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bstract

Structural features of copper(I) and copper(II) complexes with bidentate, tridentate and tetradentate nitrogen based
ommonly used in atom transfer radical polymerization (ATRP) were extensively reviewed and discussed based on
pectroscopic techniques. Complexing ligands included 2,2′-bipyridine (bpy), 4,4′-di(5-nonyl)-2,2′-bipyridine (dNbpy), N,N,N′,N′-
etramethylethylenediamine (TMEDA),N-propyl(2-pyridyl)methanimine (NPrPMI), 2,2′:6′,2′′-terpyridine (tpy), 4,4′,4′′-tris(5-nonyl)-
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2,2′:6′,2′′-terpyridine (tNtpy),N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA),N,N-bis(2-pyridylmethyl)octylamine (BPMOA),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA), tris[2-(dimethylamino)ethyl]amine (Me6TREN), tris[(2-pyridyl)methyl]amine
(TPMA) and 1,4,8,11-tetraaza-1,4,8,11-tetramethylcyclotetradecane (Me4CYCLAM). Additionally, structures of copper(I) and copper(II)
complexes with diethylenetriamine (DETA), triethylenetetramine (TETA),N,N-bis(2-pyridylmethyl)amine (BPMA), tris[2-aminoethyl]amine
(TREN) and 1,4,8,11-tetraazacyclotetradecane (CYCLAM) were discussed. The structures were found to depend on the complexing ligand,
solvent and temperature.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Atom transfer radical polymerization; Copper(I); Copper(II); Structures

1. Background

1.1. Fundamentals of atom transfer radical addition

One of the fundamental reactions in organic chemistry in-
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transfer agents than alkyl halides. A number of species were
found to be particularly effective and they included the com-
plexes of Cu[7–10], Fe[10–13], Ru[14,15]and Ni[16,17].
These also included the use of metal oxides[18,19] or zero
valent metals such as Cu(0)[20,21]or Fe(0)[22–24]. Great

rod-
ted
s
d
n-
and

nsat-
RA
olves the addition of a reagent XY across a carboncarbon
ouble (or triple) bond through a radical process[1,2]. This
eaction was first reported in the early 1940s in which the
alogenated methanes were directly added to olefinic dou-
le bonds[3,4]. The process was initiated by small amounts
f diacyl peroxides or by light. This reaction became known
s theatom transfer radical addition(ATRA) or Kharasch
ddition, in honor of its discoverer, and it is generally ac-

progress has been made in not just controlling the p
uct selectivity, but also in utilizing a variety of halogena
compounds (alkyl and aryl halides[25–27], N-chloroamine
[27], alkylsulfonyl halides[28–33], and polyhalogenate
compounds[10,13,34,35]). Furthermore, it was also demo
strated that a variety of olefins (styrene, alkyl acrylates
acrylonitrile) could be used as the source of reactive u
uration. Thus, the transition metal catalyzed (TMC) AT
epted to occur via a free-radical mechanism[5,6] as illus-
rated inScheme 1. However, soon after its discovery, it was
ealized that the use of theKharasch additionreaction was
ather limited because of the radical–radical coupling and re-
eating radical addition to olefin to generate oligomers and
olymers. Although the radical–radical coupling could be
uppressed by decreasing the radical concentration, telomer-
zation reactions could not be avoided due to the low chain
ransfer constant,ktr/kp. The research was thus shifted in a
irection of finding means to selectively control the product
istribution.

In 1960s, several groups began to investigate the use of
ba-

halo-
stant
the
ogen

f the fr

became broadly applicable synthetic tool[36–39].
The mechanism of the transition metal catalyzed ATRA

has been extensively studied. Although there is still an ongo-
ing argument on the nature of the reactive intermediates, the
generally accepted mechanism (Scheme 2) [27,40], which
applies to the majority of the transition metal complexes, in-
volves radical intermediates. Homolytic cleavage of the alkyl
halide bond (RX) by the transition metal complex in the
lower oxidation state generates an alkyl radical R• and the
corresponding transition metal complex in the higher oxida-
tion state. The radical R• adds across the double bond of an
olefin, terminates by radical coupling and disproportionation,
o ex in
t mos-
e ical
g neral
g

ransition metal complexes to catalyze the ATRA. The
ic idea to enhance the chemoselectivity of the mono
enated product was to increase the chain transfer con
tr/kp (Scheme 1). This was achieved by recognizing that
ransition metal complexes are much more effective hal

Scheme 1. Mechanism o
,

ee-radical addition to olefins.

r abstracts the halogen from the transition metal compl
he higher oxidation state. The key to increase the che
lectivity of the mono-halogenated adduct lies in the rad
enerating step. In order to achieve that, the following ge
uidelines need to be met:
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Scheme 2. Proposed mechanism for the transition metal catalyzed ATRA.

(1) Rate of activation (ka,1 andka,2) � rate of deactivation
(kd,1 andkd,2); this is required in order to maintain low
radical concentration and suppress radical termination
reactions.

(2) ka,1� ka,2: the generation of the radical4 from 2 should
be faster than that from the product7 in order to avoid
further formation of radical6 which continuously adds
to the alkenes and leads to oligomeric/polymeric species.

(3) Rate of transfer� rate of propagation (kd,2[Mtn+1XLm,
3] � kp[alkene,5]); after the addition of radical4 to
alkene5, the atom transfer to the adduct7 should oc-
cur before the addition to the monomer molecules.

1.2. Fundamentals of atom transfer radical
polymerization

Over the past few years, we have witnessed a tremen-
dous development of controlled radical polymerization tech-
niques for the synthesis of macromolecules with well-defined
compositions, architectures and functionalities[41–44]. Par-
ticularly, atom transfer radical polymerization (ATRP) has
gained a considerable academic and industrial interest
[42,43,45–47]. Similarly to transition metal catalyzed ATRA,
ATRP also employs transition metal complexes as halo-
gen transfer agents. A general mechanism for ATRP is
shown inScheme 3 [48–59]. Homolytic cleavage of the alkyl
( x
i n
a her
o ls
c uble
b cou-
p by
t The
f ible.

Scheme 3. Transition metal catalyzed ATRP.

Furthermore, their stationary concentration is low because
the equilibrium between the activation (ka) and deactivation
(kd) processes is shifted to the left-hand side (i.e.ka� kd),
which reduces the termination reactions. As a result of persis-
tent radical effect[60,61], polymers with predictable molec-
ular weights, narrow molecular weight distributions and high
functionalities have been synthesized[62–84].

So far, in ATRP, a variety of transition metal com-
plexes have been successfully used for the polymerization
of styrenes[85–87], (meth)acrylates[88–100], acrylonitriles
[101–103], and acrylamides[104–106]. They include com-
pounds from Groups 4 (Ti[107]), 6 (Mo [108,109]), 7
(Re [110]), 8 (Fe [111–116], Ru [117]), 9 (Rh [118]), 10
(Ni [119], Pd[120]) and 11 (Cu[47,85,121–131]). Typical
ATRP initiators are alkyl halides, including halogenated alka-
nes[47,84,117,119,122,132], �-haloesters[89,133–135]and
sulfonyl chlorides[136–138].

2. Introduction

As indicated in the previous section, one of the principal
components of the TMC ATRA and ATRP systems involves
pseudo)halogen bond (RX) by a transition metal comple
n the lower oxidation state (Mtn Y/ligand) generates a
lkyl radical (R•) and a transition metal complex in the hig
xidation state (XMtn+1 Y/ligand). The formed radica
an initiate the polymerization by adding across the do
ond of a vinyl monomer, propagate, terminate by either
ling or disproportionation, or be reversibly deactivated

he transition metal complex in the higher oxidation state.
ormation of radicals during the ATRP process is revers
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Scheme 4. Possible side reactions in metal catalyzed ATRP/ATRP.

the transition metal complex, which is used as a halogen
transfer agent. Perhaps, it is the most important component
of both systems since it determines the position of the atom
transfer equilibrium and the dynamics of exchange between
the dormant and active species. Consequently, structural
characterization of the ATRA/ATRP active transition metal
complexes plays an important role in the overall catalytic

process. The catalyst typically consists of a transition metal
center accompanied by a complexing ligand and counter-ion
which can form a covalent or ionic bond with the metal
center. An efficient catalyst should be able to expand its
coordination sphere and oxidation number upon halogen
abstraction from alkyl halide or dormant polymer chains.
Additionally, the catalyst should not participate in any side

adenta RP.
Scheme 5. Structures of bidentate (a), tridentate (b) and tetr
 te (c) nitrogen based ligands commonly used in copper catalyzed AT
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reactions which would lower its activity or change the
radical nature of the ATRA/ATRP process. The concurrent
reactions which can occur during the catalytic process
include: (a) monomer, solvent or radical coordination, (b)
oxidation/reduction of radicals to radical cations/anions,
respectively, (c)�-hydrogen abstraction, (d) disproportiona-
tion, etc. (Scheme 4). In ATRP, so far, a variety of transition
metal complexes have been successfully used. They include
compounds from Groups 4 (Ti[107]), 6 (Mo [108,109]),
7 (Re [110]), 8 (Fe [111–116], Ru [117]), 9 (Rh [118]),
10 (Ni [119], Pd [120]) and 11 (Cu[47,85,121–131]). The
following review will concentrate on the structural features
of copper(I) and copper(II) complexes with nitrogen based
ligands that are commonly used for ATRP (Scheme 5). They
include 2,2′-bipyridine (bpy) [47], 4,4′-di(5-nonyl)-2,2′-
bipyridine (dNbpy) [49,85], 1,10-phenanthroline (phen)
[139], N,N,N′,N′-tetramethylethylenediamine (TMEDA)
[140,141], N-propyl-(2-pyridyl)methanimine (NPrPMI),
2,2′:6′,2′′-terpyridine (tpy) [142], 4,4′,4′′-tris(5-nonyl)-
2,2′:6′,2′′-terpyridine (tNtpy) [142], N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA) [143],
N,N-bis(2-pyridylmethyl)octylamine (BPMOA) [130],
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)
[140,144], tris[2-(dimethylamino)ethyl]amine (Me6TREN)
[145], tris[(2-pyridyl)methyl]amine (TPMA) [131]
and 1,4,8,11-tetraaza-1,4,8,11-tetramethylcyclotetradecane
( -
c xes
w ine
( ),
t 1-
t sion
o her
n and
o ly in
o

3

3

3
3 y
b u
o
B rep-
r
d -
r
i
a
w tro-
g
b s
o

Fig. 1. Structure of [CuI(bpy)2]+ cation in [CuI(bpy)2]+[ClO4]− [150].

[150–155]. The average CuI N bond length ranges from
1.985 to 2.057̊A and is not greatly affected by either the
counter-ion or the substituent on the bpy ligand. Further-
more, the “bite” angles are restricted to 80–83◦ range by
the rigid geometry of the bidentate bipyridine based ligand.
However, as indicated inTable 1, the dihedral angles be-
tween the CuN2 planes show a wide variation. The smallest
dihedral angle was observed in [CuI(bpy)2]+[PF6]− complex
(44.6◦) and the largest one in [CuI(dNEObpy)2]+[CuIBr2]−
(89.0◦), which is also an effective catalyst in the ATRP
(Fig. 2) [155]. The differences in dihedral angles can mostly
be attributed to crystal packing forces as discussed in lit-
erature[156,157]. Consequently, the relatively large dihe-
dral angle in [CuI(dNEObpy)2]+[CuIBr2]− complex is in-
duced by the large side chains occupying space between
the bis(bipyridine)copper(I) cores[155]. It has also been
observed that dihedral angle affects the redox potential of
[CuI(bpy)2]+ cation, and consequently the stability constants
of [CuI(bpy)2]+ and [CuII (bpy)2]2+ cations[150]. Gener-
ally, 6,6′-substitution increases a redox potential. For exam-
ple,E1/2 (versus NHE) for [CuI(bpy)2][ClO4]− (dihedral an-
Me4CYCLAM) [106]. Additionally, we will also dis
uss structures of copper(I) and copper(II) comple
ith diethylenetriamine (DETA), triethylenetetram

TETA), N,N-bis(2-pyridylmethyl)amine (BPMA
ris[2-aminoethyl]amine (TREN) and 1,4,8,1
etraazacyclotetradecane (CYCLAM). A detailed discus
f structural chemistry of copper complexes with ot
itrogen based ligands, including sulfur, phosphorous
xygen based ligands, has been reviewed extensive
ther literature sources[146–149].

. Copper(I) complexes with nitrogen based ligands

.1. Bidentate ligands

.1.1. bpy and bpy derivatives

.1.1.1. Solid state studies.Copper(I) complexes with bp
ased ligands (bpy) are typically prepared by mixing CIY
r its complex with CH3CN (Y = Br−, Cl−, PF6

−, ClO4
−,

F4
−, etc.) with 2 eq. of the ligand, and can generally be

esented by the following formula [CuI(bpy)2]+[Y] −. Ad-
itionally, in the case of CuIBr and CuICl salts, the cor
esponding Y can also be [CuIBr2]− and [CuICl2]− an-
on, respectively. In the solid state, [CuI(bpy)2]+ cations
re typically distorted tetrahedral in geometry (Fig. 1) in
hich the copper(I) center is coordinated by four ni
en atoms from two bpy units[150]. The average CuI N
ond lengths and intraligand NCuI N angles for a serie
f [CuI(bpy)2]+[Y] − complexes are summarized inTable 1
 Fig. 2. Molecular structure of [CuI(dNEObpy)2]+[CuIBr2]− [155].
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Table 1
Comparison of structural parameters for some [CuI(bpy)2]+[Y] − complexes

bpya Y CuI NAV (Å)b N CuI NAV (◦)b Dihedral anglec Reference

bpy ClO4
− 2.021 81.5 75.2 [150]

PF6
− 1.985 83.0 44.6 [151]

CuICl2− 2.022 81.2 76.2 [152]
4,4′-dmbpy Br− 2.047 80.7 54.2 [153]
6,6′-dmbpy BF4

− 2.034 81.9 80.7 [154]
4,4′,6,6′-tmbpy ClO4

− 2.057 80.6 68.1 [151]
dNEObpy CuIBr2

− 2.035 81.4 89.0 [155]

a bpy = 2,2′-bipyridine; 4,4′-dmbpy = 4,4′-dimethyl-2,2′-bipyridine; 6,6′-dmbpy = 6,6′-dimethyl-2,2′-bipyridine; 4,4′,6,6′-dtmbpy = 4,4′,6,6′-tetramethyl-
2,2′-bipyridine; dNEObpy = 4,4′-bis(neophyldimethylsilylmethyl)-2,2′-bipyridine.

b Bond lengths and intraligand NCu N angle, two values are averaged.
c Interligand dihedral angle.

Table 2
Bond lengths and angles in [CuIBr2]− and [CuICl2]− anions

Complex CuI X1 (Å) CuI X2 (Å) X1 CuI X2 (◦) Reference

[CuI(dNEObpy)2]+[CuIBr2]− 2.223(2) 2.234(3) 177.4 [155]
[N(C4H9)4]+[CuIBr2]− 2.226(1) 2.226(1) 180.0 [159]
[P(C6H5)4]+[CuIBr2]− 2.211(2) 2.216(2) 174.6 [160]
[CuI(bpy)2]+[CuICl2]− 2.086(2) 2.091(2) 177.3 [152]
[N(C4H9)4][CuICl2]− 2.094(2) 2.092(2) 179.2 [159]

gle = 75.2◦) is 0.254 V[150], whereas theE1/2 (versus NHE)
for [CuI(6,6′-dmbpy)2]+[BF4]− (dihedral angle = 80.7◦) is
significantly higher, 0.574 V[150,158].

As indicated inTable 1, for CuICl and CuIBr com-
plexes with bpy ligand, the stoichiometry can sometimes be
1:1, resulting in the formation of [CuIBr2]− and [CuICl2]−
anions. Table 2 compares the bond lengths and angles
in [CuI(bpy)2]+[CuICl2]− and [CuI(dNEObpy)2]+[CuIBr2]−
with a series of model compounds with [CuIBr2]− and
[CuICl2]− anions [152,155,159,160]. As evident from
Table 2, [CuIBr2]− and [CuICl2]− bond lengths and angles in
[CuI(dNEObpy)2]+[CuIBr2]− and [CuI(bpy)2]+[CuICl2]−,
respectively, do not change significantly when compared with
model compounds, indicating insignificant interactions with
CuI cations.

With respect to CuIX (X = halide) complexes with bpy
based ligands, an additional mode of coordination was
observed which includes the formation of CuX bridged
complexes. This has been demonstrated in the isola-
tion and X-ray structure determination of [CuI(bpy)Br]2
and [CuI(bpy)I]2 dimers (Fig. 3) [152]. In [CuI(bpy)Br]2,
each CuI center has distorted tetrahedral geometry and

is coordinated by two nitrogen atoms of a bipyridine
ligand (CuI N = 2.083(6) and 2.099(5)̊A) and two bro-
mide ions (CuI Br = 2.428(2) and 2.463(1)̊A). The dis-
tance between the two CuI centers was determined to be
2.850(1)Å. The structure of [CuI(bpy)I]2 dimer was anal-
ogous to [CuI(bpy)Br]2 (CuI N = 2.070(8) and 2.080(1)̊A,
CuI I = 2.583(3) and 2.587(4)̊A, CuI CuI = 2.610(2)Å).

3.1.1.2. Solutionstudies.The discussion in the previous sec-
tion has extensively focused on the characterization of CuI

complexes with bpy based ligands in the solid state. The struc-
tures might not be fully correct in solution, particularly taking
into account the possibility that more than one species coex-
ist in an equilibrium. A variety of other experimental tech-
niques have been used to probe the structures of CuI com-
plexes with bpy based ligands in solution and are summarized
below.

Far IR and Raman spectroscopy: The coordination of halo-
gens to CuI complexes has been extensively studied by far
IR spectroscopy[161–163], particularly, [CuIBr2]− anions
which are sometimes present as counter-ions in CuIBr/2bpy
systems, as discussed above. They have linear geometry
and belong toD∞h point group. According to a normal
mode analysis, they should have one Raman active band
(υ1(Σg

+)) and two IR active bands (υ2(Πu) andυ3(Σu
+)).

I and
f -
p ve
b
m
t
c nd
3
Fig. 3. Structure of [CuI(bpy)X]2 (X = Br and I) dimer.
t was found experimentally that the Raman active b
or a series of CuI complexes with [CuIBr2]− anions ap
ears around 192–194 cm−1. On the other hand, IR acti
ands appear at 73–81 and 320–322 cm−1 [162,163]. Further-
ore, the coordination of bpy based ligands to the CuI cen-

er has also been investigated. For tetrahedral [CuI(bpy)2]+

ations, CuI N vibrational stretches typically appear arou
00 cm−1 [164–169].
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Table 3
Absorption maxima and extinction coefficients for CuI complexes with bpy

Complex Solvent λmax (nm) εmax (M−1 cm−1)

[CuI(bpy)Cl]2 Acetone 440 2400
[CuI(bpy)Br]2 Acetone 440 2400
[CuI(bpy)I]2 Acetone 436 1600
[CuI(bpy)2]+[Cl]− Ethanol 440 3800
[CuI(bpy)2]+[Br]− Ethanol 440 3900
[CuI(bpy)2]+[ClO4]− Acetone 440 4800
[CuI(bpy)2]+[ClO4]− Ethanol 440 5400

UV–vis spectroscopy: UV–vis spectroscopy was also used
to investigate structural features of CuI complexes with bpy
ligands in solution. Typically, CuI complexes with bpy lig-
ands are dominated by intense broad absorption bands with
maxima at a wavelength in the range 440–470 nm[170]. This
absorption was assigned by Irving and Williams[171] as a
metal to ligand charge transfer (MLCT) transition wherein
an electron is promoted from a 3d orbital of copper to a low
lying �* orbital of the bpy ligand. Some studies have sug-
gested that the intensity of this MLCT transition should be
proportional to the number of bpy units coordinated to the
CuI center[172–175]. It was found that the extinction co-
efficients for a series of CuIX (X = Br, Cl and I) complexes
with bpy in non-polar medium such as acetone are approxi-
mately half the values in polar medium such as ethanol and for
CuI/bpy complexes with non-coordinating anions (Table 3)
[176]. Based on these results, it was proposed that in non-
polar medium CuIX complexes with bpy predominantly ex-
ist as bridged [CuI(bpy)X]2 species (seeFig. 3). In polar
medium, on the other hand, the predominant complexes are
[CuI(bpy)2]+[X] −. However, the two-fold decrease in the ex-
tinction coefficient in non-polar medium can alternatively be
explained by the formation of [CuI(bpy)2]+[CuIX2]− com-
plexes, as discussed above.

1H NMR spectroscopy: Levy et al. have investigated the
solution behavior of an isolated and structurally characterized
A
4
p
[ t in
n as

[CuI(dNEObpy)2]+[CuIBr2]−. In polar medium, on the other
hand, [CuI(dNEObpy)2]+[Br]− is preferred (Scheme 6).
Consequently, their findings indicated that 1:1 stoichiome-
try between CuIBr and dNEObpy can be used in non-polar
medium, including monomers that are typically polymerized
by ATRP.

Electrospray ionization mass spectrometry (ESI-MS):
Since the report of the first coordination complex detected
by electrospray ionization mass spectrometry (ESI-MS) in
1990[177], coordination chemistry studies by ESI-MS have
developed substantially[178–181]. One of the main advan-
tages of this method lies in the fact that it provides in-
formation about positively and negatively charged species
present in solution by observing them in the gas phase. This
is achieved by aerosolizing the solution while concomitantly
applying a static charge to the surface of solvent droplets.
[CuI(bpy)2]+[BF4]− complex has been studied by ESI-MS
in methanol[182]. The positive and negative ion spectra in-
dicated the presence of only [CuI(bpy)2]+ cations and [BF4]−
anions, respectively, which was consistent with the solid
state X-ray structure of the complex[154]. Furthermore,
mass spectra of CuIBr complexed with one or two equiva-
lents of 4,4′-di(5-nonyl)-2,2′-bipyridine (dNbpy) in toluene
(Fig. 4), methyl acrylate or styrene showed the presence of
[CuI(dNbpy)2]+ cation and [CuIBr2]− anion[183]. This re-
s etry
b ally
o

Ex-
t ec-
t
e nsi-
t 70s
[ ng
X dia-
t tural
t or-
m d the
n atom
[ der-
i und
e -

Obpy
TRP active [CuI(dNEObpy)2]+[CuIBr2]− (dNEObpy =
,4′-bis(neophyldimethylsilylmethyl)-2,2′-bipyridine) com-
lex in polar and non-polar medium by1H NMR

155]. Based on their results, they proposed tha
on-polar medium the complex predominantly exist

Scheme 6. Proposed structures for CuIBr/2dNE
ult indicated that in non-polar medium the stoichiom
etween CuIBr and dNbpy is 1:1, as opposed to 1:2 typic
bserved in polar medium.

Extended X-ray absorption fine structure (EXAFS):
ended X-ray absorption fine structure (EXAFS) sp
roscopy has been known since early 1930[184–186], how-
ver, its full potential in determining the structures of tra
ion metal complexes has not been utilized until early 19
187]. This was particularly due to the unavailability of stro
-ray sources. With the development of synchrotron ra

ion, EXAFS has been established as a practical struc
ool [188–190]. The EXAFS measurements provide inf
ation on the bond length, the coordination number an
ature of the scattering atoms surrounding an excited

191]. Since EXAFS is mostly sensitive to short-range or
ng, it can be used to study immediate environment aro
ach absorber (generally out to∼4Å). Other materials or im

complex in non-polar (a) and polar (b) medium.
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Fig. 4. Mass spectra of CuIBr/2dNbpy in toluene (positive and negative ion modes).

purities present in the sample which either do not contain the
absorber or are far from the absorber will not interfere. Fur-
thermore, it is highly versatile in that it can be applied with
high accuracy (0.01–0.03̊A) to matter in the solid (crystalline
or amorphous), liquid, solution, or gaseous state[192].

Table 4shows the summary of room temperature EX-
AFS measurements of CuIBr complex with dNbpy ligand
in methyl acrylate and styrene, which are typical monomers
used in the ATRP[193–195]. The EXAFS spectrum of CuIBr
complex with 1 eq. of dNbpy ligand in styrene is well fit
assuming that CuI is coordinated by on average 3.8 ni-
trogen atoms at the distance of 2.01Å and 1.1 bromine
atoms at the distance of 2.25Å. The results in methyl
acrylate are analogous, indicating similar structural features
of the complex. Furthermore, when 2 eq. of dNbpy lig-
and were used relative to CuIBr, the average CuI N and
CuI Br distances did not change significantly, although

the coordination number of nitrogen appears to be lower
than in solutions that contained only 1 eq. of dNbpy lig-
and. Taking into account the inherent error of 10–15%
for the coordination numbers, one possible structure in
non-polar medium is ionic [CuI(dNbpy)2]+[CuIBr2]− com-
plex. Fig. 5 shows the Fourier transforms of the EXAFS
functions at the Br K-edge of CuIBr/2dNbpy complex in
toluene and [N(C4H9)4]+[CuIBr2]− in the solid state. The
similarity of the two spectra further suggested the pres-
ence of [CuIBr2]− anions in CuIBr/2dNbpy complex in
non-polar medium, which is consistent with the proposed
[CuI(dNbpy)2]+[CuIBr2]− complex.

Since EXAFS represents the average structure,
[CuI(dNbpy)2]+[CuIBr2]− might not be the only com-
plex present in solution, taking into account the possibility
for more than one species coexisting in an equilibrium.
Depending on the temperature, solvent polarity, and the

Table 4
Structural parameters of CuIBr complex with dNbpy ligand, determined by EXAFS measurements under ambient conditions at the Cu K- and Br K-edge

Solvent Backscattering N r (Å) σ (Å) �E0 (eV) k (Å−1) Fit index

CuIBr:dNbpy = 1:1
Styrene Cu N 3.8 2.01 0.096 18.7 3.8–12.5 27.6

Cu Br 1.1 2.25 0.078
Br Cu 0.8 2.24 0.074 21.8 4.1–12.6 27.8

MA Cu N 3.7 1.99 0.100 13.6 4.0–12.5 29.6

C

N ller fact –Waller
f

Cu Br 1.3 2.26
Br Cu 1.0 2.26

uIBr:dNbpy = 1:2
Styrene Cu N 2.9 2.03

Cu Br 1.4 2.25
Br Cu 0.8 2.24

MA Cu N 2.8 2.01
Cu Br 1.3 2.26
Br Cu 0.8 2.25

: coordination number,r: absorber–backscatterer distance,σ: Debye–Wa
actors and 1% for distances.
0.090
0.100 18.5 4.3–12.0 19.6

0.105 19.0 4.1–12.0 36.2
0.105
0.087 21.2 4.3–12.5 29.6

0.100 21.9 4.2–12.5 20.7
0.090
0.100 14.5 4.2–12.0 34.5

or. Inherent errors are 10–15% for coordination numbers and Debye
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Fig. 5. Comparison of the experimental Fourier transformedk3χ(k) func-
tions at the Br K-edge of CuIBr/dNbpy in toluene (solid line) and
[N(C4H9)4][CuIBr2] in the solid state (broken lines).

amount of dNbpy ligand, the substitution of bromine in
[CuIBr2]− by dNbpy ligand may lead to the formation
of [CuI(dNbpy)2]+[Br]−. A similar equilibrium has been
proposed earlier for [CuI(dNEObpy)2]+[CuIBr2]− complex
(Scheme 6) [155]. Also, on the other hand, solvent and
monomer coordination to the CuI center[196] cannot be
ruled out due to the sensitivity of EXAFS measurements
[197].

3.1.1.3. Substitution reactions.Bipyridine based ligands
(bpy) are typically rapidly exchanging in solution when com-
plexed to copper(I) center, therefore increasing the possibility
for ligand substitution reactions. In the simplest case, the bpy
ligand can be substituted by coordinating solvent as demon-
strated in the case of [CuI(bpy)(CH3CN)2]+[ClO4]− complex
[198]. In the case of ATRA and ATRP processes, the bpy lig-
and can be substituted by monomer, which is typically present
in a large excess relative to the CuI complex. Monomer co-
ordination has been demonstrated by the isolation and char-
acterization of [CuI(bpy)(�-CH2CH(C6H5))]+[ClO4]− com-
plex [196]. The CuI center in the complex is coordinated by
two nitrogen atoms of a bpy ligand, one oxygen atom from
the ClO4

− anion, and the pseudotetrahedral geometry is com-
pleted by a�-interaction with the double bond of styrene.
The vinyl protons of coordinated styrene are shielded rela-
t
f s

with ethylene, propylene, and series of other olefins with the
general formula [CuI(bpy)(�-olefin)]+[ClO4]− have been re-
ported[198,199].

Copper(I) complexes with 1,10-phenanthroline ligand are
expected to show coordination behavior similar to bpy and
bpy derivatives discussed above.

3.1.2. N-Alkyl(2-pyridyl)methanimine ligands
Chelating bis(imine) ligands such asN-alkyl(2-

pyridyl)methanimine (AlkPMI) ligands have also been
successfully used in copper mediated ATRP[121,200–208].
In particular, complexes [CuI(n-PrPMI)2]+[PF6]−, [CuI(i-
BuPMI)2]+[BF4]− and [CuI(sec-BuPMI)2]+[BF4]− have
been isolated and structurally characterized (Fig. 6) [201].
In all three complexes, copper(I) centers are distorted tetra-
hedral in geometry with the average CuI N bond lengths
(2.019Å (n-Pr), 2.037Å (i-Bu) and 2.087̊A (sec-Bu)),
N Cu N angles (80.75◦ (n-Pr), 81.09◦ (i-Bu) and 81.12◦
(sec-Bu)) and dihedral angles (85.3◦ (n-Pr), 86.8◦ (i-Bu) and
86.2◦ (sec-Bu)) similar to bpy derivatives (Table 2). This
similarity in the solid state structures between CuI/AlkPMI
and CuI/bpy complexes is also reflected in their comparable
ATRP activity [209]. However, these two classes of com-
plexes might undergo different side reactions in solution such
as loss of ligand, monomer and/or solvent coordination and
h een
d cry-
l tes
c

3
n-

e hich
w late
a
c e
p rally
l

ve
b e of
[ is
n -
a l
f

I (i-BuP
ive to free styrene indicating the presence of�-back donation
rom the electron rich CuI. Additionally, CuI/bpy complexe

Fig. 6. Structures of CuI(PrPMI)2+, Cu
alide anion dissociation. Monomer coordination has b
emonstrated in the case of ATRP of aminoethyl metha

ates and methoxy[poly(ethylene glycol)]methacryla
atalyzed by CuIBr/2n-PrPMI complex[203].

.1.3. TMEDA
N,N,N′,N′-Tetramethylethylenediamine (TMEDA) is i

xpensive bidentate aliphatic nitrogen based ligand w
as successfully used in ATRP of styrene, methyl acry
nd 2-(dimethylamino)ethyl methacrylate[140,141]. Typi-
ally, 2 eq. of TMEDA relative to CuIBr were used in th
olymerization and the activity of the catalyst was gene

ower when compared to bpy and its derivatives.
Several copper(I) complexes with TMEDA ligand ha

een isolated and characterized. Crystal structur
CuI(TMEDA)2]+[BPh4]− indicated that copper(I) cation
early tetrahedral with the dihedral angle of 86.1◦ and aver
ge Cu N bond length of 2.210̊A [210]. Similar structura

eatures were also observed in [CuI(TMEDA)2]+[CuICl2]−

MI)2+ and CuI(sec-BuPMI)2+ cations.
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Scheme 7. Structures of CuI complexes with DETA and PMDETA ligands.

complex which was isolated by reaction of CuICl with
1 eq. of TMEDA ligand[211,212]. [CuICl2]− anion was
found to be linear with CuI Cl bond length of 2.086̊A.
This 1:1 stoichiometry between CuI and TMEDA has also
been observed in the case of CuIBr and CuII. However, the
latter salts predominantly formed [CuI(TMEDA)Br]2 and
[CuI(TMEDA)I] 2 dimers[211].

3.2. Tridentate ligands

3.2.1. DETA and PMDETA
Apart from substituted bipyridines, other linear and cyclic

amines were successfully used as ligands for ATRP catalysts
[140,143,145,213]. Particularly, commercially available
tridentate N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(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.

Copper(I) complexes with diethylenetriamine (DETA)
andN,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDE-
TA) have been much less extensively studied than the
corresponding complexes with bpy-based ligands.Scheme 7
shows the structures of the complexes that have been isolated

and characterized so far. In all complexes, DETA and
PMDETA act as tridentate ligands. Since, [CuI(PMDETA)]+

cations are formally 16e− systems, the fourth coordination
site is typically occupied by monodentate ligands such as
CO, CH3CN, or olefin/monomer.

[CuI(DETA)(CO)]+[BPh4]− has been prepared in CO sat-
urated methanol by reacting CuII with DETA and NaBPh4
[214]. The [CuI(DETA)(CO)]+ cation has distorted tetrahe-
dral geometry. The CuI center is coordinated by three ni-
trogen atoms from the DETA ligand (CuN(1) = 2.085(4)Å,
Cu N(2) = 2.123(3)Å and Cu N(3) = 2.073 (4)Å) and one
carbon atom of the CO moiety (CuC = 1.776(5)Å). The
central nitrogen atom in DETA bonds at a significantly
longer distance (2.123(3)Å) than do the terminal nitro-
gens (mean value of 2.079(4)Å). The C O bond length
(1.776(5)Å) and stretching frequency (υCO = 2080 cm−1) in
coordinated CO are similar to other copper(I) complexes with
CO ligands[215–217]. The Cu C O angle is nearly linear
(176.57(54)◦).

The structure of [CuI(DETA)(1-Hex)]+[BPh4]− is sim-
ilar to that of [CuI(DETA)(CO)]+[BPh4]− except that the
pseudo tetrahedral coordination around the CuI cation is com-
pleted by a�-interaction with the double bond of 1-hexene
[218]. The deviation from the ideal tetrahedral geometry is
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Fig. 7. Molecular structures of [CuI(PMDETA)(�-styrene)]+ and [CuI(PMDETA)(�-methyl acrylate)]+ cations.

mainly given by L Cu L angles (L = N or C) which range
from 83.2(7)◦ to 127.4(9)◦. The Cu N bond lengths in the
complex are CuN(1) = 2.11(1)Å, Cu N(2) = 2.25(1)Å and
Cu N(3) = 2.09(1)Å, with the central nitrogen atom being
further away from the CuI center than the terminal nitrogens.
The Cu C bond distances in hexene (2.10(2) and 2.13(2)Å)
are in agreement with the distances in other CuI/1-hexene
complexes[219]. The C C bond distance of the coordinated
1-hexene was observed to be essentially unchanged from that
in the free molecule[220]. Furthermore, the CC C angle
in 1-hexene (120◦) is unaffected by coordination to the CuI

center.
[CuI(PMDETA)(CH3CN)]+[ClO4]− complex was pre-

pared by the reaction of [CuI(CH3CN)4]+[ClO4]− with
1 eq. of PMDETA ligand. [CuI(PMDETA)(CO)]+[ClO4]−
complex was isolated by treating a methanol solution of
[CuI(PMDETA)(CH3CN)]+[ClO4]− with CO [218]. The
molecular structures of both complexes could not be obtained
by X-ray crystallography due to the unsuitable crystal sizes.
However, the stoichiometry and composition was confirmed
by elemental analysis. Furthermore, the observation ofυCO
bands of the [CuI(PMDETA)(CO)]+[BPh4]− at 2082 cm−1

(KBr pellet) and 2088 cm−1 (aqueous solution) indicate end-
on CO coordination as observed in other CuI complexes with
CO [215–217].

We were recently able to isolate and characterize
n l
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s
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P etra-
h y
a in

the presence of a non-coordinating counter-ion (BPh4
−). A

slight lengthening of the CC vinyl double bond upon co-
ordination and a decrease in CC IR stretching frequencies
of �υ(C C) =−110,−80,−109, and−127 cm−1 for com-
plexes with methyl acrylate, styrene, 1-octene, and methyl
methacrylate, respectively, characterize the bonding of the
CuI-olefin complex. Furthermore, the extent of the upfield
shift of the vinyl proton resonances upon coordination con-
firms the presence of significant�-back-bonding.

The results of the EXAFS analysis of CuIBr/PMDETA
in methyl acrylate, styrene, toluene and methanol indicated
similar structural features of the complex[193]. In all
solvents, the EXAFS data were well fit by a structural model
that included on average 3.0 nitrogen atoms at the distance
of 2.12Å and 1.0 bromine atom at the distance of 2.33Å.
The average CuI N bond length was in agreement with other
CuI complexes with similar nitrogen based chromophores
[223]. On the other hand, CuI Br bond distance indicated
covalent bonding to the CuI center. Based on these results,
one structure that is consistent with the EXAFS analysis
includes neutral [CuI(PMDETA)Br] complex. However,
other structures might also coexist in an equilibrium and
are shown inScheme 8. Based on the solvent polarity
and temperature, the dissociation of bromide anions can
lead to the formation of an ionic [CuI(PMDETA)]+[Br]−
c I +

c mer
l
[ ted
i

3

t suc-

ctures
ovel [CuI(PMDETA)(�-M)]+[BPh4]− (M = styrene, methy
crylate, methyl methacrylate and 1-octene) compl

221,222]. Molecular structures of [CuI(PMDETA)(�-
tyrene)]+ and [CuI(PMDETA)(�-methyl acrylate)]+ cations
re shown inFig. 7. Similarly to DETA, in all complexe
MDETA acts as a tridentate ligand, while the pseudot
edral coordination geometry around CuI is completed b
�-interaction with the CC double bond of monomer

Scheme 8. Proposed stru
omplex. The coordinatively unsaturated [Cu(PMDETA)]
ation can be further coordinated by solvent or mono
eading to the formation of [CuI(PMDETA)(S)]+[Br]− and
CuI(PMDETA)(M)]+[Br]−, respectively, as demonstra
n the case of [BPh4]− analogues.

.2.2. tpy and tpy derivatives
Substituted terpyridine, 4,4′,4′′-tris(5-nonyl)-2,2′:6’,2′′-

erpyridine (tNtpy), is a planar tridentate ligand that was

for CuIBr/PMDETA complex.
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Scheme 9. General structures of CuI complexes with tpy based ligands.

cessfully used in the homogeneous ATRP of methyl acrylate
and styrene. The polymerization of both monomers was con-
trolled and the resulting polymers had relatively low poly-
dispersities (Mw/Mn < 1.2) [142]. Similar to PMDETA, the
typical ligand to copper(I) halide ratio used in the polymer-
ization was 1:1.

Copper(I) complexes with 2,2′:6,2′′-terpyridine (tpy)
based ligands should have a coordination sphere similar to
that of copper(I) complexes with DETA and PMDETA lig-
ands discussed above. Therefore, tpy and derivatives are ex-
pected to form tetra-coordinated complexes with copper(I)
in which the fourth coordination sphere is occupied by
a monodentate ligand (Scheme 9). This has been demon-
strated in the isolation and elemental analysis of [CuI(tpy)Br]
[224], [CuI(tpy)(py)]+[ClO4]− (py = pyridine) [225,226],
and [CuI(tpy)(CH3CN)]+[CH3COO]− [227] complexes.

The EXAFS-determined structural data of CuIBr complex
with tNtpy ligand in methyl acrylate indicated that the coor-
dination sphere around CuI center is occupied by on average
2.7 nitrogen atoms at the distance of 2.03Å and 1.0 bromine
atoms at the distance of 2.29Å [193]. The coordination num-
bers and distances in styrene indicate similar structural fea-
tures of the complex. The EXAFS data in methyl acrylate and
styrene were consistent with a neutral [CuI(tNtpy)Br] com-
plex. However, as discussed earlier in the case of CuIBr com-
plex with tridentate PMDETA, other species might coexist in
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Fig. 8. Molecular structure of [CuI(Me6TREN)]+[ClO4]− [229].

was investigated in the ATRP. In conjunction with CuIBr or
CuICl, this catalytic system does not enable good control
over ATRP of various monomers. The principal reason is
very slow deactivation rate constant (kd) which increases
radical concentration and consequently radical termination
rates[228].

Structures of copper(I) complexes with tetradentate ni-
trogen based ligands TREN, Me6TREN, TETA, HMTETA,
CYCLAM and Me4CYCLAM are very rare. The princi-
pal problem in isolating the corresponding copper(I) com-
plexes is the fact that they are extremely air and mois-
ture sensitive. Schindler and coworkers have succeeded in
isolating crystals of [CuI(Me6TREN)]+[ClO4]− complex
[229]. The X-ray structure of the complex (Fig. 8) indi-
cated that copper(I) cation is coordinated by four nitrogen
atoms of Me6TREN ligand (CuI N (equatorial) = 2.122(7)̊A
and CuI N (axial) = 2.200(14)̊A). The copper(I) center in
[CuI(Me6TREN)]+[ClO4]− can be formally described as
trigonal pyramidal due to the weak interaction with the per-
chlorate anion (CuI O = 3.53(1)Å).

The X-ray structure of [CuI(HMTETA)]+[CuICl2]− com-
plex (Fig. 9) which was synthesized by the reaction of CuICl
with 1 eq. of HMTETA ligand in CH3CN indicated that in
the case of HMTETA ligand, the copper(I) center is dis-
torted tetrahedral in geometry (CuI N = 2.009(5), 2.015(5),
2 ˚ I −
c d
2

t that
c ands
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h ands
c
a er
c oor-
d and
o

n equilibrium such as [CuI(tNtpy)(S)]+[Br]− (S = solvent o
onomer).

.3. Tetradentate ligands

1,1,4,7,10,10-Hexamethyltriethylenetetramine
HMTETA) is a tetradentate amine ligand that w
uccessfully used in the ATRP of styrene, methyl acry
nd methyl methacrylate[144]. The ligand to CuIBr ratio
sed in the polymerization was 1:1. Also, on the other h
uIBr complex with tris[2-(dimethylamino)ethyl]amin

Me6TREN) showed a very high activity for meth
crylate polymerization, enabling fast and contro
olymerization at ambient temperature[145]. Furthermore
,4,8,11-tetraaza-1, 4, 8, 11-tetramethylcyclotetradeca
Me4CYCLAM) is the only tetradentate cyclic amine th
.202(6) and 2.218(6)A) [230]. [Cu Cl2] anions in the
omplex are linear with CuI Cl distances of 2.107(4) an
.086(2)Å.

Based on these results, one should generally expec
opper(I) complexes with tetradentate nitrogen based lig
hould be ionic with the general formula [CuIN4]+[Y] −. The
ounter-ions, Y−, are usually non- or partially coordina

ng such as ClO4−, but they can also be linear [CuIX2]−
X = halide) as observed in [CuI(HMTETA)]+[CuICl2]−.

ith regard to halide anions, there have been addit
eports in the literature which suggested that the copp
alide complexes with tetradentate nitrogen based lig
ould have a general structure [CuIN4

′X], where N4
′ denotes

tricoordinated ligand[231–234]. In such cases, the copp
omplexes are neutral with the copper(I) center being c
inated by three nitrogen atoms of a tetradentate ligand
ne halogen atom.
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Fig. 9. Molecular structure of [CuI(HMTETA)]+[CuICl2]− [230].

The results of EXAFS measurements of CuIBr complex
with Me6TREN ligand in different solvents are summarized
in Table 5 [193]. The Cu K-edge EXAFS spectrum in
styrene was best modeled assuming that the coordination
sphere around CuI is occupied by on average 3.0 nitrogen
atoms at the distance of 2.15Å and 1.2 bromine atoms
at the distance of 2.33̊A. The results in methyl acrylate
and toluene were analogous, indicating similar structural
features of the complex. Taking into account the 18e− rule
and tetradentate nature of Me6TREN ligand, one would
expect that the most probable structure of CuIBr/Me6TREN
complex in solution would be [CuI(Me6TREN)]+[Br]−.
The average CuI N bond length in styrene (2.15̊A), methyl
acrylate (2.15̊A) and toluene (2.14̊A) is in agreement

with a previously characterized [CuI(Me6TREN)]+[ClO4]−
complex (2.161̊A) [230]. However, the coordination num-
ber of nitrogen appears to be rather low for a tetradentate
Me6TREN ligand. Additionally, the presence of Br backscat-
terer in the spectrum of the Cu K-edge indicated covalent
bonding to the CuI center. This evidence contradicts the
presence of solely ionic [CuI(Me6TREN)]+[Br]− species.
The presence of CuI Br absorbance in the EXAFS spectra
of CuIBr/Me6TREN could suggest the presence of linear
[CuIBr2]− anions, as described earlier in the case of
[CuI(dNbpy)2]+[CuIBr2]− complex. However, the average
CuI Br bond distance in styrene (2.33Å), methyl acrylate
(2.33Å) and toluene (2.31̊A) appears to be longer than the
CuI Br bond distance in CuI complexes with [CuIBr2]−
anions (2.206–2.232̊A) [155,159,160,235]. The elongation
of CuI Br bond in [CuIBr2]− anions is possible, but was not
observed in structurally related [CuI(HMTETA)]+[CuICl2]−
(HMTETA = 1,1,4,7,10,10-hexamethyltriethylenetetramine)
complex, in which the CuI Cl bond length was found to be
similar to other CuI complexes with linear [CuICl2]− anions
[230].

The structure of the CuIBr/Me6TREN complex that is
consistent with the EXAFS analysis points to the presence
of a neutral [CuI(Me6TREN′)Br] complex (Me6TREN′ de-
notes a tricoordinated Me6TREN). Similar structures were
p
w g-
a n of
o te
n
t pos-
s n an
e ent in
s

M ll
fi rage
3 e
a

Table 5
Structural parameters of CuIBr complex with Me6TREN ligand, determined by E K-edge

Solvent Backscattering N r (Å)

Styrene Cu N 3.0 2.15
Cu Br 1.2 2.33
Cu C 4.0 2.95
Br Cu 1.0 2.32

MA Cu N 2.8 2.15
Cu Br 1.1 2.33
Cu C 5.9 2.94
Br Cu 1.0 2.32

T

N ller fact Waller
f

oluene Cu N 2.8 2.14
Cu Br 1.3 2.31
Cu C 5.4 2.91
Br Cu 1.2 2.31

: coordination number,r: absorber–backscatterer distance,σ: Debye–Wa
actors and 1% for distances.
roposed earlier in copper[231] and cobalt[232] complexes
ith Me6TREN ligand in order to explain the kinetics of li
nd substitution reactions. Furthermore, the dechelatio
ne “amine” arm in CuII complexes with other tetradenta
itrogen based ligands has also been reported[233,234]. Due

o the sensitivity of EXAFS measurements and also the
ibility for the coexistence of more than one species i
quilibrium, all complexes discussed above can be pres
olution. The proposed structures are shown inScheme 10.

The Cu K-edge EXAFS spectrum of CuIBr/
e4CYCLAM complex in methyl acrylate was we

t assuming the structural model that included on ave
.8 nitrogen atoms at the distance of 2.06Å and 1.7 bromin
toms at the distance of 2.23Å [193]. In more polar medium

XAFS measurements under ambient conditions at the Cu K- and Br

σ (Å) �E0 (eV) k (Å−1) Fit index

0.114 14.8 4.2–15.6 15.4
0.080
0.105
0.071 19.1 3.6–14.0 17.1

0.110 15.3 4.2–15.4 12.3
0.077
0.116
0.077 18.6 4.2–13.1 14.6

0.100 18.6 4.2–14.6 20.8
0.084
0.118
0.086 21.8 3.8–14.0 18.0

or. Inherent errors are 10–15% for coordination numbers and Debye–
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Scheme 10. Proposed structures for CuIBr/Me6TREN complex.

(MA/MeOH = 3:1 vol.), the signal due to the coordinated
bromine atoms disappeared and only nitrogen backscatterers
are visible in the FT Cu K-edge EXAFS spectrum. The
average CuI N bond length for CuIBr/Me4CYCLAM
complex in methyl acrylate (2.06̊A) and methyl acry-
late/MeOH (3:1 vol.) (2.05̊A) was shorter than the average
CuI N bond lengths in related [CuI(HMTETA)]+[CuICl2]−
(CuI NAV = 2.111Å) [230] and [CuI(Me6TREN)]+[ClO4]−
complexes (CuI NAV = 2.161Å) [229]. The shortening of
the average CuI N bond length in CuIBr/Me4CYCLAM
could be due to the steric strain imposed by cyclic
Me4CYCLAM ligand as described in the literature
[236,237]. Copper(I) complexes with Me4CYCLAM
ligand are therefore expected to adopt square planar
geometry as opposed to tetrahedral and square pyrami-
dal structures observed in [CuI(HMTETA)]+[CuICl2]−
and [CuI(Me6TREN)]+[ClO4]−, respectively. The av-
erage CuI Br bond length and coordination number of
bromine in CuIBr/Me4CYCLAM complex in methyl
acrylate are consistent with CuI complexes with [CuIBr2]−
anions (2.206–2.232̊A) [155,159,160,235]. Similar to
CuIBr/Me6TREN discussed earlier, the EXAFS results
of CuIBr/Me4CYCLAM complex in methyl acrylate
are consistent with [CuI(Me4CYCLAM)] +[CuIBr2]−. In
more polar medium, the complex predominantly exists as
[CuI(Me CYCLAM)] +[Br]−. The 1:1/2 stoichiometry in
[ ce
o e
t
e e
f hich
l lar
w ETA
l

4

4

4
4 y
b orre-
s
o
l cor-
r mula
[ f

halides, [CuII (bpy)2X]+[X] − are typically formed. Addition-
ally, halide anions in [CuII (bpy)2X]+[X] − can be replaced by
Y− anions, yielding [CuII (bpy)2X]+[Y] − complexes.

[CuII (bpy)2]2+[Y] 2
− complexes are rare, and up

to date only one such complex, distorted tetrahedral
[CuII (bpy)2]2+[PF6]2− has been isolated and character-
ized in the solid state[151]. The principle reason is the
strong tendency of CuII complexes to adopt penta- and
hexacoordinated geometries. Earlier attempts to isolate
[CuII (bpy)2]2+ cations were unsuccessful yielding CuII

complexes that were either pentacoordinated as observed
in [CuII (bpy)2(H2O)]2+[PF6]2− [240,241], or hexaco-
ordinated in [CuII (bpy)2(F2BF2)]+[BF4]− [242] and
[CuII (bpy)2(O2ClO2)]+[ClO4]− [242,243].

Copper(II) cations with three coordinated bpy lig-
ands have also been reported. They are usually synthe-
sized as described above with the exception that three or
more equivalents of bpy ligands are added to CuII salts.
[CuII (bpy)3]2+ are typically octahedral in geometry as ob-
served in [CuII (bpy)3]2+[ClO4]2− complex[244].

As evident from the number of X-ray data available, by
far the most common CuII complexes with bpy ligands in-
volve [CuII (bpy)2X]+[X] − and [CuII (bpy)2X]+[Y] −. Com-
plexes with [CuII (bpy)2X]+ cations (Fig. 10) [245] are par-
ticularly important in the ATRP as they are responsible
f eries
o
[
a in
T -
t
w
a u-
l e
p own
i

-
t s
f SP.
T 3.
T
p ra-
b
h rfect
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p in
t ob-
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4
CuI(Me4CYCLAM)] +[CuIBr2]− indicates the presen
f free Me4CYCLAM ligand in the ATRP system sinc

he catalyst is typically prepared by mixing CuIBr with
quimolar amount of Me4CYCLAM. Consequently, th

ree ligand can participate in chain transfer reactions w
imit the control of the polymerization at higher molecu
eights, as observed previously in the case of PMD

igand[238,239].

. Copper(II) complexes with nitrogen based ligands

.1. Bidentate ligands

.1.1. bpy and bpy derivatives

.1.1.1. Solid state studies.Copper(II) complexes with bp
ased ligands are typically synthesized by reacting the c
ponding CuII Y2 salts (Y = PF6−, CF3SO3

−, ClO4
−, etc.)

r CuII X2 salts (X = Cl−, Br− and I−) with 2 eq. of bpy
igand. In the case of non-coordinating anions Y, the
esponding isolated complexes have the general for
CuII (bpy)2]2+[Y] 2

− and [CuII (bpy)3]2+[Y] 2
−. In the case o
or the deactivation process. Structural data for a s
f [CuII (bpy)2Cl]+[Y] − complexes are shown inTable 6

246–251]. The corresponding data for [CuII (bpy)2Br]+[Y] −
nd [CuII (bpy)2I]+[Y] − complexes are summarized
able 7 [245,251–254]andTable 8 [251,252,255], respec
ively. The τ parameter is calculated as:τ = (ϕ1 − ϕ2)/60,
hereϕ1 andϕ2 are the largest and second largest NCuII N
ngles[248,256]. The value ofτ = 1 corresponds to reg

ar trigonal bipyramidal (RTBP) andτ = 0 to regular squar
yramidal geometry (RSP). The two geometries are sh

n Scheme 11.
For [CuII (bpy)2Cl]+[Y] − complexes (Table 6), the struc

ure of the pentacoordinated CuN4Cl chromophore varie
rom near RTBP to intermediate between RTBP and R
his is reflected in a range ofτ values from 1.00 to 0.5
he bond lengths andτ values for [CuII (bpy)2Br]+[Y] − com-
lexes are shown inTable 7, the table shows a compa
le range ofτ values. [CuII (dNbpy)2Br]+[CuIBr2]−, which
as been isolated from the ATRP of styrene, shows pe
TBP geometry (Fig. 11) [254]. This could be due to th
resence of linear [CuIBr2]− anions, or long alkyl chains

he 4,4′-positions of the bpy ligands. It was generally
erved that substituted bpy derivatives [CuII (bpy)2Br]+ usu-
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Table 6
Structural data for [CuII (bpy)2Cl]+[Y] − complexes

Y [PF6]−·H2O
[246]

[Cl]−·6H2O
[247]

[NO3]−·3H2O
[248]

[CuICl2]−
[249]

[BF4]−
[250]

[CF3SO3]−
[251]

[ClO4]−
[248]

[CF3(CF2)3SO3]−
[251]

[CF3SO3]−
·H2O [251]

CuII Cl 2.344(2) 2.361(4) 2.308(3) 2.356 2.285(3) 2.259(1) 2.263(3) 2.284(2) 2.246(2)
CuII N(1) 1.996(6) 1.989(10) 1.989(6) 1.985 2.006(7) 1.986(5) 1.993(4) 1.993(6) 1.981(4)
CuII N(2) 2.105(6) 2.077(10) 2.089(6) 2.063 2.079(8) 2.091(4) 2.076(3) 2.061(6) 2.083(4)
CuII N(3) 2.005(6) 1.970(10) 1.989(6) 1.995 1.983(7) 1.973(4) 1.991(4) 1.969(6) 1.995(4)
CuII N(4) 2.108(6) 2.087(10) 2.112(5) 2.086 2.142(8) 2.128(3) 2.136(5) 2.140(6) 2.140(4)

τ 1.00 0.99 0.79 0.70 0.67 0.67 0.62 0.62 0.53

Table 7
Structural data for [CuII (bpy)2Br]+[Y] − complexes

Y [PF6]−·H2O
[251]

[NO3]−·H2O
[251]

[ClO4]−
[251]

[Br]−
[245]

[BF4]−
[252]

[BPh4]−
[251]

[CF3SO3]−
[251]

[CF3SO3]−
·CH3CN [253]

[CuIBr2]−a

[254]

CuII Br 2.469(1) 2.514(1) 2.466(1) 2.429(2) 2.419(3) 2.419(1) 2.418(1) 2.418(3) 2.426(3)
CuII N(1) 1.991(3) 1.982(4) 1.986(3) 1.977(6) 1.996(7) 1.984(2) 1.997(4) 1.986(2) 1.946(13)
CuII N(2) 2.093(3) 2.082(4) 2.094(3) 2.075(8) 2.068(8) 2.105(3) 2.067(4) 2.086(2) 1.977(15)
CuII N(3) 1.990(3) 1.991(4) 1.999(3) 1.978(6) 1.995(7) 1.981(2) 2.002(4) 2.003(4) 2.051(15)
CuII N(4) 2.096(3) 2.089(4) 2.098(3) 2.085(7) 2.114(9) 2.131(3) 2.169(5) 2.163(4) 2.088(16)

τ 0.91 0.89 0.85 0.81 0.69 0.58 0.49 0.49 1.00

a Crystal structure of [CuII (dNbpy)2Br]+[CuIBr2]−.

ally haveτ values between 0.85 and 1.00, indicating that their
geometry is closer to the RTBP limit[153]. As indicated in
Table 8, [CuII (bpy)2I]+[Y] − complexes show a much more
limited range of distortion from the RTBP stereochemistry,
τ = 0.90–0.85. CuII X bond lengths in [CuII (bpy)2X]+[Y] −
complexes are affected byτ values, and generally decrease
asτ decreases.

Similar structural studies have also been conducted previ-
ously on [CuII (phen)2X]+[Y] − complexes[257,258]. Close
similarity between the phen/X and bpy/X complexes was ob-
served.

With respect to CuII Br2 complexes with bpy based lig-
ands, an additional mode of coordination was observed which
involved the formation of a 1:1 adduct between CuII Br2
and bpy ligand. This was demonstrated in the isolation
and characterization of neutral [CuII (bpy)Br2] [259] and
[CuII (dNbpy)Br2] [253] complexes. In [CuII (bpy)Br2], each
CuII site is coordinated by two nitrogen atoms of a single
bipyridine ligand (CuII N = 2.022(3)Å), and two bromine
atoms (CuII Br = 2.4224(7)Å). The square planar motifs are
stacked stepwise to form one-dimensional chains via long,
semicoordinate CuII Br bonds (CuII Br = 3.1371(1)Å), as
shown inFig. 12. This results in a distorted 4 + 2 octahe-

dral coordination geometry, which is typically observed in
CuII /halide complexes with CuII N2X2 chromophore (X = Br
or Cl) [260].

Fig. 13 shows the molecular structure of structurally
related [CuII (dNbpy)Br2] complex which was synthesized
by stoichiometric reaction between CuII Br2 and dNbpy.
The Cu N and Cu Br bond lengths in [CuII (dNbpy)Br2]
(Cu N = 2.011(7), 2.022(7)̊A, Cu Br = 2.3621(14),
2.3567(13)̊A) are slightly shorter when compared
with the CuII (bpy)Br2 analogue (CuN = 2.033(3)Å,
Cu Br = 2.4224(7)Å). In [CuII (dNbpy)Br2], however, the
shortest distance between the Cu atom and the Br atom
which does not belong to the same molecule is approxi-
mately 5.8Å, which rules out the possibility of formation of
semicoordinate bonds observed in CuII (bpy)Br2 analogue.
One reason for this is the steric hindrance imposed on
the complex by the long alkyl chains of the dNbpy ligand
which are aligned perpendicularly to the bipyridine planes.
This structural modification of the bpy ligand could also be
responsible for the unusual 1:1 complex between CuII Br2
and dNbpy due to a weakening of the binding constant
of dNbpy to CuII Br2, as will be discussed in the next
section.

Table 8
S

Y [Cl

C 2
C 1
C 2
C 1
C 2

τ 0.
tructural data for [CuII (bpy)2I]+[Y] − complexes

[I] − [255] [PF6]− [251]

uII I 2.70(4) 2.688(1)
uII N(1) 2.00(4) 1.993(4)
uII N(2) 1.96(4) 2.084(4)
uII N(3) 2.03(4) 1.990(4)
uII N(4) 2.10(4) 2.090(4)

0.90 0.89
O4]− [252] [BPh4]− [251] [CF3SO3]− [251]

.675(4) 2.676(1) 2.676(1)
.989(6) 1.989(3) 1.990(5)
.090(8) 2.103(3) 2.096(5)
.987(6) 2.000(3) 1.989(5)
.100(7) 2.103(3) 2.107(6)

86 0.80 0.85
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Fig. 10. Structure of [CuII (bpy)2Br]+ cation in [CuII (bpy)2Br]+[Br]− [245].

The structures of CuII X2 complexes with bidentate
AlkPMI ligands, which are also commonly used in copper
mediated ATRP, have not been as widely studied. However,
they are expected to show similar structural features to bpy
and its derivatives.

4.1.1.2. Solution studies.Calorimetry and UV–vis spec-
troscopy: Complexation of CuII cations with nitrogen-
containing bidentate ligands such as 1,10-phenenthroline and
2,2′-bipyridine has been extensively studied using calorime-
try and spectrophotometric techniques in a number of sol-
vents[261–266]. The technique for data analysis typically
employs stepwise equilibrium coordination as illustrated in
Scheme 12, where Mt corresponds to the metal andN the
maximum number of ligands L the metal can coordinate
[267]. If one defines stepwise equilibrium constantsβ0 = 1,

S midal
(

Fig. 11. Molecular structure of [CuII (dNbpy)2Br]+[CuIBr2]−.

β1 =K1, β2 =K1K2, βn=K1K2, . . ., KN, then the total metal
concentration in solution can be expressed as:

TMt = [Mt] + [MtL] + [MtL 2] + · · · + [MtL N ],

[Mt] = β0[Mt][L] ,

[MtL] = β1[Mt][L] , [MtL 2] = β2[Mt][L] 2,

TMt = [Mt]
N∑

n=0

βn[L] n (1)

F ure of
[

cheme 11. Regular trigonal bipyramidal (RTBP) and square pyra
RSP) geometries for [CuII (bpy)2X]+ cation.
ig. 12. Schematic representation of one-dimensional chain struct
CuII (bpy)Br2], showing the long semicoordinate CuII Br bonds.
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Fig. 13. Molecular structure of [CuII (dNbpy)Br2].

Similarly, the total ligand concentration in solution is
given by

TL = [L] + [MtL] + 2[MtL2] + · · · + N[MtL N ],

TL = [L] + [Mt]
N∑

n=0

nβn[L] n (2)

In order to calculate the relative percentages of each
species present in solution, the concept of average ligand
number is typically introduced. It is the ratio of total ligand
concentration bound to the metal to the total metal concen-
tration itself:

n̄ = TL − [L]

TMt

= [MtL] + 2[MtL2] + 3[MtL3] + · · · + N[MtL N ]

[Mt] + [MtL] + [MtL 2] + · · · + [MtL N ]
,

n̄ =
∑N

n=0nβn[L] n

∑N
n=0βn[L] n

(3)

Having defined the average ligand number, the degree of
formation of the individual components in the mixture (or
their mole fraction) is given by

α

S o the
m

Knowing the individual formation constants for each species
present in solution, one can with the above formula construct
a plot that relates the equilibrium concentration of the ligand
to the fraction of the species. However, usually, the equi-
librium concentration of the ligand is not known, and the
information about the total ligand concentration is readily
available. Ratio of the total metal to ligand concentration in
the system can be related to the individual formation con-
stants by the following relationship:

q = TL

TMt
= [L]

TMt
+ n̄, TMt =

∑N
n=0βn[L] n+1

∑N
n=0(q − n)βn[L] n

(5)

A second plot can now be constructed, which relates the to-
tal metal concentration (which is known) to the equilibrium
concentration of the ligand for a fixed metal to ligand ra-
tio q. This enables the immediate determination of the rela-
tive proportionα of each species present in solution. In the
case of CuII (OTf)2/bpy system, three complexes can form,
[CuII (bpy)]2+, [CuII (bpy)2]2+ and [CuII (bpy)2]3+. The for-
mation constants for each complex were determined in H2O
previously using calorimetry and the values are shown in
Scheme 13 [265]. Using the above methodology, one can
construct the formation curves for each complex formed and
also relate the equilibrium concentration of bpy ligand to the
total Cu2+ concentration for a fixed Cu2+ to bpy ratios (Eqs.
(
a
c d
( -
c -
p ts of
a
s er
o on
o
( n of
[ en
t , the
m g
1 g
t r
a re-
m n of
[

een
C
e -

S
p

= n̄

N
, αMtL j = αj = βj[L] j

∑N
n=0βn[L] n

(4)

cheme 12. Stepwise equilibrium for the coordination of the ligand t
etal ion.
4) and (5)). The corresponding plots are shown inFig. 14a
nd b. From the graphs it can be seen that at a total Cu2+ con-
entration of 1.0× 10−3 M addition of 0.5 eq. of bpy ligan
5.0× 10−4 M) will result in the formation of only mono
oordinated complex [Cu(bpy)]+. With this ratio, the com
lexation is incomplete and the reaction medium consis
pproximately 50% Cu2+ and 50% [Cu(bpy)]2+. Using the
ame total concentration of Cu2+ but increasing the numb
f equivalents of bpy ligand to 2 will result in a formati
f [Cu(bpy)]2+ (20%), [Cu(bpy)2]2+ (45%) and [Cu(bpy)3]2+

35%). Therefore, under these conditions, the formatio
Cu(bpy)2]2+ complex is slightly favored. Furthermore, wh
he number of equivalents of bpy ligand is increased to 4
ajority of Cu2+ exists as [Cu(bpy)3]2+ (90%), the remainin
0% being [Cu(bpy)2]2+. FromFig. 14b, it is also interestin

o notice that there are ranges of Cu2+ concentrations (fo
given ligand ratio), where the distribution of species
ains constant. Also, on the other hand, the mole fractio

Cu(bpy)2]2+ under any conditions never exceeds 0.45.
Apart from aqueous medium, the complexation betw

u2+ and bpy has also been investigated in DMF[261]. The
quilibrium constants according toScheme 13were deter

cheme 13. Equilibrium constants for the formation of [CuII (bpy)n]2+ com-
lexes in H2O.
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Fig. 14. Extended concentration distribution diagram for Cu2+/bpy equilib-
rium system in H2O: (a) formation curve and concentration distribution of
complexes; (b) log[Cu2+]Tot = f(log[bpy]EQ).

mined to be logK1 = 7.20, logK2 = 3.54 and logK3 = 1.82.
The equilibrium constant for the formation of [Cu(bpy)3]2+

is lower than the value reported in H2O. Consequently,
[Cu(bpy)3]2+ species in DMF will be formed only at higher
concentrations of bpy ligand (Fig. 15). As a result, the max-
imum molar fraction of [Cu(bpy)2]2+ complex that can be
formed will increase.

In the presence of an additional coordinating anion, the
analysis of the complexation equilibrium between Cu2+ and
bpy becomes rather complex. Since we are dealing with
a ternary system, a variety of complexes can be formed.
One such study focused on the complex equilibrium be-
tween Cu2+, bpy and Br− in DMF [261]. The equilibrium
reactions that were taken into account in the data analy-
sis are shown inScheme 14. Apart from the Cu2+ com-
plexes with bpy, mixed complexes between Cu2+, bpy and
Br−, the authors also took into account the complexation be-
tween Cu2+ and Br− anions only. The formation of higher
order halocuprates in solution with the general formula

Fig. 15. Formation curves and concentration distribution of [Cu(bpy)n]2+

complexes in DMF.

[CuXn]2−n (X = Cl or Br) has been subject of numerous in-
vestigations[268–273]. From the titration curves obtained,
it was indicated that in solutions that contain Cu2+, bpy
and Br− in the molar ratios 1:2:1, respectively, the pre-
dominant complex formed was [CuII (bpy)2Br]+[Br]− (95%).
The structure of the [CuII (bpy)2Br]+ cation in the com-
plex was also confirmed by UV–vis spectroscopy. Typi-
cally CuN4X+ chromophores, which have trigonal bipyrami-
dal geometry, show a maximum absorbance around 750 nm
(ε ≈ 350 L mol−1 cm−1) with a low energy shoulder around
950 nm (ε ≈ 220 L mol−1 cm−1). The absorbances at 750 and
950 nm are attributed to dxz ≈ dyz → dz2 and dx2−y2 → dz2

transitions, respectively[274–276]. Based on the absorp-
tion spectra, it was concluded that [CuII (bpy)2Br]+ cations
in DMF are distorted trigonal bipyramidal, which was con-
sistent with the solid state X-ray studies[245].

S
b

cheme 14. Equilibrium reactions for ternary Cu2+ complexes with 2,2′-
ipyridine and bromide anions.
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Table 9
Electronic absorption data (vis–NIR) for CuII Br2 complexes with dNbpy

Complex Solvent λmax (nm) (εa, L mol−1 cm−1)

[CuII (dNbpy)Br2] CH3CN 736 (242) 493 (900)
MA 721 (232) 512 (899)
MMA 695 (231) 517 (882)
BA 700 (249) 521 (930)
Styrene 735sh (240) 525 (900)
Toluene 730sh (230) 530 (890)

[CuII (dNbpy)2Br]+[Br]− CH3CN 933sh (230) 750 (350)
MeOH 930sh (221) 753 (356)

[CuII (dNbpy)2Br]+[PF6]− CH3CN 950sh (175) 745 (332)
MeOH 922sh (190) 744 (352)
Toluene 1000sh (160) 745 (320)

[CuII (dNbpy)2Br]+[CF3SO3]− CH3CN 950sh (178) 743 (340)
MeOH 950sh (180) 743 (336)
Toluene 970sh (180) 750 (330)

sh: shoulder of an absorption band; MA: methyl acrylate; MMA: methyl methacrylate; BA: butyl acrylate.
a Extinction coefficient calculated based on total CuII concentration.

Additionally, the complexation between CuII Br2 and
dNbpy was investigated in different solvents using
UV–vis–NIR spectroscopy[253]. The absorption spectra in
the vis–NIR region of [CuII (dNbpy)Br2] in both the solid
state and solution can be characterized in terms of the ab-
sorption bands around 700 and 500 nm (Fig. 16). The extinc-
tion coefficients in different solvents, including the typical
monomers used in ATRP, are given inTable 9. The maxi-
mum absorbance around 500 nm (ε ≈ 900 L mol−1 cm−1) is
characteristic of a ligand to metal charge transfer (LMCT)
from a bromine to the CuII center[277–279]. The presence
of this charge transfer band in the visible region has been
reported for several systems with CuII N2Br2 chromophores
[280–283], and has been assigned to a square planar arrange-
ment around CuII center[284,285]. This is consistent with
the solid state X-ray structure of [CuII (dNbpy)Br2] complex
discussed in the previous section. Recognition of this kind
of transition further demonstrated the importance of the�-
bonding of the halogen ligands in square planar and tetrahe-
dral CuII complexes[286]. The maximum absorbance near
700 nm (ε ≈ 230 L mol−1 cm−1) corresponds to the d–d tran-

sition. It is characteristic of tetrahedral and square planar CuII

complexes[287]. The similarity of the absorption spectra in
the solid state and solution suggests that the geometry of
the complex remains unchanged upon dissolution. However,
the absorption maxima around 500 nm is solvent dependent.
When compared with the solid state, ablue shiftis observed
in the polar and ared shiftin the non-polar medium. The shift
of λmax can also be related to the dielectric constant of the
solvent. Generally, for the solvents investigated in this study,
the higher the dielectric constant of the solvent, the lower
theλmax for LMCT band. This phenomenon has previously
been observed for a variety of transition metal complexes
[223,288–291]and can be explained in terms of energy lo-
calization on bromine ligands. In a polar medium, the CuBr
bond lengths are more elongated, the electrons more local-
ized around bromine and thus a higher energy (lowerλmax)
is required for the LMCT transition. On the other hand, in a
non-polar medium, the CuBr bond lengths are shorter, the
electrons around bromine are more delocalized, and conse-
quently, the LMCT transition occurs at a lower energy (higher
λmax).

As indicated in Fig. 17, the absorption spectrum of
[CuII (dNbpy)Br2] in methyl methacrylate changes on the ad-
dition of dNbpy ligand. The absorbance at 490 nm completely
disappears when 1 eq. of dNbpy is added. The disappearance
o for-
m oul-
d
w lig-
a
c
d ld
[ -
m ma-
r m-
p dium
i s in-
Fig. 16. Absorption spectra (vis–NIR) of [CuII (dNbpy)Br2].
f the 490 nm absorption peak is accompanied by the
ation of another absorption peak at 750 nm with a sh
er centered around 950 nm. The final spectrum inFig. 17,
hich does not change on further addition of dNbpy
nd, is typical for a distorted trigonal bipyramidal [CuN4X]+

hromophore[292]. This data suggest that [CuII (dNbpy)Br2]
isplaces [Br]− anion in the presence of dNbpy to yie

CuII (dNbpy)2Br]+[Br]− complex (Scheme 15). The ther
odynamic data for this equilibrium reaction are sum

ized in Table 10. The equilibrium constant at room te
erature increases as the dielectric constant of the me

ncreases. The reaction is exothermic in all solvents, a
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Fig. 17. Addition ofn equivalents of dNbpy to [CuII (dNbpy)Br2] in MMA
at 25◦C, [CuII (dNbpy)Br2]0 = 1.0× 10−3 M.

dicated by the negative�H◦ values. Similarly,�S◦ val-
ues are also negative. The polar medium favors the forma-
tion of the [CuII (dNbpy)2Br]+[Br]− complex because the
charge on [CuII (dNbpy)2Br]+ cation and [Br]− anion can
be stabilized. The non-polar medium, on the other hand, fa-
vors the formation of the neutral [CuII (dNbpy)Br2] complex.
From the values inTable 10, it can be determined that un-
der the typical reverse ATRP[293] conditions (T≥ 90◦C
and total copper(II) concentration in the range 1.0× 10−2

to 1.0× 10−1 M), CuII Br2 complex and 2 eq. of dNbpy will
predominantly form the neutral [CuII (dNbpy)Br2] complex.

Electrospray ionization mass spectrometry (ESI-MS):
Complexation between CuII Br2 and dNbpy was also in-
vestigated using ESI-MS[183]. The ESI-MS spectra of
the CuII Br2 complex with 1 eq. of dNbpy in non-polar
medium indicated the presence of [CuII (dNbpy)2Br]+ and

[CuII (dNbpy)Br]+ cations and [CuIBr2]− and [CuII Br3]− an-
ions. When 2 eq. of dNbpy were used, an additional peak
due to [CuII (dNbpy)Br3]− anions was detected. Based on
the relative intensities of the different peaks, we concluded
that one possible structure of the complex in solution was
[CuII (dNbpy)2Br]+[CuII Br3]−. This result is inconsistent
with the solid state X-ray structure of [CuII (dNbpy)Br2] and
UV–vis spectrophotometric studies. However, the intensity
of [CuII (dNbpy)Br2] complex would be relatively low in the
ESI-MS because of the absence of charge in the complex. This
could lead to the wrong conclusion about the most probable
structure in solution.

Extended X-ray absorption fine structure spectroscopy
(EXAFS): The results of the EXAFS analysis of CuII Br2
complex with 2 eq. of dNbpy in methyl acrylate (Table 11)
indicated that the coordination sphere around CuII center
consists of 1.4 N atoms at the distance of 2.01Å and 1.5
Br atoms at the distance of 2.37Å. In toluene, the average
CuII N and CuII Br distances did not change significantly,
and the coordination numbers of nitrogen and bromine in-
creased to 1.8 and 2.1, respectively. In more polar solvent,
such as methanol, the coordination number of the nitrogen
increased even further to 2.8, and that of the bromine de-
creases to 0.6. Furthermore, the decrease in the bromine co-
ordination number was accompanied by an increase in the
a II ˚
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[
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f
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Scheme 15. Proposed equilibrium for

able 10
hermodynamic data for equilibrium inScheme 15in different solvents

olvent Dielectric constant,ε K298 (L mol−1)

oluene 2.3820 13.4± 0.54
tyrene 2.4720 15.5± 0.93
-BA 5.6320 78.0± 3.1
MA 6.3230 72.0± 2.9
A 7.0330 251 ± 12.6
verage Cu Br bond distance from 2.37 to 2.43A. In non-
olar medium such as toluene and methyl acrylate, the re
f the EXAFS measurements are consistent with a ne

CuII (dNbpy)Br2] complex discussed above[253]. In polar
edium, on the other hand, [CuII (dNbpy)2Br]+[Br]− is pre-

erred.
Electron spin resonance (ESR): Electron spin r

ance (ESR) has been widely used to study the s
ures of copper(II) complexes in solution and solid s

ction between [CuII (dNbpy)Br2] and dNbpy.

363 (L mol−1) �H◦ (kJ mol−1) �S◦ (J K−1 mol−1)

.810± 0.032 −39.2± 3.4 −110 ± 5.6
1.13± 0.068 −36.0± 2.3 −98.1± 7.6
6.93± 0.27 −33.7± 3.1 −76.7± 6.9
2.02± 0.081 −49.4± 3.1 −130 ± 7.4
.847± 0.042 −78.7± 3.9 −218 ± 11
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Table 11
Structural parameters of CuII Br2 complex with 2 eq. of dNbpy ligand, determined by EXAFS measurements under ambient conditions at the Cu K- and Br
K-edge

Solvent Backscattering N r (Å) σ (Å) �E0 (eV) k (Å−1) Fit index

MA Cu N 1.4 2.01 0.071 17.2 4.0–13.7 29.1
Cu Br 1.5 2.37 0.071
Cu C 2.0 2.94 0.049
Br Cu 0.9 2.37 0.059 13.5 4.1–14.0 31.6

Toluene Cu N 1.8 2.03 0.051 15.0 4.1–15.1 20.1
Cu Br 2.1 2.37 0.074
Cu C 1.6 2.93 0.049
Br Cu 1.1 2.35 0.062 18.8 4.2–14.1 16.5

MeOH Cu N 2.8 2.03 0.071 17.8 4.2–14.8 27.0
Cu Br 0.6 2.43 0.063
Br Cu 0.30 2.42 0.067 19.4 4.2–14.1 56.9

[294–296]. This technique was also used to investigate struc-
tural features of CuII complexes with dNbpy (4,4′-di(5-
nonyl)-2,2′-bipyridine) and dnNbpy (4,4′-di-n-nonyl-2,2′-
bipyridine) ligands in methyl isobutyrate (MIB) and toluene
[297]. Additionally, ESR studies were also performed in
ATRP of styrene, methyl acrylate and methyl methacrylate
[298–300].

The results of the ESR studies indicated that CuII Br2
in the presence of 1 or 2 eq. of d(n)Nbpy ligand in rel-
atively non-polar medium such as MIB and toluene pre-
dominantly formed the neutral CuII (d(n)Nbpy)Br2 complex
(Fig. 18). This was consistent with the X-ray structure of
[CuII (dNbpy)Br2] and UV–vis spectrophotometric studies
discussed above. However, the ESR spectrum of the CuII

complex that was generated during bromine atom transfer
between [CuI(dnNbpy)2]+[CuIBr2]− and ethyl 2-bromoiso-
butyrate (EBriB) in MIB was [CuII (dnNbpy)2Br]+[CuIBr2]−
and not [CuII (dNbpy)Br2]. The same species were also
formed in solutions of [CuII (dnNbpy)Br2] containing ex-
cess [CuI(dnNbpy)2]+[CuIBr2]−. The equilibrium con-
stant for the reaction between [CuII (dnNbpy)Br2] and
[CuI(dnNbpy)2]+[CuIBr2]− to generate [CuII (dnNbpy)2Br]+

F
(

[CuIBr2]− was estimated in methyl isobutyrate at 23◦C to be
K≥ 100 M−1/2.

4.2. Tridentate ligands

4.2.1. DETA and PMDETA
Copper(II) complexes with diethylenetriamine (DE-

TA) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) are well studied and documented in the liter-
ature sources. Generally, DETA and PMDETA coordinate
to the copper(II) center as tridentate ligands. CuII X2
(X = halide or pseudohalide) complexes with PMDETA
ligand are typically neutral with the general formula
[CuII (PMDETA)X2], as observed in the crystal structure of
[CuII (PMDETA)Cl2] [301] and [CuII (PMDETA)Br2] [254].
Typically, pentacoordinated copper(II) complexes have
trigonal bipyramidal or square pyramidal geometry, both
configurations being energetically equally favorable[302].
In the case of trigonal bipyramidal geometry CuII X bond
lengths in CuN3X2 chromophores are of equal length. On
the other hand, the existence of square pyramidal geometry
is usually indicated by apical elongation of CuII X bond by
about 0.1–0.2̊A when compared to the basal CuII X bond
distance. The CuII Cl bond lengths in [CuII (PMDETA)Cl2]
are CuII Clbasal= 2.292(7)Å and CuII Clapical= 2.480(6)Å,
i etry.
T
r
[ are
p by
a pical
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[ P
o
S re
p one
b mide
i al
ig. 18. ESR spectra of 0.5 mM CuBr2 and 0.5 mM dnNbpy in MIB at 23◦C
solid line) and simulation (dotted line).
ndicating that the complex has square pyramidal geom
he addition of CuICl to [CuII (PMDETA)Cl2] complex
esulted in the formation of [CuII (PMDETA)Cl2(CuICl)]
301] (Scheme 16) with even more pronounced squ
yramidal geometry of copper(II) center, as indicated
n increase in the difference between basal and a
opper(II) chlorine bond (CuII Clbasal= 2.283(3)Å and
uII Clapical= 2.671(4)Å).
Fig. 19 shows the molecular structure

CuII (PMDETA)Br2] which precipitated from the ATR
f methyl acrylate catalyzed by CuIBr/PMDETA [254].
imilar to [CuII (PMDETA)Cl2], the complex has a squa
yramidal coordination sphere with three nitrogens and
romide situated in the basal plane and the second bro

n the apical position. The CuII Br bond length in the apic
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Scheme 16. Apical elongation of CuII Cl bond in square pyramidal
[CuII (PMDETA)Cl2] and [CuII (PMDETA)Cl2(CuICl)] complexes.

position (2.6442(9)̊A) is much longer than the CuII Br bond
length in the basal position (2.4462(9)Å). The cleavage of
the CuII Br bond by the corresponding radical in the deacti-
vation process of the ATRP is therefore expected to occur in
the apical position because it is energetically more favorable.
Complexation between CuII Br2 and PMDETA was also
investigated using extended X-ray absorption fine structure
(EXAFS)[193]. The average CuII N bond length determined
by EXAFS in Tol/MeOH (2.13̊A), MeOH (2.09Å) and H2O
(2.06Å) was in good agreement with the average CuII N
bond length in [CuII (PMDETA)Br2] complex (2.098̊A).
However, the average CuII Br bond distance in Tol/MeOH
(2.42Å) and MeOH (2.41̊A) was inconsistent with the
average bond distance in [CuII (PMDETA)Br2] (2.545Å).
The structural features of CuII Br2 complex with PMDETA
determined by EXAFS can be explained in terms of bromide
dissociation from [CuII (PMDETA)Br2]. In Tol/MeOH
and MeOH, the EXAFS data suggested the presence
of [CuII (PMDETA)Br2] and [CuII (PMDETA)Br]+[Br]−.
In H2O, additional dissociation of bromide could result
in the formation of [CuII (PMDETA)]2+[Br]2

−. As CuII

complexes prefer pentacoordinated geometry[223], the
empty coordination sites in [CuII (PMDETA)Br]+[Br]−
and [CuII (PMDETA)]2+[Br]2

− are likely occupied by
solvent molecules (MeOH or H2O) (Scheme 17). This was
demonstrated in the solid state X-ray structures of related
complexes [CuII (PMDETA)(H2O)]2+[ClO4]2− [303] and
[CuII (PMDETA)(H2O)2]2+[BF4]2− [304]. The substitution
of bromide via �-bond formation with monomer is less
likely to occur with CuII complexes because the binding
constants are typically very low[305]. However, substitution
can potentially occur with functionalized olefins because
they can additionally coordinate to the CuII complexes via
functional groups (S, O, N, etc.)[199].

In the case of copper(II) complexes with DETA
ligand, bridging via halogens or pseudo halogens has
been observed in dimeric complexes with the general
formula [CuII (DETA)X]2

2+[Y] 2
− (Y = non-coordinating

anion). Each copper(II) center in the dimer is distorted
square pyramidal in geometry with the apical elonga-
tion of CuII X bond distance by about 0.1–0.2Å as
seen in [CuII (DETA)Br]22+[ClO4]2− [306] (Scheme 18),
[CuII (DETA)Cl]22+[ClO4]2− [307], [CuII (DETA)Cl]22+

[NO3]2− [308] and [CuII (DETA)(SCN)]22+[ClO4]2− [309].
Additionally, [CuII (DETA)]2+ chromophore can be saturated
by neutral ligand as observed in the crystal structure of [CuII

(DETA)(bimH )]2+[ClO ] − (bimH = 2,2′-biimidazole)
[
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Fig. 19. Molecular structure of [CuII (PMDETA)Br2].
2 4 2 2
310].

.2.2. tpy and tpy derivatives
General structural features of copper(II) complexes

py based ligands observed in the solid state are show
cheme 19. Copper(II) complexes with tpy based ligan
re usually synthesized by the reaction of CuII X2 (X = halide
r pseudohalide) salts with 1 eq. of tpy ligand. In n
queous medium, [CuII (tpy)X2] are typically isolated a

n the case of [CuII (tpy)Br2] [311], [CuII (tNtpy)Br2] [254]
Fig. 20), [CuII (tpy)Cl2] [312], [CuII (tpy)F2]·3H2O [313],
CuII (tpy)(N3)2] [314] and [CuII (tpy)(NCS)2] [311] com-
lexes. In all complexes, CuII center is coordinated by thr
itrogen atoms of tpy ligand and two halogen atoms. CuII N
ond distances in coordinated tpy ligand are typically une
nd range from 1.95 to 2.05̊A. [CuII (tpy)X2] complexes ar
ither trigonal bipyramidal or square pyramidal since b
onfigurations are energetically equally favorable[302]. Typ-
cally, the two stereochemistries are distinguished by
uII X bond lengths. In the case when CuII X1 = CuII X2

he complex is usually distorted trigonal bipyramidal as
erved in the case of [CuII (tpy)Br2] (CuII Br = 2.493(1)Å),
CuII (tpy)(NCS)2] (CuII N = 2.020(7)Å). In the case whe
uII X1 �= CuII X2, or apical elongation of one of th
uII X bonds, complexes are distorted square pyr
al as observed in [CuII (tNtpy)Br2] (CuII Br = 2.5276(10
nd 2.4071(10)̊A), [CuII (tpy)Cl2] (CuII Cl = 2.231(2) and
.565(2)Å), [CuII (tpy)F2]·3H2O (CuII F = 1.862(4) an
.104(5)Å) and [CuII (tpy)(N3)2] (CuII N = 1.96(2) and
.21(2)Å).
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Scheme 17. Proposed structures for CuII Br2/PMDETA complex in non-polar (a) and polar (b) medium based on EXAFS measurements.

Scheme 18. Basal and apical CuII Br bond lengths in
[CuII (DETA)Br]2

2+[ClO4]2
− dimer.

Fig. 20. Molecular structure of [CuII (tNtpy)Br2].

Scheme 19. General structures of copper(II) complexes with tpy ligand.
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[CuII (tpy)X2] complexes can be reacted with differ-
ent halide or pseudohalide anions resulting in a forma-
tion of mixed [CuII (tpy)X1X2] complexes. This has been
demonstrated in the case of distorted square pyramidal
[CuII (tpy)(N3)(Cl)] [315] complex.

When the synthesis of CuII complexes with tpy
ligands is carried in aqueous medium, and in the
presence of non-coordinating and coordinating anions,
[CuII (tpy)(H2O)X]+[Y] − and [CuII (tpy)(H2O)X1]+[X2]−
complexes are typically formed as observed in the
distorted square pyramidal [CuII (tpy)(N3)(H2O)]+[NO3]−
[316] and [CuII (tpy)(N3)(H2O)]+[PF6]− complexes[316].
In some cases, bridging via halide anions can occur as
demonstrated in [CuII (tpy)Cl]22+[PF6]2− [317,318] and
[CuII (tpy)Br]22+[PF6]2− [319].

Lastly, when excess of tpy ligand is used in the synthesis,
[CuII (tpy)2]2+ cations are typically formed as confirmed by
the solid state X-ray structures [CuII (tpy)2]2+[Br]2

− [320]
and [CuII (tpy)2]2+[PF6]2− [321]. [CuII (tpy)2]2+ cations are
typically distorted octahedral in geometry with the CuII N
bond length ranging from to 1.95 to 2.15Å.

4.3. Tetradentate ligands

4.3.1. TREN and Me6TREN
Copper(II) complexes with tetradentate nitrogen based

l [2-
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[CuII (Me6TREN)Br]+[Br]− are distorted trigonal bipyrami-
dal in geometry (CuII N1 = CuII N2 = CuII N3 = 2.143Å,
CuII N4 = 2.069Å and CuII Br = 2.393Å) [322]. The same
geometry was also observed in [CuII (TREN)(NCS)]+ cations
(CuII NAV = 2.020Å and CuII N(NCS) = 2.162Å) [323].

When CuII Y2 salts (Y = PF6−, CF3SO3
−, ClO4

−, etc.) are
used in the synthesis, the isolated complexes typically have
the general formula [CuII (TREN or Me6TREN)(L)]2+[Y] 2

−,
where L is the neutral monodentate ligand. The coordina-
tion of a neutral ligand to [CuII N4]2+ chromophores has
been observed in [CuII (TREN)(NH3)]2+[ClO4]2− [324] and
[CuII (Me6TREN)(H2O)]2+[ClO4]2− [233] complexes. The
neutral ligand can be easily displaced by halide anions, yield-
ing the corresponding [CuII (TREN or Me6TREN)X]+[Y] −
complexes as seen for example in the synthesis of
[CuII (Me6TREN)Cl]+[ClO4]− complex[229].

Complexation between CuII Br2 and Me6TREN was also
investigated in solution using EXAFS[254]. In methanol, the
EXAFS spectrum of the Cu K-edge was reasonably well fit
assuming the structural model that included on average 3.2
nitrogen atoms at the distance of 2.13Å and 1.4 bromine
atoms at the distance of 2.38Å. This data are consistent
with [CuII (Me6TREN)Br]+[Br]− complex discussed above.
In more polar solvent such as H2O, a significant decrease
in the coordination number of bromine was observed. This
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igands tris[2-aminoethyl]amine (TREN) and tris
dimethylamino)ethyl]amine (Me6TREN) are typically
entacoordinated in which the copper(II) center is coo
ated by four nitrogen atoms of TREN or Me6TREN ligand
nd a donor atom from monodentate neutral or cha

igand. The complexes are typically prepared by reac
uII salts with 1 eq. of the ligand.
In the case of CuII X2 salts (X = halide or pseudohalid

CuII (TREN or Me6TREN)X]+[X] − complexes are typ
ally formed as observed in [CuII (Me6TREN)Br]+[Br]−
254,322] (Fig. 21) and [CuII (TREN)(NCS)]+[NCS]−
323] complexes. [CuII (Me6TREN)Br]+ cations in

ig. 21. Molecular structure of [CuII (Me6TREN)Br]+ cation in
CuII (Me6TREN)Br]+[Br]− [322].
esult pointed to the bromide dissociation and formatio
CuII (Me6TREN)(H2O)]+[Br]− complex.

.3.2. TETA and HMTETA
Copper(II) complexes with triethylenetetram

TETA) and 1,1,4,7,10,10-hexamethyltriethylenetetram
HMTETA) similarly to TREN and Me6TREN prefer
entacoordinated geometry in which copper(II) cente
oordinated by four nitrogen atoms of TETA or HMTE

igand and the donor atom of a neutral or charged mono
ate ligand. Typically, complexes are square pyramida
eometry as observed in [CuII (TETA)(NCS)]+[NCS]−

325], [CuII (HMTETA)Cl]+[ClO4]− [230] and
CuII (HMTETA)Br]+[Br]− [254] (Fig. 22) complexes
olecular structure of [CuII (HMTETA)Br]+[Br]− indi-

ated that the complex has a distorted square pyra
eometry (CuII N = 2.082(12), 2.082(12), 2.103(1
nd 2.167(17)̊A and CuII Br = 2.6027(18)̊A). The dis-

ance between the bromine anion and the CuII center in
CuII (HMTETA)Br]+[Br]− is 4.645Å, which indicates tha
he anion is non-coordinating.

.3.3. CYCLAM and Me4CYCLAM
Cyclic tetradentate 1,4,8,11-tetraazacyclotetrade

CYCLAM) and 1,4,8,11-tetraaza-1,4,8,11-tetramethylc
tetradecane (Me4CYCLAM) ligands readily form
omplexes with copper(II) ions which are typically p
acoordinated, the fifth coordination site usually be
ccupied by either neutral or charged monodentate lig
ue to the steric effects of the cyclic ligand, the co
lexes are typically square pyramidal as observed in
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Fig. 22. Molecular structure of [CuII (HMTETA)Br]+[Br]−.

X-ray structures of [CuII (Me4CYCLAM)Cl] +[Cl]−·1.5H2O
[326], [CuII (Me4CYCLAM)(H2O)]2+[NO3]2−·H2O [326],
[CuII (CYCLAM)Cl] +[Cl]− [327], [CuII (CYCLAM)Br] +

[Br]− [327] and [CuII (Me4CYCLAM)Br] +[Br]− [254].
Additionally, a neutral octahedral [CuII (CYCLAM)(SPh)2]
complex has also been synthesized and characterized[328].

Fig. 23shows the molecular structure of [CuII (Me4CYC-
LAM)Br] +[Br]− which was isolated from ATRP[254].
The [CuII (Me4CYCLAM)Br] +[Br]− complex is square
pyramidal in geometry and the CuII Br bond length is
2.8092(6)Å. The shortest distance between the [Br]− anion
and [CuII (Me4CYCLAM)Br] + cation is 4.349̊A, which in-

Table 12
Comparison of the CuII Br bond length in the CuII complexes with the
deactivation rate constant in the ATRP equilibrium

Complex CuII Br (Å) kd (M−1 s−1) Reference

[CuII (Me6TREN)Br]+[Br]− 2.393(3) 1.4× 107a [322,330]
[CuII (dNbpy)Br]+[CuIBr2]− 2.426(3) 2.5× 107a [330]
[CuII (tNtpy)Br2] 2.5276(10) 4.1× 105a [331]

2.4071(10)
[CuII (PMDETA)Br2] 2.6442(9) 6.1× 106a [330]

2.4462(9)
[CuII (Me4CYCLAM)Br] +[Br]− 2.8092(6) 2.0× 104b [228]

Only the bond lengths of the cations are considered.
a Rate constant measured in CH3CN at 75◦C using 1-phenylethyl radical.
b Rate constant estimated by the degree of polymerization of poly(styrene)

formed by initiation with AIBN in the presence of CuBr2/cyclam and 1-
phenylethyl bromide.

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

5. Correlating CuII Br bond length and deactivation
rate constant (kd)

The structures of the CuI and CuII complexes that are in-
volved in the ATRP equilibrium play an important role in de-
termining the overall activity of the catalyst. Previously, this
activity has been correlated with properties such as redox
potential[329] and more recently the activation and deac-
tivation rate constants[228,330–335]. Additionally, factors
such as the polarity of the monomers and reaction medium
are also related to the catalyst activity. The simplest struc-
tural parameter that can be correlated with the kinetics of
the ATRP deactivation process is the CuII Br bond length.
The strength of this bond can be used as a crude estimate
to evaluate the deactivation rate constant, which is responsi-
ble for the control in the ATRP systems.Table 12shows the
comparison between the CuII Br bond length and the deacti-
vation rate constant for the CuII complexes with Me6TREN,
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
a II

n on-
s
b ther
i or ex-
a
(
p the
A by
[ of
t ,
C
C ely
0 the
f l ra-
Fig. 23. Molecular structure of [CuII (Me4CYCLAM)Br] +[Br]−.
ppears that the weaker or longer CuBr bond length is
ot the only factor that effects the deactivation rate c
tant. The structural reorganization of the CuII complex upon
romine abstraction by the corresponding radical is ano

mportant process that needs to be taken into account. F
mple, the structural features of [CuI(Me6TREN)]+[ClO4]−
Fig. 8) and [CuII (Me6TREN)Br]+[Br]− (Fig. 21) com-
lexes, which mimic activator and deactivator in
TRP, respectively, reveal that bromine abstraction

CuI(Me6TREN)]+ cation slightly changes the structure
he resulting [CuII (Me6TREN)Br]+ cation. More precisely
uII cation moves inside Me6TREN cavity by 0.13̊A and
uII N bond lengths slightly elongate by approximat
.02Å. This small structural reorganization can explain

act that the deactivation rate constant for 1-phenylethy
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dial (kd = 1.4× 107 M−1 s−1) is relatively large despite very
short CuII Br bond length (2.393(3)̊A).

6. Conclusions

In conclusion, structural features of CuI and CuII com-
plexes with bidentate, tridentate and tetradentate nitrogen
based ligands commonly used in the ATRP were extensively
reviewed and discussed based on several spectroscopic tech-
niques. They included solid state X-ray crystallography, ex-
tended X-ray absorption fine structure (EXAFS), electro-
spray ionization mass spectrometry (ESI-MS), NMR and
UV–vis spectrometry. The structures were found to depend
on the complexing ligand, solvent and temperature. Gener-
ally, copper(I) complexes were found to be predominantly
four coordinated. On the other hand, the coordination num-
ber of copper(II) complexes was found to be either four or
five depending on the complexing ligand. Structural studies
are a continuous part of the future developments in the field
of ATRA/ATRP.
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