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ABSTRACT: A direct kinetic study is reported for the electrophilic amination of substituted phenylmagnesium
bromides with N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine in THF. Rate data, Hammett relationship, and
activation entropy are consistent with a SN2 displacement involving the attack of carbanions to sp3N in the amination
reagent (AR). Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Amines are one of the important class of compounds in
organic synthesis and also substructures of many natu-
rally occurring compounds and pharmaceuticals. For the
amine synthesis,1 nucleophilic amination strategy is
commonly in use, however transitıon metal catalyzed
C—N couplings between aryl halides and amines have
received special attention.2–4 Electrophilic amination
strategy is also a potentially valuable method for
nonsymmetric and symmetric synthesis of amines1,5–7

and a-amino carbonyl compounds (Scheme 1).8,9 A
number of electrophilic amination reagents (ARs), that is,
synthetic equivalents of �NR2 synthon (1,2) have been
reported for C—N coupling with carbanions (Scheme 1).
Notably among these are: (i) sp3N type ARs (1).
O-Organyl hydroxylamines (1a),5–9 O-acylhydroxyla-
mines (1b),10–14 O-silylhydroxylamines (1c),5–9 O-sulfo-
nylhydroxylamines (1d),5–9,15 and O-phosphinylhydro-
xylamines (1e)5–9 react with carbanions directly.
(ii) sp2N type ARs (2). O-Sulfonyloximes (2a)16–18 form
imines, which are hydrolyzed to amines. Azides (2b),5–9

diazene dicarboxylates (2c),5–9 arene diazonium salts
(2d),19–21 and nitroarenes (2e)22 form intermediates
which require reductive work-up to produce amines.

Although synthetic potential of electrophilic amination
has been extensively studied, mechanistic investigations
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are limited. Beak’s23–25 group provided evidence for a
polar SN2-like mechanism for the reactions of organo-
lithiums and a-lithionitriles with 1a and 1e. Ricci and
coworkers26 offered a similar mechanism for the amina-
tion of higher order lithium cuprates with 1c. Theoretical
calculations by Boche and Wagner,27 Armstrong, et al.,28

and McKee29 support a transition state for this
mechanism. We recently reported our work on the kinetic
studies of the amination of carbanions with ace-
tone O-(mesitylenesulfonyl)oxime (2a, R¼CH3, R1¼
C6H2(CH3)3-2,4,6)30 and with O-methyl hydroxylamine
(1a, R1¼CH3).31 We investıgated substituent effects on
the amination rate of phenylmagnesium bromides,30,31

magnesium diphenylcuprates,31 and also CuCN catalyzed
phenylzinc chlorides30 and diphenylzincs31 by competi-
tive kinetic studies. Analyses of rate data via Hammett
treatment were explained by SN2 mechanism for Grignard
reagents and by nucleophilic oxidative addition mech-
anism for catalytic and stoichiometric cuprates. Although
linear Hammett plots supported the assumption of
first-order reaction in organometallic reagent in the
amination with these reagents, we have been exploring
reaction conditions to carry out a direct kinetic study for
the electrophilic amination.

In our recent work15 on the successful use of Grignard–
Barbier type amination with N,N-dimethyl derivative
of O-(mesitylenesulfonyl)hydroxylamine (1d, R1¼
C6H2 (CH3)3-2,4,6), we observed that amination takes
place in a homogeneous solution. This finding and our
continuing investigations into synthetic and mechanistic
aspects of electrophilic amination encouraged us to
perform an extensive kinetic investigation of the C—N
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Scheme 1
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coupling of aryl magnesium bromides with N,N-dime-
thylamino transfer reagent 1d in the hope of finding
additional support for the proposed SN2-like mechanism.

In the present paper, we report our successful results for
the first direct rate measurements for the electrophilic
amination of carbanions with a sp3N type reagent and we
also discuss their relative reactivities.
RESULTS AND DISCUSSION

For the kinetic study of amination of aryl Grignard
reagents with N,N-dimethyl O-(mesitylenesulfonyl)
hydroxylamine (1g), we planned (i) to determine the
reaction order in both reactants, (ii) to find structural
effects on the reactivity of carbanions, and also (iii) to find
the activation parameters.

We have been interested in the amination of a series of
substituted phenylmagnesium bromides and as a model
reagent, we chose phenylmagnesium bromide (Scheme 2).
Although the amination of phenylmagnesium bromides
were carried out at room temperature for synthetic
purposes,15 we carried out kinetic experiments at 5 8C to
�15 8C to follow the reaction easily.

We collected the rate data by taking seven to nine
samples at suitable reaction times keeping the concen-
tration of AR (1g) constant and concentration of Grignard
Scheme
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reagent (3a–e) in excess and varied to determine the
reaction order in 1g and in 3a–e.

In the experiments, we found the concentration of
formed amines (4a–e) by GLC analysis. Being interested
in the formation rate of amines, we calculated the
concentration of remaining AR (1g) at time t as [AR]t¼
[AR]o� [amine]t, where [AR]o is the initial concentration
of aminating reagent and [amine]t is the concentration of
formed N,N-dimethylanilines (4a–e) at time t.

The rate data were evaluated as pseudo-first-order and
plots of log[AR]t values versus time proved linear up to
60–80% completion of the reaction. Pseudo-first-order
plots for the amination of phenylmagnesium bromide at
5.0� 0.1 8C and 3-methoxyphenylmagnesium bromide at
�10.0� 0.1 8C are given in Fig. 1. Pseudo-first-order rate
constants k1 were calculated by linear regression analysis
(r� 0.99). In order to test the effect of varying
concentration of Grignard reagents (3a–a) on k1 values,
we chose phenylmagnesium bromide (3a) as a model
reagent. The concentration of 3a was varied between 10
and 30 times that of AR (1g). The results taken at two
different temperatures, that is, 5.0� 0.1 8C and
�10.0� 0.1 8C are given in Table 1 and the data are
plotted in Fig. 2. Linear regression analysis of the logk1

values versus log[C6H5MgBr] yielded a slope of 1.00
(r¼ 0.9971) for the reaction at 5.0� 0.1 8C and a slope of
1.04 (r¼ 0.9842) for the reaction at �10.0� 0.1 8C,
2
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Figure 1. Typical first-order plots for the reaction of (a)
phenylmagnesium bromide (3a) (*) and (b) 3-methoxy-
phenylmagnesium bromide (3e) (~) with N,N-dimethyl
O-(mesitylenesulfonyl)hydroxylamine (AR) (1g) in THF.
Experimental conditions: (a) [C6H5MgBr]¼0.750M, c¼
[AR]¼0.025M, t¼ 5.0�0.1 8C. (b) [3-CH3OC6H4MgBr]¼
0.500M, c¼ [AR]¼0.025M, t¼0.0� 0.1 8C

Figure 2. Effect of phenylmagnesium bromide (3a) concen-
tration on the pseudo-first-order rate constants for the
reaction of phenylmagnesium bromide (3a) with
N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine (AR)
(1g) in THF at 5.0�0.1 8C and at �10.0� 0.1 8C. Data
are from Table 1
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confirming the first-order reaction in Grignard reagent,
which we assumed in the competitive kinetic study of the
amination reaction of phenylmagnesium bromides (3a–e)
with O-methyl hydroxylamine (1a, R1¼CH3).30,31

Thus, the total rate law for the amination of
phenylmagnesium bromide (3g) with AR (1g) in THF
can be expressed by Eqn (1).

� d½AR�
dt

¼ k½C6H5MgBr�½AR�
¼ k1½AR�

The second-order rate constants k were calculated as
k¼k1=½C6H5MgBr� and taking the average of k values
gave 62.4� 1.3 M�1 min�1 at 5.0� 0.1 8C and 23.1�
Table 1. Effect of phenylmagnesium bromide concentration on
N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine (1g) in THF at

[C6H5MgBr] (M)

t¼ 5.0� 0.1 8C

k1 (�103) (min�1) k (�103) (M�1 m

0.250 15.66 62.6
0.375 23.26 62.0
0.437 26.02 59.5
0.500 32.47 64.9
0.625 39.84 63.7
0.750 46.06 62.1

a [AR]¼ 0.025 M.
b k¼ k1/[C6H5MgBr].

Copyright # 2007 John Wiley & Sons, Ltd.
0.8 M�1 min�1 at �10.0� 0.1 8C with the uncertainty of
4–7%, which is in the error limit of GLC analysis. The
kinetic reactions of all substituted phenylmagnesium
bromides (3b–e) obeyed pseudo-first-order kinetics.

Electronic effects in the amination of Grignard
reagents with N,N-dimethylamino transfer reagent (1g)
were also investigated. Since deviations have been
observed with 4-CH3O and also with 4-Br and 3-Br
containing phenylmagnesium,30–32 -copper,31 and -zinc
reagents31 in the Hammett plots for their reactions, we
investigated kinetics of only alkyl and 3-CH3O-
substituted phenylmagnesium bromides at 0.0� 0.1 8C
for Hammett relationship. We calculated the second-order
rate constants k of substituted phenylmagnesium bro-
mides (3b–e) with 1g under pseudo-first-order conditions
and correlated with Hammett s constants (Table 2).
Hammett plot gave a reasonably straight line with a value
of r¼�1.02 (r¼ 0.918) for the reaction constant (Fig. 3).
The sign of the reaction constant indicates that the
reaction is decelerated with electron attracting substi-
tuents and this result is consistent with the electrophilic
the reaction rate of phenylmagnesium bromide (3a) with
two different temperaturesa

t¼�10.0� 0.1 8C

in�1)b k1 (�103) (min�1) k (�103) (M�1 min�1)b

5.89 23.0
7.83 20.9

10.13 23.2
12.21 24.4
14.97 22.9
17.96 23.9
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Figure 3. Variation of rate constants with Hammett sub-
stituent constants for the amination of substituted phenyl-
magnesium bromides (3a–e) with N,N-dimethyl
O-(mesitylenesulfonyl)hydroxylamine (1g) in THF at
0.0� 0.1 8C. Data are from Table 2

Table 2. Rate constants for the amination of substituted
phenylmagnesium bromides (3a–e) with N,N-dimethyl
O-(mesitylenesulfonyl)hydroxylamine (1g) in THF at
0.0� 0.1 8C.

Substituent sa k (�103) (M�1 min�1)b

4-(CH3)3C �0.20 90.6
4-CH3 �0.17 90.3
3-CH3 �0.07 59.1
H 0.00 45.5
3-CH3O 0.12 47.4

a Substituent constants are taken from Ref. 33.
b Second-order rate constants were calculated under pseudo-first-order
conditions.
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character of the AR in the rate determining step. It is quite
impressive that we already obtained31 a value of
r¼�0.95 for the reaction of substituted phenylmagne-
sium bromides with O-methyl hydroxylamine
(1a, R1¼CH3) in THF at �15.0� 0.1 8C. The similarity
of these two reaction constants shows33 that there is
almost no difference in the amount of carbanion character
and thus no difference in the extent of C—N bond
formation in the transition states of the reactions of
substituted phenylmagnesium bromides with �NH2

transfer reagent (1a) and �N(CH3)2 transfer reagent (1g).
The above kinetic data and Hammett relationship

demonstrate that C—N coupling of aryl Grignard reagents
with N,N-dimethylamine O-(mesitylenesulfonyl)hydro-
xylamine 1g seems to take place by a formal SN2
displacement involving donation of the electrons of
carbanions derived from Grignard reagents 3a–e to sp3N
in the N—OY bond of aminating reagent 1g (Scheme 3).
This study also supports the mechanism that we proposed
in the competitive kinetic study of the aryl Grignard
reagents with sp3N type31 and also sp2N type30 ARs.

We also tried to find the activation entalphy AH 6¼ and
activation entropy AS 6¼ for the amination of phenylmag-
Scheme

Copyright # 2007 John Wiley & Sons, Ltd.
nesium bromide (3a) with N,N-dimethylamino transfer
reagent (1g) hoping that the value of AS 6¼ will be negative
due to the decreased disorder in the transition state. On the
electrophilic amination, coupling of aryl magnesium
bromides with the aminating reagent is expected to lead to
the formation of transition state (5). Beak’s23,24 group
also gave experimental information supporting the
structure of a similar transition state in the electrophilic
amination of organolithiums with a sp3N type AR.

The second-order rate constants k of the reaction of 3a
with 1g were calculated at different temperatures and k
were obtained to be 62.1 M�1 min�1 (from the data in
Table 1), 45.5 M�1 min�1, 23.1 M�1 min�1 (from the data
in Table 1), and 16.7 M�1 min�1 at 5.0, 0.0, �5.0, �10.0,
and �15.0 8C, respectively. Eyring plot of In(k/T) versus
1/T was found linear (r¼ 0.9985) (Fig. 4) and activation
parameters AH 6¼ ¼ 36.7� 3.0k lmol�1 and AS 6¼ ¼
�135.3� 9.0 J mol�1 K�1 were determined from the slope
and intercept of the line, respectively.34,35 The uncertain-
ties in AH 6¼ and AS6¼ were determined from the mean
deviations in the slope and intercept of this line, respec-
tively. The value of AS6¼ is consistent with an associative
process in the formation of transition state as expected.
3
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Figure 4. Eyring plot for the reaction of phenylmagnesium
bromide (3a) with N,N-dimethyl O-(mesitylenesulfonyl)
hydroxylamine (1g) in THF
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It is known that in SN2 reactions, activation parameters
should be negative, but, as solvation plays an important
role, the range of values will depend upon the charge type
in the formation of transition state and also upon the
solvent.36,37 For charge separation, numerical values of
activation entropies were reported to be �90 to
�120 J mol�1 K�1, whereas lower numerical values of
activation entropies, that is, �20 to �40 J mol�1 K�1

were reported for charge delocalization. Activation
entropy also assumes a larger negative value if transition
state is solvated more extensively than the reactants.
Then, AS6¼ value in the reaction of phenylmagnesium
bromide (3a) with N,N-dimethylamino transfer reagent
(1g) provides an explanation of almost total absence of
�N(CH3)2 species as well as the development of a partial
charge in the formation of transition state.

In conclusion, our first direct kinetic study, Hammett
relationship, and activation entropy for the homogeneous
electrophilic amination of phenyl Grignard reagents with
N,N-dimethylamine O-(mesitylenesulfonyl)hydroxylamine
support the proposed SN2 type substitution mechanism for
organolithium and Grignard reagent derived carbanions
with sp3N type amino transfer substrates. The results are
also consistent with our previous competition experiments
for electrophilic amination31 of phenyl Grignard reagents
with O-methyl hydroxylamine.
EXPERIMENTAL

All experiments were carried out under dry nitrogen
atmosphere using oven-dried glassware and standard
syringe rubber septum techniques.38 THF was distilled
Copyright # 2007 John Wiley & Sons, Ltd.
from sodium benzophenone dianion. The magnesium
generally used was more than 99.9% pure. Aryl bromides
were purchased and purified according to the published
procedures. Grignard reagents (3a–e) were prepared in
THF by conventional standard methods found elsewhere
and their concentrations were found prior to use by
titration with sec-butyl alcohol using O-phenanthroline as
an indicator.39 Authentic samples of N,N-dimethyl-
anilines were prepared by our reported procedure15 using
amination of arylmagnesium bromides with N,N-dime-
thyl O-(mesitylenesulfonyl)hydroxylamine.

The kinetics were followed by measuring the
concentration of formed amines by GLC analysis using
internal standard technique on a ZB-5 capillary column
(immobilized with phenylpolydimethylsiloxane) on a
Thermo Finnigan gas chromatograph equipped with a
flame ionization detector. In a jacketed reaction vessel of
approximately 50 ml capacity capped with rubber septum
and equipped with a magnetic stirrer, THF solution of
N,N-dimethyl O-(mesitylenesulfonyl)hydroxylamine 1g
and internal standard was thermostated. Beginning at
least 2 min after rapid injection of THF solution of
arylmagnesium bromide, alıquots (8–12) were withdrawn
at appropriate times by syringe and were added to a vial
containing a saturated NaHCO3 solution for hydrolysis
and ether. Extraction of amine and internal standard to the
ethereal phase was found to be essentially quantitative.
The ethereal phase was analyzed by GLC. Generally,
self-consistent data could be obtained for two half lives.
Observed pseudo-first-order rate constants were calcu-
lated from plots of logc versus time t. c is the
concentration of remaining aminating reagent (AR)
(1g) at time t� and is calculated as c¼ [AR]t¼
[AR]o� [amine]t where [AR]O and [amine]t are the
initial concentration of 1g and concentration of amine at
time t, respectively. Reproducibility of the rate constants
was generally �4%, which is in the error limit of GLC
analysis.
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