(m-xcem0en=0.010 M; m-(CH,),NC,H,OCN
(0); m-CH,C,HOCN (@); m-CH;0C,H,OCN
(A); m-CIC(H,OCN (m); m-CF,C,H,OCN ([])).

Table 5. Pseudo first order rate constants for the reaction of substituted phenyl cyanates with
“‘butylmagnesium bromide’ in diethyl ether at 25 °C (¢°;ocy = 0.010 M and ¢« gymgp: = 0.100 M).

X-C,H,0CN Fgps(s™) log kfk, o
C,H,OCN 2.9 0 0
m-(CH,),NC,H,OCN 2.5 —0.07 —0.15°
m-CH,C,H,OCN 2.8 —0.02 —0.07
m-CH,0CH,0CN 3.8 0.12 0.04
m-CIC,H,0CN 6.2 0.33 0.38
m-CF,C,H,0CN 8.7 0.48 0.47
p-CH,C,H,0CN 3.0 0.01 —0.125
p-(CH,),CHOC,H,OCN 3.8 0.12 —0.45°¢
»-CH,0C,H,0CN 4.8 0.22 —0.16
»-CIC,H,OCN 7.5 0.41 0.25
9.1

2,6-(CH,),C,H,0CN

4 g%.values from Ref. 6 unless another means is indicated. ® This value is from Ref. 7. ¢ This value is

from Ref. 8.
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Fig. 6. Plot of pseudo first order rate constants
versus the initial concentrations of the Grignard
reagent for the reactions of p-substituted phenyl
cyana.tes with excess “butylmagnesium bro-
mide” in diethyl ether at 25 °C (c%- XCeHaOCN_
0.010 M; p-CH,CH,OCN
(CH,;),CHOC,H,OCN (.), p-CH;0C, H OCN
(A); p-CICH,OCN (m)).
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Fig. 7. Plot of log k/k, versus ¢® for the reaction
between m-substituted phenyl cyanates and
“butylmagnesuum bromide” in d1ethy1 ether at
25°C ("m-xcomocn=0.010 M and c®«cpmgnr”
=0.100 M).
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Fig. 8. Plot of log k/k, versus ¢® for the reaction
between p-substituted phenyl cyanates and
“butylmagnesium bromide” in dlethyl ether at
25(:?0(0 p-xc.H.OCN—O 010 M and c<c,mmgpr”
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Kinetic measurements have been carried out
on reactions between m- and p-substituted
phenyl cyanates and excess “butylmagnesium
bromide’’. Pseudo first order plots were in all
cases linear until 70 9, transformation of the
substituted cyanates, and the pseudo first
order rate constants obtained from these plots
were linearly dependent on the initial concentra-
tion of “butylmagnesium bromide’ (Figs. 5
and 6).

The logarithm of the pseudo first order rate
constants for the reactions of m-substituted
phenyl cyanates with ‘butylmagnesium bro-
mide’’ could be linearly correlated with the
Hammett sigma values (Table 5 and Fig. 7).
The slope of the line is positive (9= +0.97).
The logarithm of the pseudo first order rate
constants found in reactions of p-substituted
phenyl cyanates with ‘“butylmagnesium bro-
mide”’ could not be linearly correlated with the
Hammett sigma values (Table 5 and Fig. 8).
The rate constants are increased both when the
substituent is electron-attracting (Cl) and
when the substituent is electron-donating (CH,,
(CH,;),CHO and CH;0O), and the points could
not be connected by a smooth curve. It thus
seems hazardous on this basis to draw any
detailed mechanistic conclusions. However, the
increased rate observed in reactions with p-
substituted phenyl cyanates is in itself an
indication of a change either in reaction mec-
hanism or in the transition state.

The most reactive of the aromatic cyanates
we have investigated is 2,6-dimethylphenyl.
cyanate (Table 5). The pseudo first order plots
obtained in kinetic measurements with excess
“butylmagnesium bromide” are linear up to
70 9% transformation of 2,6-dimethylphenyl
cyanate, and the pseudo first order rate con-
stant is linearly dependent on the initial con-
centration of “butylmagnesium bromide” (Fig.
9). The apparent steric acceleration may be
due to restricted rotation of the cyanate group
with resulting decrease of conjugation with the
phenyl group. Thus the inductive effect of the
phenyl group becomes more pronounced,
causing a reaction rate acceleration in accord
with the observed positive sign of the reaction
constant.

Aromatic Grignard reagents were found to
be much more reactive towards phenyl cyanate
than ‘butylmagnesium bromide’” and more



762 Huge-Jensen and Holm

T T T 3

Kobs (s7)

w0 .

20 | ]

0 4 ! 1 { 1
0 02 04 06 08 10
w (M)

0
€ ¢c, Hymgar

Fig. 9. Plot of pseudo first order rate constants

versus the initial concentrations of the Grignard

reagent for the reaction of 2,6-dimethylphenyl

cyanate with “butylmagnesium bromide” in

i\idiethyl ether at 25°C (¢% ¢~(cs)cimsocn = 0.010
).

reactive even than dibutylmagnesium (Table 6).
When the aromatic Grignard reagent is sub-
stituted in the para-position an electron-
donating substituent (CH;) makes the Grignard
reagent more reactive towards phenyl cyanate
and an electron-attracting substituent (C1)
reduces the reactivity of the Grignard reagent.
From the kype-values and the Hammett sigma
values a reaction constant (g) of —0.8 can be
calculated.

R'OCN + R2MgX "R'OCN + R?MgX
R b4 R b4
\ \,
0---C=N 0—C===N
oL T Lot | T
Mg--R? R---Mg
/ \
X X
lk,(ot k) Ky lor k)

NMgX
4
R'OMgX + RZCN ~ <+—— [R‘—O—C\ ]

I

[R'OMgX, RCN]
R2z alkyl or aryl
X = halogen,alkyl or aryl

Scheme 1.

Table 6. Pseudo first order rate constants for
the reaction of 0.010 M phenyl cyanate with
different Grignard reagents (c®«gygx=0.100
M) and dibutylmagnesium (¢°g,pz=0.100 M)
in diethyl ether at 25 °C.

“RMgX” or RMg kops (871)
“p-CH,C,H,MgBr”’ 248
“CHMgBr”’ 192
“p-ClC,H MgBr”’ 85
(C,H,),Mg 65
“C,HMgBr”’ 2.9
““¢-C,H,MgCl” <2.9

A radical mechanism for the reaction be-
tween aryl cyanates and Grignard reagents can
probably be excluded. First of all the forma-
tion of only a few products in high yields does
not indicate the presence of free radicals. In
reactions of Grignard reagents where free radi-
cals are formed several products are observed,
as for example in the case of the reaction of
“¢-butylmagnesium chloride” with benzo-
phenones.® In the reactions of benzophenone
with different Grignard reagents ¢¢-butyl-
magnesium chloride’ also exhibited the highest
measured reaction rate.!® In the present case
“¢-butylmagnesium chloride’ on the contrary
has the smallest reaction rate. Furthermore,
despite a number of experiments using flow
technique we have not observed radicals in
ESR measurements.

As shown above the reaction order for the
reaction between aryl cyanates and Grignard
reagents is two, first order in both reactants.
For m-substituted aryl cyanates kq,s-values
are linearly dependent on the initial concentra-
tion of the reagent in excess, signifying lack of
complex formation prior to the rate-deter-
mining step. In the rate-determining step two
alternative pathways have to be considered.
1. Attachment of magnesium directly to the
oxygen atom synchronously with nitrile forma-
tion. 2. Attachment of magnesium to nitrogen
followed by a further reaction, to give products
(Scheme 1).

In case I the positive sign of the reaction
constant, @arocn= +0.97, is in agreement
with development of a negative charge on oxy-
gen, as will be the case if phenolate is formed.
Similarly the negative sign of the reaction
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constant garygx= —0.80 fulfills the electron-
ic requirements for the formation of the bond
between the nitrile group and the Grignard
reagent. The size of the constants here observed
will, however, normally be associated with a
transition state of low polarity. Comparison
with reaction constants for reactions of Grig-
nard reagents where the mechanism is known
has not been possible. The low polarity of the
transition state seems to be evidence against
reaction path I, but it is, however, hardly
conclusive since a bond is formed to magnesium
concurrently with breaking of the oxygen-
carbon bond. This reduces the polarity of the
transition state since the bond between oxygen
and magnesium has some covalent character
(27 9%),** but the extent of this effect is uncer-
tain.

The second pathway implies formation of an
imido ester salt, for which no evidence has been
brought to light despite carefull scrutiny.! Still
this intermediate cannot be excluded on these
grounds since it can be interpreted to mean
that the rate constant for the decomposition
of the imido ester salt is much bigger than the
rate constant for the formation of the imido
ester salt. Magnesium salts of simple imido
esters are unknown in general, but a few
examples of isolation of imido esters, where
apparently the salts are intermediates, are re-
ported when a strongly electron-attracting
group is present in the molecule. Thus an imido
ester can be obtained from the reaction between
sodium malonodinitrile and phenyl cyanate,!?
and the reaction of ethyl cyanate with hydrogen
cyanide in pyridine yields the corresponding
imido ester.’®* The reaction of nitriles with an
alcohol in the presence of alcoholate likewise
yields imido esters.!4-'® These observations may
be considered as an indication of the inter-
mediacy of an imido ester also in the case of
the reaction with Grignard reagents. On first
consideration this gains support from the fact
that in the reaction between imido esters and
Grignard reagents, which similarly leads to
alcoholates and nitriles, imido esters cannot be
regenerated after mixing of the reactants even
when using the flow technique.'” Some caution,
however, is necessary in the evaluation of this
result, since it may well be that the abstrac-
tion of the proton from the imido ester by the
Grignard reagent proceeds by a cyclic concerted
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reaction not leading to salt formation (III).

*
NH
Rz-—C< + RMgX — Rz—{jr(‘)aa —
oR' 0Y-Mg
4N
R X

R’CN + R'OMgX + RH (11I)

It is also in the case of pathway 2 difficult
to evaluate what is to be expected with regard
to the reaction constant. The aryl group in
the cyanate is removed to a greater distance
from the reaction center, and the screening
effect of the oxygen atom could explain the
low value of the reaction constant.

No conclusive evidence can be produced for
either of the two alternatives, and evidently
these reactions need more attention.

EXPERIMENTAL

All Grignard reagents were prepared in
diethyl ether distilled from lithium aluminum
hydride directly into the glass apparatus.
This solvent was used in all experiments. The
magnesium used (monosublimed, Dow Chemical
Corp.) was washed with anhydrous diethyl
ether. Every precaution was taken against
oxygen and moisture. The halides used in the
preparations of the Grignard reagents were
distilled or recrystallized and their purity
checked gas-chromatographically. In prepara-
tions of Grignard reagents an excess of magne-
sium was always used. The molarity of the
Grignard reagents was determined by titration
with standard acid and the content of halogen
by titration with standard silver nitrate. The
content of halogen was never more than 4 9,
higher than the content of Grignard reagent.
The different concentrations were obtained by
dilution of ca. 2 M standard solutions.

The aryl cyanates were prepared from phenols
and cyanogen chloride in the presence of tri-
ethylamine.® The purity of the cyanates was
checked by infrared and proton magnetic
resonance spectroscopy and elemental analysis.

Dibutylmagnesium was prepared from
“butylmagnesium chloride’’ and butyllithium.®

Magnesium bromide etherate was prepared
from 1,2-dibromoethane.?

A detailed description of the apparatus used
for the kinetic measurements is given in Ref. 2.
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