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The molecular structures of [CuII(dNbpy)2Br]þ[CuIBr2]
�, CuII(pmdeta)Br2 , CuII(tNtpy)Br2 ,

[CuII(hmteta)Br]þ[Br]� and [CuII(cyclam)Br]þ[Br]� [dNbpy¼ 4,40-di(5-nonyl)-2,20-bipyridine,
pmdeta¼N,N,N0,N00,N00-pentamethyldiethylenetriamine, tNtpy¼ 4,40,400-tris(5-nonyl)-2,20:60,200-terpyridine,
hmteta¼ 1,1,4,7,10,10-hexamethyltriethylenetetramine,Me4cyclam¼ 1,4,8,11-tetraaza-1,4,8,11-tetramethylcyclo-

tetradecane] isolated from atom transfer radical polymerizations (ATRP) were determined. The CuII complexes
showed either a trigonal bipyramidal structure as in the case of the dNbpy ligand, or a distorted square
pyramidal coordination in the case of triamines and tetramines. Depending on the type of amine ligand, the

complexes were either neutral (triamines) or ionic (bpy and tetramines). The counterions in the case of the ionic
complexes were either bromide (Me4cyclam and hmteta) or the linear [CuIBr2]

� anion (dNbpy). No direct
correlation was found between the CuII–Br bond length and the deactivation rate constant in ATRP, which

suggests that other parameters such as the entropy for the structural reorganization between the CuI and CuII

complexes might play an important role in determining the overall activity of the catalyst in ATRP.

Since its discovery in 1995, atom transfer radical polymeriza-
tion (ATRP) has experienced substantial progress and has
become one of the most powerful tools in obtaining well
defined polymers by radical means.1–6 The catalytic cycle in
ATRP involves the reversible switching between two oxidation
states of a transition metal complex.7,8 Shown in Scheme 1 is
the proposed mechanism for a typical polymerization system
using a copper(I) halide/2,20-bipyridine (bpy) derivative as the
catalyst.9 Homolytic cleavage of the alkyl halide bond (R–X)
by the CuI complex generates an alkyl radical R

�
and the

corresponding CuII complex. The radical R
�

can propagate,
with a propagation rate constant kp , by adding across the
double bond of a vinyl monomer, terminate by either coupling
or disproportionation (kt), or be reversibly deactivated by the
CuII complex (kd). Since the equilibrium is strongly shifted
towards the dormant species (ka� kd), radical termination is
suppressed. As a result of the persistent radical effect,10,11

polymers with predictable molecular weights, narrow mole-
cular weight distributions and high functionalities can be
synthesized.

The equilibrium constant for ATRP (Keq¼ ka/kd) shows a
strong dependence on the structure of the complexing ligand.
Shown in Scheme 2 are some bi-,2,9 tri-,12,13 and tetra-
dentate13,14 nitrogen based ligands typically used for ATRP in
our laboratories. In addition, ligands such as pyridineimines15

and phenanthrolines16 have also been used. The coordination
of the ligand is inherently related to the ability of copper
complexes to be oxidized/reduced by the corresponding
R–X.17,18 Consequently, the study of the structures of CuI and
CuII complexes involved in ATRP could provide further
understanding of this catalytic process. This has been re-
cognized in recent structural characterizations of CuIBr
and CuIIBr2 complexes with n-alkyl-(2-pyridyl)methanimine
ligands.19,20 Furthermore, structural studies of these ATRP

catalysts have provided information on the importance of the
solvent and monomer coordination on the catalyst activity.21

In conjunction with the chemistry and the dynamics associated
in the atom transfer step between copper centers, structural
and mechanistic studies can also provide much needed

Scheme 1 Proposed mechanism for ATRP.
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information about how to extend polymerization control to
even higher molecular weight polymers, develop more active
catalysts that can be used at lower concentrations, and poly-
merize in a controlled fashion less reactive monomers (e.g.,
vinyl esters and dienes).

In this paper, we report the solid state X-ray structures of
CuII complexes with nitrogen based ligands typically used in
our laboratories, which were directly obtained by precipitation
from the polymerization solutions. The characterized com-
pounds are expected to be similar to those involved in the
ATRP process. The structural changes from CuI to CuII

complexes, as well as CuII–Br bond lengths, are discussed as
potential parameters for determining the activity of the ATRP
active catalysts.

Experimental

Materials

Copper(I) bromide (98% Aldrich) was purified by overnight
stirring in glacial acetic acid, filtration under an inert gas
atmosphere and washing with excess dry ethanol. Copper(II)
bromide (98% Aldrich) was used without further purification.
Styrene and methyl acrylate (all Aldrich) were stirred over
CaH2 , distilled under reduced pressure and stored in a
refrigerator. Acetonitrile, N,N,N0,N00,N00-pentamethyldiethyl-
enetriamine (pmdeta), 1,1,4,7,10,10-hexamethyltriethylene-
tetramine (hmteta) and 1,4,8,11-tetraaza-1,4,8,11-tetramethyl-
cyclotetradecane (Me4cyclam) were purchased from Aldrich
and used without further purification. 4,40-Di(5-nonyl)-2,20-
bipyridine (dNbpy)22 and 4,40,400-tris(5-nonyl)-2,20:60,200-
terpyridine (tNtpy)12 were prepared according to the literature
procedures.

All polymerization reactions were carried out under stan-
dard literature procedures.9

Crystals of the copper complexes were obtained from the
polymerization solutions by allowing them to stand at room
temperature for at least three days.

X-Ray structure analysis

Crystal data and experimental details are given in Table 1. The
X-ray data were collected at room temperature on a Siemens
SMART CCD area detector diffractometer using graphite
monochromated Mo-Ka radiation (l¼ 0.71073

+
A), a nominal

crystal-to-detector distance of 4.40 cm and 0.3� o scan frames.
A whole hemisphere of data was collected in all cases. However,
due to low scattering intensities in the high theta range, high
resolution limits of 1.0

+
A were employed for all data sets.

Corrections for Lorentz polarization effects and an empirical
absorption correction with the program SADABS23a were
applied. The structures were solved by Patterson and direct
methods (SHELXS8623b) and refined by the full-matrix least-
squares method based on F2 (SHELXL9323c). All non-
hydrogen atoms were refined anisotropically and the hydrogens
were included in idealized positions.

CCDC reference numbers 181514–181518. See http://www.
rsc.org/suppdata/nj/b1/b105454f/ for crystallographic data in
CIF or other electronic format.

Results

Bidentate ligands

CuII/dNbpy. Unsubstituted 2,20-bipyridine was the first
ligand used in copper mediated ATRP.2 Alkyl substitutions in

Scheme 2 Nitrogen based ligands typically used in ATRP.
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the 4 and 40 positions of the bipyridine ring, such as in the
dNbpy ligand, further improved the solubility of the catalyst in
nonpolar medium, which resulted in higher conversions with
polydispersities remaining low.9,24 The starting CuI complex,
which is formed by the reaction between CuIBr and dNbpy,
has a tetrahedral [CuI(dNbpy)2]

þ cation and linear [CuIBr2]
�

anion. This 1 : 1 stoichiometry between CuIBr and dNbpy in
nonpolar medium has been confirmed by extended X-ray
absorption fine structure (EXAFS)25 and electrospray ioniza-
tion mass spectrometry (ESI-MS)26 measurements.

EXAFS experiments determined that the average CuI–N
bond length in [CuI(dNbpy)2]

þ is 2.00
+
A and the average CuI–

Br bond length in [CuIBr2]
� is 2.25

+
A. The average CuI–N bond

length in the cation is consistent with the CuI–N bond lengths in
bpy derivatives such as [CuI(bpy)2]

þ[ClO4]
� 27 and [CuI(6,60-

Me2-bpy)2]
þ[BF4]

�.28 Also, the average CuI–Br bond length in
the linear [CuIBr2]

� anion is similar to that in known complexes
such as [N(C4H9)4]

þ[CuIBr2]
�,29 [P(C6H5)4]

þ[CuI Br2]
� 30 and

[CuI(phen)2]
þ[CuIBr2]

�.31

ESI-MS spectra of CuIBr complexed with 1 or 2 equivalents
of dNbpy in toluene, methyl acrylate or styrene showed the
presence of only the [CuI(dNbpy)2]

þ cation and [CuIBr2]
�

anion. The [CuIBr2]
� anions in the system indicate the binding

competition between dNbpy and bromine ligand towards the
CuI center. Other anions such as [Br]� could also be present in
the CuIBr/(2)dNbpy system, but could not be detected using
available ESI-MS equipment. Recently, the molecular structure
of a related bpy based ATRP active catalyst, [CuI(dNEObpy)2]
[CuIBr2] [dNEObpy¼ 4,40-bis(neophyldimethylsilylmethyl)-
2,20-bipyridine], further confirmed this unusual 1 : 1 stoichio-
metry in nonpolar medium between CuIBr and bpy based
ligands.32

The solid state X-ray structure of isolated crystals obtained
from a bulk polymerization of methyl acrylate catalyzed by
CuIBr/2dNbpy is shown in Fig. 1. The obtained structure
shows a trigonal bipyramidal [CuII(dNbpy)2Br]þ cation and
linear [CuIBr2]

� anion. The shortest distance between the
bromine atom of the anion (Br2) and the copper center of
the cation (Cu1) is 6.182

+
A, which rules out the possibility of

the formation of semicoordinate Cu–Br bonds. The CuII–N
[1.946(13), 2.051(15), 1.977(15) and 2.088(16)

+
A] and CuII–Br

[2.426(3)
+
A] bond lengths (Table 2) of the [CuII(dNbpy)2Br]þ

cation are typical for a distorted trigonal bipyramidal geo-
metry and are comparable to those of related bpy complexes
with the general formula [CuII(bpy)Br]þ[Y]� (Y¼PF6 ,
CF3SO3 , ClO4 , etc.).33

The molecular structure of an isolated [CuII(dNbpy)2Br]þ

[CuIBr2]
� complex might not exactly describe the structure in

solution, taking into account the possibility that more than
one species may coexist in equilibrium. For example, in non-
polar media, the square planar complex CuII(dNbpy)Br2 has
been observed.34 However, it is plausible to assume that the
[CuII(dNbpy)2Br]þ[CuIBr2]

� complex was formed by the
abstraction of a bromine atom from an alkyl halide by a

Table 1 Crystal data and structure refinement for CuII complexes

[CuII(dNbpy)Br]þ[CuBr2]
� CuII(tNtpy)Br2 CuII(pmdeta)Br2 [CuII(Me4cyclam)Br]þ[Br]� [CuII(hmteta)Br]þ[Br]�

Empirical formula C56H88Br3Cu2N4 C42H65Br2CuN3 C9H23Br2CuN3 C14H32Br2CuN4 C12H23Br2CuN4

Formula weight 1184.11 835.33 396.66 479.80 446.70
Crystal system Monoclinic Orthorhombic Monoclinic Orthorhombic Orthorhombic
Space group C2/c P212121 P21/c Pca21 Pca21

a/pm 3494.13(15) 1476.79(3) 1516.4(3) 1528.58(2) 1545.52(4)
b/pm 2481.05(10) 1619.12(4) 1366.4(3) 808.2 808.65(2)
c/pm 1716.80(7) 1886.63(3) 1484.6(3) 1504.21(2) 1461.16(3)
a/� 90. 90. 90. 90. 90.
b/� 95.362(1) 90. 100.35(3) 90. 90.
g/� 90. 90. 90. 90. 90.
u/pm3 14 818.0� 106 4511.12� 106 3026.1� 106 1858.28� 106 1826.14� 106

Z 8 4 8 4 4
T/K 293(2) 293(2) 293(2) 293(2) 293(2)
m/mm�1 2.221 2.284 6.704 5.476 5.566
Total reflect. 47847 13414 12426 13501 8433
Indep. reflect. 6500 4702 3171 5265 1008
Rint 0.0748 0.0574 0.0378 0.0449 0.0378
R 0.1185 0.0393 0.0252 0.0357 0.0358
Rw 0.3138 0.0858 0.0518 0.0704 0.0988

Fig. 1 Molecular structure of the complex [CuII(dNbpy)2Br]þ

[CuIBr2]
�.

Table 2 Selected bond distances (
+
A) and angles (deg) for [CuII(dNb-

py)2Br]þ[CuIBr2]

Br(1)–Cu(1) 2.426(3) N(12)–Cu(1)–N(31) 94.7(6)
Cu(1)–N(1) 1.946(13) N(1)–Cu(1)–N(42) 98.2(7)
Cu(1)–N(31) 1.977(15) N(31)–Cu(1)–N(42) 78.0(7)
Cu(1)–N(12) 2.051(15) N(12)–Cu(1)–N(42) 112.1(6)
Cu(1)–N(42) 2.088(16) N(1)–Cu(1)–Br(1) 94.5(4)
Cu(2)–Br(2) 2.216(4) Br(1)–Cu(1)– N(31) 92.7(5)
Cu(2)–Br(3) 2.218(4) Br(1)–Cu(1)–N(12) 131.1(4)
N(1)–Cu(1)–N(31) 172.8(7) Br(1)–Cu(1)–N(42) 116.7(4)
N(1)–Cu(1)–N(12) 80.9(6) Br(2)–Cu(2)–Br(3) 176.57(17)
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tetrahedral [CuI(dNbpy)2]
þ cation in the [CuI(dNbpy)2]

þ

[CuIBr2]
� complex, as indicated in Scheme 1. The role of the

[CuIBr2]
� anions in the system is still not fully understood.

Although they are not active in ATRP,9,32 they could affect the
geometry of the CuI and CuII cations, and therefore directly
influence their ability to be oxidized and reduced by the cor-
responding alkyl halide and alkyl radical, respectively.

Tridentate ligands

CuII/pmdeta. Apart from substituted bipyridines, other
linear and cyclic amines were successfully used as ligands for
ATRP catalysts.13,14,35,36 Particularly, the commercially
available tridentate N,N,N0,N00,N00-pentamethyldiethylenetri-
amine (pmdeta) showed a high potential for the controlled
polymerization of a variety of monomers. Typically, the ligand
to copper(I) halide ratio used in the polymerization was 1 : 1.
The structure of the CuIBr/pmdeta complex is not known.
Recently, we investigated this system using EXAFS measure-
ments on both the copper and bromine edges.37 The results
were inconclusive and the two possible structures included
neutral tetrahedral [CuI(pmdeta)Br] and an ionic [CuI(pm
deta)]þ[CuIBr2]

� complex. Suitable crystals of the complex for
the X-ray analysis could not be obtained and further experi-
mental evidence is needed to confirm the nature and bonding
of pmdeta to CuIBr.

In Fig. 2 is shown the molecular structure of [CuII(pmdeta)-
Br2], which precipitated from the ATRP of methyl acrylate
catalyzed by CuIBr/pmdeta. The complex has a square pyr-
amidal coordination sphere with three nitrogens and one
bromine situated in the basal plane and the second bromine in
the apical position. Selected bond lengths and angles are
shown in Table 3.

The CuII–Br bond length in the apical position [2.6442(9)
+
A]

is much longer than the CuII–Br bond length in the basal
position [2.4462(9)

+
A]. This is due to the relatively small energy

differences between the trigonal bipyramidal and square
pyramidal geometries of pentacoordinated CuII complexes.38

The cleavage of the CuII–Br bond by the corresponding radical
in the deactivation process of ATRP (Scheme 1) is therefore
expected to occur in the apical position because it is energeti-
cally more favorable.

The methyl groups in the pmdeta ligand also have an
influence on the structure of the CuII complex. While the H
substituted triamine forms dimers,39 the methyl substituted
ligand shows discrete molecules. A similar behavior has been
observed for the chlorine derivatives.40–42

CuII/tNtpy. The substituted terpyridine, 4,40,400-tris(5-
nonyl)-2,20:60,200-terpyridine (tNtpy), is a planar tridentate
ligand that was successfully used in the homogeneous ATRP
of methyl acrylate and styrene. The polymerization of both
monomers was controlled and the resulting polymers had
relatively narrow polydispersities (Mw/Mn< 1.2).12 Similar
to pmdeta, the typical ligand to copper(I) halide ratio used in
the polymerization was 1 : 1. The molecular structure of the
neutral [CuII(tNtpy)Br2] complex that was precipitated from
ATRP of styrene catalyzed by CuIBr/tNtpy is shown in Fig. 3.
The complex has distorted square pyramidal geometry and is
coordinated by three nitrogen atoms of the tNtpy ligand and
two bromine atoms. Selected bond lengths and angles are
given in Table 4.

Analogous to the molecular structure of [CuII(pmdeta)Br2],
the CuII–Br bond length in the apical position [2.5276(10)

+
A] is

longer than the CuII–Br bond length in the basal position
[2.4071(10)

+
A]. Consequently, the deactivation process is more

likely to occur by the cleavage of the bromine bond in the
apical position. The elongation of the CuII–Br bond in the
apical position could be attributed to the small energy differ-
ence between the trigonal bipyramidal and square pyramidal
geometry of the [CuII(tNtpy)Br2] complex as discussed above.
Another possibility includes the steric hindrance of the com-
plex imposed by the long alkyl chains in the terpyridine ligand,
which affect the crystal packing in the unit cell. This
phenomena has not been observed in the molecular structure

Fig. 2 Molecular structure of [CuII(pmdeta)Br2].

Table 3 Selected bond distances (
+
A) and angles (deg) for [CuII(pm-

deta)Br2]

Cu(1)–N(1) 2.086(4) N(1)–Cu(1)–Br(2) 91.36(11)
Cu(1)–N(7) 2.103(4) N(7)–Cu(1)–Br(2) 92.17(11)
Cu(1)–N(4) 2.104(4) N(4)–Cu(1)–Br(2) 165.65(11)
Cu(1)–Br(2) 2.4462(9) N(1)–Cu(1)–Br(1) 103.18(11)
Cu(1)–Br(1) 2.6442(9) N(7)–Cu(1)–Br(1) 105.16(11)
N(1)–Cu(1)–N(7) 150.59(16) N(4)–Cu(1)–Br(1) 95.98(11)
N(1)–Cu(1)–N(4) 84.68(15) Br(2)–Cu(1)–Br(1) 98.35(3)
N(7)–Cu(1)–N(4) 84.73(15)

Fig. 3 Molecular structure of [CuII(tNtpy)Br2].

Table 4 Selected bond distances (
+
A) and angles (deg) for CuII(tNt-

py)Br2

Cu(1)–N(12) 1.962(5) Br(2)–Cu(1)–N(12) 144.43(13)
Cu(1)–N(1) 2.056(5) N(1)–Cu(1)–Br(2) 98.31(15)
Cu(1)–N(18) 2.062(5) Br(2)–Cu(1)–N(18) 97.66(15)
Cu(1)–Br(1) 2.5276(10) Br(1)–Cu(1)–N(12) 105.27(13)
Cu(1)–Br(2) 2.4071(10) Br(1)–Cu(1)–N(1) 92.03(13)
N(1)–Cu(1)– N(12) 78.7(2) Br(1)–Cu(1)–N(18) 97.47(13)
N(12)–Cu(1)–N(18) 78.9(2) Br(1)–Cu(1)–Br(2) 110.26(4)
N(1)–Cu(1)–N(18) 157.3(2)
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of the unsubstituted terpyridine complex [CuII(tpy)Br2], where
CuII–Br bond distances were equal (2.493

+
A).43

Without a knowledge of the structure of the CuIBr/tNtpy
complex, it is difficult to precisely explain the formation of
[CuII(tNtpy)Br2]. One possibility would include the homolytic
cleavage of the alkyl bromide bond by the neutral [CuI(tNt-
py)Br] complex. More experimental evidence is needed to
further investigate this system.

Tetradentate ligands

CuII/hmteta. 1,1,4,7,10,10-Hexamethyltriethylenetetramine
(hmteta) is a tetradentate amine ligand that was successfully
used in ATRP of styrene, methyl acrylate and methyl metha-
crylate. The ligand to CuIBr ratio used in the polymerization
was 1 : 1. The structure and the stochiometry of the CuIBr/
hmteta complex are not known. Possible structures include
ionic [CuI(hmteta)]þ[Br]� and [CuI(hmteta)]þ[CuIBr2]

� com-
plexes. The latter one is supported by the recently published
solid state structure of the chlorine derivative [CuI(hmteta)]þ

[CuCl2]
�.44 In Fig. 4 is shown the molecular structure of the

CuII complex that was isolated from ATRP of methyl acrylate
catalyzed by CuIBr/hmteta. Selected bond lengths and angles
are listed in Table 5.

The complex has a distorted square pyramidal geometry.
The CuII–Br bond length [2.6027(18)

+
A] in [CuII(hmteta)Br]-

[Br] is similar to that in other square pyramidal CuII complexes
with [CuII(tetramine)Br]þ chromophores.45 The distance
between the bromine anion and the CuII center in [CuII(hm-
teta) Br]þ[Br]� is 4.645

+
A, which indicates that the anion is

noncoordinating.

Cu
II
/Me4cyclam. Me4cyclam is the only tetradentate cyclic

amine that was investigated in ATRP. The ligand to CuIBr
ratio typically used was 1 : 1. The molecular structure of the
corres- ponding CuII complex that was precipitated from

ATRP is shown in Fig. 5. Selected bond lengths and distances
are given in Table 6.

The [CuII(Me4cyclam)Br]þ[Br]� complex is square pyr-
amidal in geometry and the CuII–Br bond length is 2.8092(6)
+
A. The geometry of the cation is consistent with both chlorine
and iodine derivatives.46–48 The shortest distance between the
[Br]� anion and [CuII(Me4cyclam)Br]þ cation is 4.349

+
A,

which indicates no substantial interaction and rules out the
possibility for semicoordination in the solid state.

Discussion

Another tetradentate nitrogen based ligand that was success-
fully used in ATRP is tris[2-(dimethylamino)ethyl]amine
(Me6tren). Typically, the ligand to CuIBr ratio was 1 : 1. This
catalytic system showed a very high activity, enabling fast and
controlled polymerization of methyl acrylate at ambient tem-
perature.14 The molecular structure of the isolated CuII com-
plex that was formed during the polymerization indicated an
ionic [CuII(Me6tren)Br]þ[Br]� complex. The complex was
distorted trigonal bipyramidal in geometry and the average
CuII–Br bond length was 2.393(3)

+
A. All other bond lengths

and angles were in full agreement with the previously reported
molecular structure of [CuII(Me6tren)Br]þ[Br]�.49

The isolated and characterized CuII complexes presented in
this study show either a trigonal bipyramidal structure as in
the case of the dNbpy ligand, or a distorted square pyramidal
coordination in the case of triamines and tetramines.
Depending on the type of amine ligand, the complexes are
either neutral (triamines) or ionic (bpy and tetramines). The
counterions in the case of the ionic complexes are either bro-
mide (Me4cyclam and hmteta) or the linear [CuIBr2]

� anion
(dNbpy).

Fig. 4 Molecular structure of [CuII(hmteta)Br]þ[Br]�.

Table 5 Selected bond distances (
+
A) and angles (deg) for

[CuII(hmteta)Br]þ[Br]�

Cu(1)–N(6) 2.082(12) N(1)–Cu(1)–N(6) 82.0(8)
Cu(1)–N(10) 2.082(12) N(1)–Cu(1)–N(10) 154.8(7)
Cu(1)–N(14) 2.103(10) N(1)–Cu(1)–N(14) 101.4(7)
Cu(1)–N(1) 2.167(17) Br(1)–Cu(1)–N(6) 98.9(3)
Cu(1)–Br(1) 2.6027(18) Br(1)–Cu(1)–N(10) 103.1(3)
N(6)–Cu(1)–N(10) 82.9(7) Br(1)–Cu(1)–N(14) 102.7(3)
N(6)–Cu(1)–N(14) 157.3(5) N(1)–Cu(1)–Br(1) 99.0(5)
N(10)–Cu(1)–N(14) 85.4(6)

Fig. 5 Molecular structure of [CuII(Me4cyclam)Br]þ[Br]�.

Table 6 Selected bond distances (
+
A) and angles (deg) for

[CuII(Me4cyclam)Br]þ[Br]�

Cu(1)–N(11) 2.071(3) N(1)–Cu(1)–N(4) 86.13(13)
Cu(1)–N(1) 2.078(3) N(11)–Cu(1)–N(8) 86.66(13)
Cu(1)–N(4) 2.098(3) N(1)–Cu(1)–N(8) 167.35(13)
Cu(1)–N(8) 2.101(3) N(4)–Cu(1)–N(8) 93.86(13)
Cu(1)–Br(1) 2.8092(6) N(11)–Cu(1)–Br(1) 95.22(9)
N(11)–C(12) 1.482(5) N(1)–Cu(1)–Br(1) 96.04(10)
N(11)–Cu(1)–N(1) 90.58(13) N(4)–Cu(1)–Br(1) 97.42(9)
N(11)–Cu(1)–N(4) 167.21(13) N(8)–Cu(1)–Br(1) 96.50(9)

466 New J. Chem., 2002, 26, 462–468



The structures of the CuI and CuII complexes that are
involved in the ATRP equilibrium play an important role in
determining the overall activity of the catalyst. Previously, this
activity has been correlated with properties such as the redox
potential,50 and more recently the activation and deactivation
rate constants.51–53 Additionally, factors such as the polarity of
both the monomers and the reaction medium are also related to
the catalyst activity. The simplest structural parameter that can
be correlated with the kinetics of the ATRP deactivation pro-
cess is the CuII–Br bond length. The strength of this bond could
be used as a crude estimate to evaluate the deactivation rate
constant, which is responsible for the control of ATRP systems.
In Table 7 is shown the comparison between the CuII–Br bond
length and the deactivation rate constant for the CuII com-
plexes with Me6tren,49 dNbpy, tNtpy, pmdeta and Me4cyclam.

As indicated in the table, there is no direct correlation
between the length of the CuII–Br bond and the deactivation
rate constant. It seems that a weaker or longer CuII–Br bond
length is not the only factor that affects the deactivation rate
constant. The structural reorganization of the CuII complex
upon bromine abstraction by the corresponding radical is
another important process that needs to be taken into account.
Without a knowledge of the structures of the CuI complexes in
ATRP, it is difficult to predict the entropies for this reorga-
nization. Additional factors that need to be taken into account
include the ligand basicity and overall stability constants of the
CuI and CuII complexes.54 Other experimental techniques such
as EXAFS, UV-Vis, NMR and far-IR could provide such
information and are currently being carried out.

Conclusions

The molecular structures of [CuII(dNbpy)Br]þ[CuIBr2]
�,

CuII(pmdeta)Br2 , CuII(tNtpy)Br2 , [CuII(hmteta)Br]þ[Br]� and
[CuII(Me4cyclam)Br]þ[Br]� that were isolated from the ATRP
solutions were determined. The CuII complexes showed either
a trigonal bipyramidal structure in the case of the dNbpy
ligand, or a distorted square pyramidal coordination in the
case of triamines and tetramines. The CuII–Br bond length in
the complexes could not be directly correlated with the deac-
tivation rate constant in the ATRP equilibrium. Other con-
tributions such as entropy for the structural reorganization
from CuII to CuI complex and vice versa must also play an
important role in determining the activity of the Cu complexes
in ATRP, and are currently under investigation.
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