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Copper-catalyzed €N bond formation has long been a practical 0025
and efficient method for the construction of aryt-® bonds in
both academic and industrial settinggecently we reported on an
enhanced version of the Goldberg reactidhe copper-catalyzed
amidation of aryl and heteroaryl halides, using Cul and chelating
1,2-diamines in combination with4RQy, K,CO;, or CsCOs.3 Al-
though this process displays increased activity and substrate scope
relative to its predecessors, the development of improved catalysts
hinges on our ability to understand the catalytic events. Herein we 0 o 02 0o
report on a mechanistic study identifying the role of the diamine Figure 1. Reaction rate at 50% con[:l/:r)sion bis [3] in the N-arylation
in preventing multiple ligation of the amiéieand also demonstrate fgz (0.8 M) with 1 (0.4 M) using [Cul] (0.02 M). Y
that a copper(l) amidate can serve as a potential intermediate during

Rate at 50 % Conversion of Aryl lodide
(M/min)

the N-arylation process. Scheme 1. Proposed Mechanism

The reaction between 3,5-dimethyliodobenzetieand 2-pyr- ;
rolidinone @) was selected for the kinetic studies due to its effi- Q >_R
ciency (99% yield after 2 h, eq 1). The reactions were continuously ) R?
monitored in a reaction calorimeter (Omnical SuperCRC) as pre- Major[%‘i’:ﬁq'ﬁ;z;“t Low G /w Aryl lodide
viously described? Since our initial studies focused on determining o e Activation
the precise role of the diamine in this reaction, the reaction rate was R'< i K Nk N >_R1
examined as a function o8]. As shown in Figure 1, a nonlinear 2N o N%Fp Pr— < \Cu N
relationship betweer8] and the reaction rate was observed over a c © R1J<° k2
19-fold change in3]. The observation that complete dissolution NH.B 1_( \
of the copper(l) salt occurs in a mixture contain®ignd Cul in a R NH, 89 (" Nou-x Ztaﬁ?;rlspemes
1:1 ratio precludes an explanation for the saturation behavior based Miiple Ligation N [Diamine]
on a change in solubility of the active copper(l) speéhes.first- A

order dependence on [coppgk] in reactions with Cu(IB ratios

of both 1:2 and 1:10 also rules out catalyst decompostfon. dependence at low3] suggests that under these conditions the

resting state of the catalyst is the multiply amide-ligated species

Me o 5 mol% Cul, C. Increasing concentrations of the diamialrive the reaction

| HN\b 10 mol% 3 é O»NHMB back to intermediatd in equilibrium with A. Thus, increasing
* KsPOy, Toluene, 90 °C “NHMe concentrations of diamine increases the reaction rate, while increas-
Me . ) ing amide concentrations should suppress it. This results in the

limiting case of the rate expression of eq 2 shown in eqs 3a and

A third possibility for the saturation dependence 8hjuggests 3b. The st_raight-lin_e relationship_between the_ fur_lction rate/[Arl]
that multiple ligation of the amide leading to an inactive copper and 1/[Amide] provided by eq 3b is borne out in Figure 2a, where

species may be prevented at high concentration8.3 The three experiments performed at different [Amide] converge into
mechanism shown in Scheme 1 proposes that the intermediate ow [3] nigh 31
copper(l) amidateR) is formed either through amide coordination oor | a . oh

g

to A followed by deprotonation or through diamine association and
subsequent amide dissociation fr@nOnce formedB reacts with
the aryl iodide, affording the desiretl-arylated amide. The
corresponding rate expression is given by eq 2 (where quasi-
equilibria are assumedK; = ki/k-; and K, = ky/k-;). This is
consistent with the kinetic data in Figure 1, showing saturation oot | : : | : : : |
kinetics in [B] with all other concentrations held constaht. ' CAmagary T e
Evaluating the kinetic dependence on [Amide] provides ad- e 2 Reaction rate dependence on [amide]. (a) rate/[Arl] vs L/[Amide]
ditional support for this model in the form of limiting cases of the  at low [3] (10 mol %3, 5 mol % Cul). Reaction conditionsi], = 0.4 M,

rate expression given in eqt2Specifically, the first-order diamine  (0) [2]o = 0.9 M, (©) [2]o = 0.7 M, @) [2]o = 0.6 M. (b) rate/[Amide] vs
[Arl] at high [3] (70 mol % 3, 5 mol % Cul). Reaction conditions:Oj
T Massachusetts Institute of Technology. [26=09M, [1o=04M, (C)[2o=10M, [1o=0.6 M, @) [2]o =
* Imperial College. 0.7, [1]o = 0.6 M.

Rate/Ar] {min')
8 % 7

8
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the same straight-line relationship with slope equaKtoThese
data confirm the inverse dependence on [Amide] at I18}v By
contrast, under conditions of higl3][ Figure 2b reveals that a
straight-line relationship is observed between the function rate/
[Amide] versus [Arl], suggesting the limiting form of eq 2 shown
in eq 4b. This implies that, under higB][ K;[Amide] < 1 and the
resting state of the catalyst shifts to spedfesgiving first-order
kinetics in both [Arl] and [Amide] and zero-order kinetics ig][

rate=
k. .K, K, [Cul[Arl][Amide][Diamine]

Kl[Amide]2 + K [Diamine] + K,K,[Amide][Diamine]

low [Diamine]:

koK K [Cul[ArT][Diamine]

rate [Amide]

(3a)

1
[Amide]

rate _ .,
[Ar]

or K' = k,.K,[Cu][Diamine] (3b)

high [Diamine]:

_ kaeK[Cul{Arl][Amide]

rate -
1+ K, [Amide]

~ kol [CULArT][Amidie]

(4a)
rate
[Amide]

or =K"[Ar]] K"

= keeK4[CU],  (4b)

We sought to evaluate further the potential intermediacy of a
copper(l) amidate compleB(in Scheme 1) now that this species
was substantiated through kinetic analysis. To accomplish this goal,
copper(l) amidates was synthesized by mixing with mesityl-
copper at room temperature in toluene. As evidenced by the
broadened resonances in theNMR, 5 exists as multiple oligomers
in solution, which is consistent with the tendency of most copper-
(I) complexes to exist as aggregatéslpon addition of diaming&
to the solution containing, however, a single species results as

indicated by the sharpened resonances of the copper(l) amidate

protons. Most significantly, the addition of aryl iodideto this
mixture of 5 and3 at 0°C resulted in complete conversion of the
copper(l) amidate, affording &, of 3.1 min (eq 5)}* This

experiment establishes both the chemical and kinetic competency

of a copper(l) amidate intermediate.

o) Me Q
1) 3, Tol
) oluene N\>\:\ 5)
Cu-N 2)Me
5 @*'“)’ occ M 44 ,=31min

Me

rate-limiting step. At low concentrations of diamine, however, the
catalyst resides as a multiply ligated species, which requires the
dissociation of an amide through diamine coordination to generate
the active copper(l) amidate, an intermediate that has been
demonstrated to be both chemically and kinetically competent for
the N-arylation. These results show that both the diamine and the
amide play vital roles in the rate at which thearylation occurs.
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Note Added after ASAP Publication: In the version published
on the Internet February 26, 2005, there were production errors in
egs 3a, 3b, and 4a. In the final version published March 1, 2005,
and in the print version, these equations are correct.

Supporting Information Available: Experimental procedures,
kinetic data, and reaction rate derivation (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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In summary, the kinetic data suggest that the diamine serves to (14) Arylation of5in the absence & did not proceed at temperatures between

prevent multiple ligation of the amide. Higher concentrations of
the diamine allow the activation of the aryl iodide to become the

0°C and 90°C.
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