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Abstract

Structural features of copper(l) and copper(ll) complexes with bidentate, tridentate and tetradentate nitrogen based ligands
commonly used in atom transfer radical polymerization (ATRP) were extensively reviewed and discussed based on several
spectroscopic techniques. Complexing ligands included-t2p®ridine (bpy), 4,4di(5-nonyl)-2,2-bipyridine (dNbpy), N,N,N’,N'-
tetramethylethylenediamine (TMEDA)N-propyl(2-pyridyl)methanimine (NPrPMI), 2,8',2’-terpyridine (tpy), 4,44"-tris(5-nonyl)-
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2,2:6,2'-terpyridine (tNtpy), N,N,N',N”,N"-pentamethyldiethylenetriamine (PMDETAN,N-bis(2-pyridylmethyl)octylamine (BPMOA),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA), tris[2-(dimethylamino)ethyllamingT@®EN), tris[(2-pyridyl)methyl]lamine

(TPMA) and 1,4,8,11-tetraaza-1,4,8,11-tetramethylcyclotetradecangC(f@LAM). Additionally, structures of copper(l) and copper(ll)
complexes with diethylenetriamine (DETA), triethylenetetramine (TET)-bis(2-pyridylmethyl)amine (BPMA), tris[2-aminoethyllamine
(TREN) and 1,4,8,11-tetraazacyclotetradecane (CYCLAM) were discussed. The structures were found to depend on the complexing liganc
solvent and temperature.

© 2004 Elsevier B.V. All rights reserved.
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1. Background transfer agents than alkyl halides. A number of species were
found to be particularly effective and they included the com-
1.1. Fundamentals of atom transfer radical addition plexes of CU7-10], Fe[10-13] Ru[14,15]and Ni[16,17]

These also included the use of metal oxifle819] or zero

One of the fundamental reactions in organic chemistry in- valent metals such as Cu([0,21] or Fe(0)[22—-24] Great
volves the addition of a reagent XY across a carbzarbon progress has been made in not just controlling the prod-
double (or triple) bond through a radical procgs2]. This uct selectivity, but also in utilizing a variety of halogenated
reaction was first reported in the early 1940s in which the compounds (alkyl and aryl halidg25—27] N-chloroamines
halogenated methanes were directly added to olefinic dou-[27], alkylsulfonyl halides[28-33] and polyhalogenated
ble bondg3,4]. The process was initiated by small amounts compound$10,13,34,35). Furthermore, it was also demon-
of diacyl peroxides or by light. This reaction became known strated that a variety of olefins (styrene, alkyl acrylates and
as theatom transfer radical additiofATRA) or Kharasch acrylonitrile) could be used as the source of reactive unsat-
addition, in honor of its discoverer, and it is generally ac- uration. Thus, the transition metal catalyzed (TMC) ATRA
cepted to occur via a free-radical mechanig®] as illus- became broadly applicable synthetic t§@6$—39]
trated inScheme 1However, soon after its discovery, it was The mechanism of the transition metal catalyzed ATRA
realized that the use of th¢harasch additiorreaction was has been extensively studied. Although there is still an ongo-
rather limited because of the radical-radical coupling and re- ing argument on the nature of the reactive intermediates, the
peating radical addition to olefin to generate oligomers and generally accepted mechanis®cheme P[27,40], which
polymers. Although the radical-radical coupling could be applies to the majority of the transition metal complexes, in-
suppressed by decreasing the radical concentration, telomervolves radical intermediates. Homolytic cleavage of the alkyl
ization reactions could not be avoided due to the low chain halide bond (RX) by the transition metal complex in the
transfer constant/ky. The research was thus shifted in a lower oxidation state generates an alkyl radicalaRd the
direction of finding means to selectively control the product corresponding transition metal complex in the higher oxida-
distribution. tion state. The radical Radds across the double bond of an

In 1960s, several groups began to investigate the use ofolefin, terminates by radical coupling and disproportionation,
transition metal complexes to catalyze the ATRA. The ba- or abstracts the halogen from the transition metal complex in
sic idea to enhance the chemoselectivity of the mono halo-the higher oxidation state. The key to increase the chemos-
genated product was to increase the chain transfer constantglectivity of the mono-halogenated adduct lies in the radical
kir/kp (Scheme ) This was achieved by recognizing that the generating step. In order to achieve that, the following general
transition metal complexes are much more effective halogenguidelines need to be met:

Initiation: K
i
Ine + X—Y —» In—X + Y*
Propagation: R
Y + /\ ﬂ» Y. - ...-'5'3___.>Y\)\/.\
Z R "R R

\& In- Y\/'\R

Scheme 1. Mechanism of the free-radical addition to olefins.
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ML, + R—X === M™'XL, + R-
1 2 ka1 3 4

k dd A R k R N
R- + RHC=CH, ——— g -] P WR'
4 5 6 n R'HC=CH2 R

6 3 Ka,2 7 1
ki
R- + R+ —> R—R R'
. R . R ke R
R N + g SN —_— R
etc. R'

Mt = transition metal
L = complexing ligand
X = halide or pseudo halide

Scheme 2. Proposed mechanism for the transition metal catalyzed ATRA.

(1) Rate of activationk; 1 andk, 2) < rate of deactivation . _ Ka
(ka,1 andky2); this is required in order to maintain low ~ RX + ME-¥/Ligand =—===— R« + X-Mt"™-Y/Ligand
radical concentration and suppress radical termination ¢ U K,
reactions. +M

(2) ka,1>> ka2 the generation of the radicalfrom 2 should ko R_?/ RHa R=
be faster than that from the produtin order to avoid ME" = Cu, Ru, Fe, Ni, etc. in the oxidation state n

further formation of radicab which continuously adds Y = complexing ligand or counterion
to the alkenes and leads to oligomeric/polymeric species. X=(pseudojhalogen

(3) Rate of transfes> rate of propagationkf J[Mt™*XL m, M = vinyl monomer
3] > kp[alkene, 5]); after the addition of radica#t to
alkeneb, the atom transfer to the adduttshould oc-
cur before the addition to the monomer molecules.

Scheme 3. Transition metal catalyzed ATRP.

Furthermore, their stationary concentration is low because
1.2. Fundamentals of atom transfer radical the equilibrium between the activatioky) and deactivation
polymerization (kq) processes is shifted to the left-hand side gk kg),
which reduces the termination reactions. As a result of persis-
Over the past few years, we have witnessed a tremen-tent radical effecf60,61} polymers with predictable molec-
dous development of controlled radical polymerization tech- ular weights, narrow molecular weight distributions and high
niques for the synthesis of macromolecules with well-defined functionalities have been synthesiZé@-84}
compositions, architectures and functionalifés-44] Par- So far, in ATRP, a variety of transition metal com-
ticularly, atom transfer radical polymerization (ATRP) has plexes have been successfully used for the polymerization
gained a considerable academic and industrial interestof styreneg85-87] (meth)acrylatef88—100] acrylonitriles
[42,43,45-47]Similarly to transition metal catalyzed ATRA,  [101-103] and acrylamide§104-106] They include com-
ATRP also employs transition metal complexes as halo- pounds from Groups 4 (T[107]), 6 (Mo [108,109), 7
gen transfer agents. A general mechanism for ATRP is (Re[110]), 8 (Fe[111-116] Ru[117]), 9 (Rh[118]), 10
shown inScheme 3 [48-59Homolytic cleavage of the alkyl ~ (Ni [119], Pd[120]) and 11 (Cu47,85,121-131)] Typical
(pseudo)halogen bond €X) by a transition metal complex  ATRP initiators are alkyl halides, including halogenated alka-
in the lower oxidation state (MtY/ligand) generates an  nes[47,84,117,119,122,132}-haloester§89,133-135and
alkyl radical (R) and a transition metal complex in the higher  sulfonyl chlorideq136-138]
oxidation state (XMt"™1-Y/ligand). The formed radicals
can initiate the polymerization by adding across the double
bond of a vinyl monomer, propagate, terminate by either cou- 2. Introduction
pling or disproportionation, or be reversibly deactivated by
the transition metal complex in the higher oxidation state. The  As indicated in the previous section, one of the principal
formation of radicals during the ATRP process is reversible. components of the TMC ATRA and ATRP systems involves
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(a) Monomer, Solvent and/or Radical Coordination

MPL, + —— [|_::I>MtZLm

Mt’L, +  solv. Mt“Liy(solv.)

|

ML, + R* R—— ML,

(b) Outer Sphere Electron Transfer
R+ + M*'XL, — R* + X-MPL,] — R" + X + ML,
R- + ML, — R+ [ME'L,)

(c) B-Hydride Abstraction
H

/\MJ\ + MtZLm /\Mn/\ * HIVItZ+1I-m

n

(d) Disproportionation and/or Halide Dissociation

MEZ* XL ME L, + X

oML, =—= ML, + Mt*L,

Scheme 4. Possible side reactions in metal catalyzed ATRP/ATRP.

the transition metal complex, which is used as a halogen process. The catalyst typically consists of a transition metal
transfer agent. Perhaps, it is the most important componentcenter accompanied by a complexing ligand and counter-ion
of both systems since it determines the position of the atom which can form a covalent or ionic bond with the metal
transfer equilibrium and the dynamics of exchange betweencenter. An efficient catalyst should be able to expand its
the dormant and active species. Consequently, structuralcoordination sphere and oxidation number upon halogen
characterization of the ATRA/ATRP active transition metal abstraction from alkyl halide or dormant polymer chains.
complexes plays an important role in the overall catalytic Additionally, the catalyst should not participate in any side

R
— N
\ N
bpy R=H phen NPrPMI R = CH,CH,CH,
(8 dNbpy R =CH(CH,CH,CH,CHs), NOctPMI R = (CH,),CH,
R
| AN
R
oy sthe OO0
N N~
BPMA =
toy R=H DETA R=H
(b) tNtpy R = CH(CH,CH,CH,CHs), PMDETA R=CH, GPMOA Ao (CH2)7CH3

BPMODA R = (CH,);,CHg

<\ C(\ AVaRNa (A
R N \ NN
R VIS I P R o

—N R—| —R N N
/ \ / \
R R R
TREN R=H TPMA TETA R=H CYCLAM R=H
(c) MegTREN R =CHjg HMTETA R=CH; Me,CYCLAM R =CH,

Scheme 5. Structures of bidentate (a), tridentate (b) and tetradentate (c) nitrogen based ligands commonly used in copper catalyzed ATRP.
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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, (cB-hydrogen abstraction, (d) disproportiona-

tion, etc. Scheme % In ATRP, so far, a variety of transition

metal complexes have been successfully used. They include

compounds from Groups 4 (TLO7]), 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(l) and copper(Il) complexes with nitrogen based
ligands that are commonly used for ATRBcheme k 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)ethyllamine (M&REN)
[145], tris[(2-pyridyl)methyllamine  (TPMA) [131]
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LY

Fig. 1. Structure of [Ci{bpy)]* cation in [CU(bpy)]*[CIO4]~ [150].

[150-155] The average CuN bond length ranges from
1.985 to 2.05A 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=8ange by
the rigid geometry of the bidentate bipyridine based ligand.
However, as indicated iffable 1 the dihedral angles be-
tween the Cul planes show a wide variation. The smallest

and 1,4,8,11-tetraaza-l,4,8,ll-tetramethylcyclotetradecanqjihedra| angle was observed in [Qopy)]* [PFs]~ complex

(MesCYCLAM) [106]. Additionally, we will also dis-
cuss structures of copper(l) and copper(ll) complexes
with  diethylenetriamine (DETA), triethylenetetramine
(TETA), N,N-bis(2-pyridylmethyl)amine (BPMA),
tris[2-aminoethyl]lamine (TREN) and 1,4,8,11-
tetraazacyclotetradecane (CYCLAM). A detailed discussion
of structural chemistry of copper complexes with other
nitrogen based ligands, including sulfur, phosphorous and
oxygen based ligands, has been reviewed extensively in
other literature sourcg§46-149]

3. Copper(l) complexes with nitrogen based ligands
3.1. Bidentate ligands

3.1.1. bpy and bpy derivatives

3.1.1.1. Solid state studieS€opper(l) complexes with bpy
based ligands (bpy) are typically prepared by mixind\Cu
or its complex with CHCN (Y=Br—, CI—, PRk~, CIO4~,
BF4~, etc.) with 2 eq. of the ligand, and can generally be rep-
resented by the following formula [Gfopy)]*[Y] . Ad-
ditionally, in the case of CBr and CUCI salts, the cor-
responding Y can also be [(Br;]~ and [CUCly]~ an-
ion, respectively. In the solid state, [Eopy)]* cations
are typically distorted tetrahedral in geometiig. 1) in
which the copper(l) center is coordinated by four nitro-
gen atoms from two bpy unitgl50]. The average CuN
bond lengths and intraligand-XCu'—N angles for a series
of [Cu'(bpy)]*[Y]~ complexes are summarized Table 1

(44.6) and the largest one in [G@NEObpy)]*[Cu'Bra] ~
(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 [Cl{(dNEObpy}]*[Cu'Br,]~ complex is in-
duced by the large side chains occupying space between
the bis(bipyridine)copper(l) coreld55]. It has also been
observed that dihedral angle affects the redox potential of
[Cu'(bpy)]* cation, and consequently the stability constants
of [Cu'(bpy)]* and [CU! (bpyy]?* cations[150]. Gener-
ally, 6,6-substitution increases a redox potential. For exam-
ple, E1/» (versus NHE) for [Cl(bpy)][ClO4] ~ (dihedral an-

“br-
oy

v‘%}‘"h

Fig. 2. Molecular structure of [C(dNEObpy}]*[Cu'Br,] ~ [155].

Br
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Table 1

Comparison of structural parameters for some' (By),] *[Y] ~ complexes

bpy? Y Cu—Nav (A)P N—CU—Nav (°)° Dihedral anglé Reference

bpy Cloy~ 2.021 81.5 75.2 [150]
PR~ 1.985 83.0 44.6 [151]
CucCly~ 2.022 81.2 76.2 [152]

4,4-dmbpy Br 2.047 80.7 54.2 [153]

6,6-dmbpy BR~ 2.034 81.9 80.7 [154]

4,4 ,6,6-tmbpy cloy~ 2.057 80.6 68.1 [151]

dNEObpy CUBr,~ 2.035 81.4 89.0 [155]

@ 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 = 4,4bis(neophyldimethylsilylmethyl)-2;2ipyridine.

b Bond lengths and intraligand-NCu—N angle, two values are averaged.

¢ Interligand dihedral angle.

Table 2

Bond lengths and angles in [(&r,]~ and [CUCI,]~ anions

Complex cl—X1 (A) cu'—X» (A) X1—Cu—X> (°) Reference
[Cu' (ANEObpy)]*[CU'Bra] ~ 2.223(2) 2.234(3) 177.4 [155]
[N(C4Ho)4]*[CU'Br2]~ 2.226(1) 2.226(1) 180.0 [159]
[P(CsHs)4]*[CU'Br2]~ 2.211(2) 2.216(2) 174.6 [160]

[CU! (bpy)]*[CU'Cl,]~ 2.086(2) 2.091(2) 177.3 [152]
[N(C4Ho)4][Cu'Cl2]~ 2.094(2) 2.092(2) 179.2 [159]

gle=75.2)is 0.254 V[150], whereas th&;, (versus NHE) is coordinated by two nitrogen atoms of a bipyridine
for [Cu'(6,6-dmbpy)]*[BF4]~ (dihedral angle =807 is ligand (CU-N=2.083(6) and 2.099(®) and two bro-

significantly higher, 0.574 {150,158] mide ions (Cl—Br=2.428(2) and 2.463(15)). The dis-
As indicated inTable 1 for CUCI and CUBr com- tance between the two Cwenters was determined to be

plexes with bpy ligand, the stoichiometry can sometimes be 2.850(1)5\. The structure of [Cl(bpy)I]> dimer was anal-

1:1, resulting in the formation of [@Bro]~ and [CUCly]~ ogous to [Cl{bpy)Br], (CU—N=2.070(8) and 2.080(3,

anions. Table 2 compares the bond lengths and angles Cu—I=2.583(3) and 2.587(4, CU—CU =2.610(2)).

in [Cu' (bpy)] *[CU'Cl;]~ and [CU(dNEObpy»] *[Cu'Bra] -

with a series of model compounds with [®u,]~ and 3.1.1.2. Solution studiesThe discussionin the previous sec-
[CU'Clz]~ anions [152,155,159,160] As evident from  tion has extensively focused on the characterization ¢f Cu
Table 2[CU'Brz]~ and [CUCI2] ~ bond lengths and anglesin  complexes with bpy based ligands in the solid state. The struc-
[CU'(dNEObpy}]*[Cu'Brz]~ and [Cu(bpy)]*[CU'Cl2] ", tures might not be fully correct in solution, particularly taking
respectively, do not change significantly when compared with jnto account the possibility that more than one species coex-
model 90mp0unds, indicating inSigniﬁcant interactions with istin an equi"brium_ A Variety of other experimenta| tech-
CU cations. niques have been used to probe the structures btGu-

With respect to CIX (X =halide) complexes with bpy  plexes with bpy based ligands in solution and are summarized
based ligands, an additional mode of coordination was pe|ow.

observed which includes the formation of -©( bridged Far IR and Raman spectroscopy: The coordination of halo-
complexes. This has been demonstrated in the isola-gens to Clicomplexes has been extensively studied by far
tion and X-ray structure determination of [Qopy)Brl IR spectroscopy161—163] particularly, [CliBr,]~ anions

and [Cu(bpy)l]> dimers Fig. 3) [152]. In [CU (bpy)Br]2, which are sometimes present as counter-ions B&abpy

each Cl center has distorted tetrahedral geometry and systems, as discussed above. They have linear geometry
and belong toD.., point group. According to a normal
mode analysis, they should have one Raman active band

- — (v1(Zg")) and two IR active bandsg(/7,) andvs(Xy")).
N N It was found experimentally that the Raman active band
\: / \ /x\ / \ /: for a series of Clcomplexes with [CLBr,]~ anions ap-
Cc cua pears around 192-194 cth On the other hand, IR active

u ,
: bands appear at 73-81 and 320-322 £f62,163] Further-
/ \ N/ /x\ \N/ \ pp m ]

more, the coordination of bpy based ligands to thé -
ter has also been investigated. For tetrahedral (fpy)]*
cations, CU—N vibrational stretches typically appear around
Fig. 3. Structure of [Ci{bpy)X]> (X =Br and I) dimer. 300c¢nt? [164-169]
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Table 3

Absorption maxima and extinction coefficients for'@mplexes with bpy
Complex Solvent  Amax (nm) emax(M~Tem™1)
[Cu' (bpy)Cl]2 Acetone 440 2400

[Cu' (bpy)Br]2 Acetone 440 2400

[Cu' (bpy)I]2 Acetone 436 1600

[Cu' (bpy)]*[CI] ~ Ethanol 440 3800

[Cu' (bpy)]*[Br]~ Ethanol 440 3900

[Cu' (bpy)][ClO4]~ Acetone 440 4800

[Cu' (bpy)]*[CIO4]~ Ethanol 440 5400
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[Cu'(dNEObpy}]*[Cu'Br] ~. In polar medium, on the other
hand, [CU(dNEObpy)]*[Br]~ is preferred $cheme B
Consequently, their findings indicated that 1:1 stoichiome-
try between ClBr 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 substantialff 78—-181] One of the main advan-

UV-vis spectroscopy: UV-vis spectroscopy was also used tages of this method lies in the fact that it provides in-

to investigate structural features of 'Giomplexes with bpy
ligands in solution. Typically, Cucomplexes with bpy lig-

formation about positively and negatively charged species
present in solution by observing them in the gas phase. This

ands are dominated by intense broad absorption bands withis achieved by aerosolizing the solution while concomitantly

maxima at a wavelength in the range 440-47(bnd]. This
absorption was assigned by Irving and Williafidg1] 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
Cu center[172-175] It was found that the extinction co-
efficients for a series of X (X =Br, Cl and 1) complexes
with bpy in non-polar medium such as acetone are approxi

applying a static charge to the surface of solvent droplets.
[Cu'(bpy)]*[BF4]~ complex has been studied by ESI-MS
in methanol[182]. The positive and negative ion spectra in-
dicated the presence of only [Gbpy),]* cations and [BE]~
anions, respectively, which was consistent with the solid
state X-ray structure of the compld&54]. Furthermore,
mass spectra of CBr 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
- [Cu (dNbpy)]™ cation and [CIBr,]~ anion[183]. This re-

mately halfthe values in polar medium such as ethanol and for sult indicated that in non-polar medium the stoichiometry

Cu/bpy complexes with non-coordinating anioff@lle 3

between ClBr and dNbpy is 1:1, as opposed to 1:2 typically

[176]. Based on these results, it was proposed that in non-observed in polar medium.

polar medium ClX complexes with bpy predominantly ex-
ist as bridged [CYbpy)X]> species (se€ig. 3. In polar

Extended X-ray absorption fine structure (EXAFS): Ex-
tended X-ray absorption fine structure (EXAFS) spec-

medium, on the other hand, the predominant complexes aretroscopy has been known since early 19B84-186] how-

[Cu'(bpy)]*[X] ~. However, the two-fold decrease in the ex-
tinction coefficient in non-polar medium can alternatively be
explained by the formation of [C(bpy)]*[Cu'X5]~ com-
plexes, as discussed above.

1H NMR spectroscopy: Levy et al. have investigated the

ever, its full potential in determining the structures of transi-
tion metal complexes has not been utilized until early 1970s
[187]. This was particularly due to the unavailability of strong
X-ray sources. With the development of synchrotron radia-
tion, EXAFS has been established as a practical structural

solution behavior of an isolated and structurally characterized tool [188-190] The EXAFS measurements provide infor-

ATRP active [CU(dNEObpy)]*[Cu'Br,]~ (dNEObpy =
4,4 -bis(neophyldimethylsilylmethyl)-2,2bipyridine) com-
plex in polar and non-polar medium byH NMR
[155]. Based on their results, they proposed that in
non-polar medium the complex predominantly exist as

)|

Cu-myy

(@ (0
N~

Br—Cu—-Br

J

R= —

Scheme 6. Proposed structures fot BRRANEObp!

Re¥e!

mation on the bond length, the coordination number and the
nature of the scattering atoms surrounding an excited atom
[191]. Since EXAFS is mostly sensitive to short-range order-
ing, it can be used to study immediate environment around
each absorber (generally outm,&). Other materials or im-
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y complex in non-polar (a) and polar (b) medium.
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Fig. 4. Mass spectra of ¢Br/2dNbpy in toluene (positive and negative ion modes).

purities present in the sample which either do not contain the the coordination number of nitrogen appears to be lower
absorber or are far from the absorber will not interfere. Fur- than in solutions that contained only 1eq. of dNbpy lig-
thermore, it is highly versatile in that it can be applied with and. Taking into account the inherent error of 10-15%
high accuracy(0.01—0.0°8)to matter in the solid (crystalline  for the coordination numbers, one possible structure in
or amorphous), liquid, solution, or gaseous sfag?]. non-polar medium is ionic [CgdNbpy)]*[Cu'Bra]~ com-
Table 4shows the summary of room temperature EX- plex. Fig. 5 shows the Fourier transforms of the EXAFS
AFS measurements of (Br complex with dNbpy ligand  functions at the Br K-edge of ¢CBr/2dNbpy complex in
in methyl acrylate and styrene, which are typical monomers toluene and [N(GHg)4]*[Cu'Br,]~ in the solid state. The
used in the ATRIP193-195] The EXAFS spectrum of CBr similarity of the two spectra further suggested the pres-
complex with 1eq. of dNbpy ligand in styrene is well fit ence of [ClBry]~ anions in CtBr/2dNbpy complex in
assuming that Cuis coordinated by on average 3.8 ni- non-polar medium, which is consistent with the proposed
trogen atoms at the distance of 2@land 1.1 bromine  [Cu'(dNbpy)]*[Cu'Bra]~ complex.
atoms at the distance of 2.85 The results in methyl Since EXAFS represents the average structure,
acrylate are analogous, indicating similar structural features [Cu' (dNbpy)]*[Cu'Bro]~ might not be the only com-
of the complex. Furthermore, when 2eq. of dNbpy lig- plex present in solution, taking into account the possibility
and were used relative to @Br, the average CuN and for more than one species coexisting in an equilibrium.
Cu-Br distances did not change significantly, although Depending on the temperature, solvent polarity, and the

Table 4
Structural parameters of ¢Br complex with dNbpy ligand, determined by EXAFS measurements under ambient conditions at the Cu K- and Br K-edge
Solvent Backscattering N r (A) o (,5\) AEp (eV) k (A*l) Fit index
CuBr: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
Cu—Br 1.3 2.26 0.090
Br—Cu 1.0 2.26 0.100 18.5 4.3-12.0 19.6
CuBr:dNbpy =1:2
Styrene CuN 2.9 2.03 0.105 19.0 4,1-12.0 36.2
Cu—Br 1.4 2.25 0.105
Br—Cu 0.8 2.24 0.087 21.2 4.3-12.5 29.6
MA Cu—N 2.8 2.01 0.100 21.9 4,2-12.5 20.7
Cu—Br 1.3 2.26 0.090
Br—Cu 0.8 2.25 0.100 145 4.2-12.0 34.5

N: coordination number,: absorber—backscatterer distanceDebye—Waller factor. Inherent errors are 10-15% for coordination numbers and Debye—Waller
factors and 1% for distances.
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Fig. 5. Comparison of the experimental Fourier transforgak) func-
tions at the Br K-edge of C®r/dNbpy in toluene (solid line) and
[N(C4Hg)4][Cu'Br] in the solid state (broken lines).

amount of dNbpy ligand, the substitution of bromine in
[Cu'Bry]~ by dNbpy ligand may lead to the formation
of [Cu'(dNbpy)]*[Br]~. A similar equilibrium has been
proposed earlier for [C(NEObpy}]*[Cu'Bra]~ complex
(Scheme ¥ [155]. Also, on the other hand, solvent and
monomer coordination to the €eenter[196] cannot be
ruled out due to the sensitivity of EXAFS measurements
[197].

3.1.1.3. Substitution reaction®ipyridine based ligands
(bpy) are typically rapidly exchanging in solution when com-
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with ethylene, propylene, and series of other olefins with the
general formula [Cl{bpy)(m-olefin)]*[CIO4] ~ have been re-
ported[198,199]

Copper(l) 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)ymethanimine ligands

Chelating bis(imine) ligands such adN-alkyl(2-
pyridyl)methanimine (AIkPMI) ligands have also been
successfully used in copper mediated ATRP1,200-208]
In particular, complexes [C(n-PrPMIY]*[PFs]~, [CU (i
BuPMI),]*[BF4]~ and [Cu(secBuPMI),]*[BF4]~ have
been isolated and structurally characterizEdy(6) [201].
In all three complexes, copper(l) centers are distorted tetra-
hedral in geometry with the average '€N bond lengths
(2.019A (n-Pr), 2.037A (i-Bu) and 2.08A (secBu)),
N—Cu-N angles (80.75 (n-Pr), 81.09 (i-Bu) and 81.12
(seeBu)) and dihedral angles (85.81-Pr), 86.8 (i-Bu) and
86.2 (secBu)) similar to bpy derivativesTable 2. This
similarity in the solid state structures betweer! BIkPMI
and Cli/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
halide anion dissociation. Monomer coordination has been
demonstrated in the case of ATRP of aminoethyl methacry-
lates and methoxy[poly(ethylene glycol)]methacrylates

plexed to copper(l) center, therefore increasing the possibility catalyzed by CtBr/2n-PrPMI complex203].

for ligand substitution reactions. In the simplest case, the bpy
ligand can be substituted by coordinating solvent as demon-

strated in the case of [Glopy)(CHsCN),] *[ClO4] ~ complex
[198]. In the case of ATRA and ATRP processes, the bpy lig-

3.1.3. TMEDA
N,N,N',N'-Tetramethylethylenediamine (TMEDA) is in-
expensive bidentate aliphatic nitrogen based ligand which

and can be substituted by monomer, which is typically presentwas successfully used in ATRP of styrene, methyl acrylate

in a large excess relative to the 'Guomplex. Monomer co-

and 2-(dimethylamino)ethyl methacrylafe40,141] Typi-

ordination has been demonstrated by the isolation and char<ally, 2 eq. of TMEDA relative to CiBr were used in the

acterization of [CU(bpy)(w-CH2CH(CsHs))] [ClO4] ~ com-
plex[196]. The CU center in the complex is coordinated by
two nitrogen atoms of a bpy ligand, one oxygen atom from

the CIQy~ anion, and the pseudotetrahedral geometry is com-

pleted by am-interaction with the double bond of styrene.

polymerization and the activity of the catalyst was generally
lower when compared to bpy and its derivatives.

Several copper(l) complexes with TMEDA ligand have
been isolated and characterized. Crystal structure of
[CU(TMEDA),]*[BPhy] ~ indicated that copper(l) cation is

The vinyl protons of coordinated styrene are shielded rela- nearly tetrahedral with the dihedral angle of 86ahd aver-

tive to free styrene indicating the presencedfack donation
from the electron rich CuAdditionally, Cu/bpy complexes

age Cu-N bond length of 2.218 [210]. Similar structural
features were also observed in [CIMEDA),]*[Cu'Clo]~

Fig. 6. Structures of C@PrPMI%*, CU (i-BuPMI),* and Cli(secBuPMI),* cations.
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Scheme 7. Structures of Ecomplexes with DETA and PMDETA ligands.

complex which was isolated by reaction of 'Cli with

1eq. of TMEDA ligand[211,212] [CU'Cl5]~ anion was
found to be linear with Cu-Cl bond length of 2.088.

This 1:1 stoichiometry between €and TMEDA has also
been observed in the case of'8uand Cul. However, the
latter salts predominantly formed [GWMEDA)Br], and
[CU'(TMEDA)I] 2 dimers[211].

3.2. Tridentate ligands

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

and characterized so far. In all complexes, DETA and
PMDETA act as tridentate ligands. Since, [(RMDETA)]*
cations are formally 16e systems, the fourth coordination
site is typically occupied by monodentate ligands such as
CO, CHsCN, or olefin/monomer.

[Cu'(DETA)(CO)I'[BPhy]~ has been prepared in CO sat-
urated methanol by reacting Gwith DETA and NaBPh
[214]. The [CU(DETA)(CO)]* cation has distorted tetrahe-
dral geometry. The Cucenter is coordinated by three ni-
trogen atoms from the DETA ligand (EN(1) = 2.085(4)&,
Cu-N(2)=2.123(3 and Cu-N(3)=2.073 (44) and one
carbon atom of the CO moiety (€€ =1.776(5). The

amines were successfully used as ligands for ATRP catalystscentral nitrogen atom in DETA bonds at a significantly

[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(l) halide ratio used in the polymerization
was 1:1.

Copper(l) complexes with diethylenetriamine (DETA)
and N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDE-

longer distance (2. 123(3)) than do the terminal nitro-
gens (mean value of 2. 079@1) The C-O bond length
(1.776(5)&) and stretching frequency&o = 2080 cntl) in
coordinated CO are similar to other copper(l) complexes with
CO ligands[215-217] The C4-C=0 angle is nearly linear
(176.57(54)).

The structure of [CYDETA)(1-Hex)['[BPhs]~ is sim-
ilar to that of [CU(DETA)(CO)J*[BPh4]~ except that the

TA) have been much less extensively studied than the pseudo tetrahedral coordination around thec@tion is com-

corresponding complexes with bpy-based ligaistheme 7

pleted by am-interaction with the double bond of 1-hexene

shows the structures of the complexes that have been isolated218]. The deviation from the ideal tetrahedral geometry is
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Fig. 7. Molecular structures of [¢(PMDETA)(w-styrene)] and [CU(PMDETA)(rr-methyl acrylate)] cations.

mainly given by I-Cu-L angles (L=N or C) which range  the presence of a non-coordinating counter-ion (BBhA
from 83.2(7) to 127.4(9). The Cu-N bond lengths in the  slight lengthening of the €C vinyl double bond upon co-
complex are CuNg) =2.11(1)A, Cu—N(2)=2.25(1)A and ordination and a decrease in=C IR stretching frequencies
Cu-N(3) =2.09(1)A, with the central nitrogen atom being  of Au(C=C)=-110,—80,—109, and—127 cn ! for com-
further away from the Cicenter than the terminal nitrogens. plexes with methyl acrylate, styrene, 1-octene, and methyl
The Cu-C bond distances in hexene (2.10(2) and 2.18J2)  methacrylate, respectively, characterize the bonding of the
are in agreement with the distances in othet/Ginexene  Cu-olefin complex. Furthermore, the extent of the upfield
complexeg219]. The G=C bond distance of the coordinated  shift of the vinyl proton resonances upon coordination con-
1-hexene was observed to be essentially unchanged from thafirms the presence of significantback-bonding.

in the free moleculg¢220]. Furthermore, the €C—C angle The results of the EXAFS analysis of B1/PMDETA
in 1-hexene (120 is unaffected by coordination to the Cu  in methyl acrylate, styrene, toluene and methanol indicated
center. similar structural features of the compld£93]. In all

[Cu'(PMDETA)(CHsCN)]*[CIO4]~ complex was pre-  solvents, the EXAFS data were well fit by a structural model
pared by the reaction of [G{CH3CN)s]*[CIO4]~ with that included on average 3.0 nitrogen atoms at the distance
1eq. of PMDETA ligand. [CUPMDETA)(CO)J'[CIO4]~ of 2.12A and 1.0 bromine atom at the distance of 2233
complex was isolated by treating a methanol solution of The average CuN bond length was in agreement with other
[Cu'(PMDETA)(CHsCN)]*[CIO4]~ with CO [218]. The Cu complexes with similar nitrogen based chromophores
molecular structures of both complexes could not be obtained[223]. On the other hand, GuBr bond distance indicated
by X-ray crystallography due to the unsuitable crystal sizes. covalent bonding to the Ccenter. Based on these results,
However, the stoichiometry and composition was confirmed one structure that is consistent with the EXAFS analysis
by elemental analysis. Furthermore, the observation-ef includes neutral [Cl{PMDETA)Br] complex. However,
bands of the [C{PMDETA)(CO)J'[BPhy]~ at 2082 cnm* other structures might also coexist in an equilibrium and
(KBr pellet) and 2088 cm? (aqueous solution) indicate end- are shown inScheme 8 Based on the solvent polarity
on CO coordination as observed in othe! Complexes with and temperature, the dissociation of bromide anions can
CO[215-217] lead to the formation of an ionic [¢(PMDETA)]*[Br]~

We were recently able to isolate and characterize complex. The coordinatively unsaturated [(RMDETA)]*
novel [CU(PMDETA)(w-M)] *[BPhy]~ (M =styrene, methyl  cation can be further coordinated by solvent or monomer
acrylate, methyl methacrylate and 1-octene) complexesleading to the formation of [CPMDETA)(S)]'[Br]~ and
[221,222] Molecular structures of [C(PMDETA)(m- [Cu'(PMDETA)(M)]*[Br] ~, respectively, as demonstrated
styrene) and [CU(PMDETA)(wr-methyl acrylate)] cations in the case of [BPi]~ analogues.
are shown inFig. 7. Similarly to DETA, in all complexes
PMDETA acts as a tridentate ligand, while the pseudotetra- 3.2.2. tpy and tpy derivatives
hedral coordination geometry around'Gsi completed by Substituted terpyridine, 4,4'-tris(5-nonyl)-2,2:6’,2-

a m-interaction with the €C double bond of monomer in  terpyridine (tNtpy), is a planar tridentate ligand that was suc-

Z_

) —~{\/§ @M”S)(\/»
/N\(:Iu /N\CU/N\ )U
Br . M<S)
= R
S = solvent

Scheme 8. Proposed structures fot BRPMDETA complex.
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L = CH3CN, CO, olefin, etc.
X = halide
Y = noncoordinating anion

Scheme 9. General structures of @omplexes 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 ¥ /Mn < 1.2) [142]. Similar to PMDETA, the
typical ligand to copper(l) halide ratio used in the polymer-
ization was 1:1.

Copper(l) complexes with 2,5,2'-terpyridine (tpy)

T. Pintauer, K. Matyjaszewski / Coordination Chemistry Reviews 249 (2005) 1155-1184

Fig. 8. Molecular structure of [C(Mes TREN)]*[CIO4]~ [229].

was investigated in the ATRP. In conjunction with'@uor
CuCl, this catalytic system does not enable good control
over ATRP of various monomers. The principal reason is
very slow deactivation rate constarky) which increases
radical concentration and consequently radical termination
rates[228].

Structures of copper(l) complexes with tetradentate ni-

based ligands should have a coordination sphere similar totrogen based ligands TREN, MEREN, TETA, HMTETA

that of copper(l) complexes with DETA and PMDETA lig-

ands discussed above. Therefore, tpy and derivatives are ex

pected to form tetra-coordinated complexes with copper(l)
in which the fourth coordination sphere is occupied by
a monodentate ligandS¢heme R This has been demon-
strated in the isolation and elemental analysis of ((y)Br]
[224], [CU!(tpy)(py)I'[CIO4]~ (py = pyridine) [225,226]

and [Cu(tpy)(CHsCN)]* [CH3COO]~ [227] complexes.

The EXAFS-determined structural data of 8Bucomplex
with tNtpy ligand in methyl acrylate indicated that the coor-
dination sphere around €Coenter is occupied by on average
2.7 nitrogen atoms at the distance of 240and 1.0 bromine
atoms at the distance of 2.49193]. 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 [@Ntpy)Br] com-
plex. However, as discussed earlier in the case 6BEtom-
plex with tridentate PMDETA, other species might coexist in
an equilibrium such as [C(@ENtpy)(S)[F[Br] ~ (S = solvent or
monomer).

3.3. Tetradentate ligands

1,1,4,7,10,10-Hexamethyltriethylenetetramine

(HMTETA) is a tetradentate amine ligand that was
successfully used in the ATRP of styrene, methyl acrylate
and methyl methacrylatil44]. The ligand to ClBr ratio
used in the polymerization was 1:1. Also, on the other hand,
CuBr complex with tris[2-(dimethylamino)ethyllamine
(MegTREN) showed a very high activity for methyl
acrylate polymerization, enabling fast and controlled
polymerization at ambient temperat|fel5]. Furthermore,
1,4,8,11tetraaa-1, 4, 8, 1ltetramethylcyclotetradecane
(MesCYCLAM) is the only tetradentate cyclic amine that

CYCLAM and MgCYCLAM are very rare. The princi-
pal problem in isolating the corresponding copper(l) com-
plexes is the fact that they are extremely air and mois-
ture sensitive. Schindler and coworkers have succeeded in
isolating crystals of [CY{MegTREN)]*[CIO4]~ complex
[229]. The X-ray structure of the complexig. 8 indi-
cated that copper(l) cation is coordinated by four nitrogen
atoms of M@ TREN ligand (ClN (equatorial) = 2.122(7

and CU—N (axial):2.200(14)3\). The copper(l) center in
[Cu'(MegTREN)[*[CIO4]~ can be formally described as
trigonal pyramidal due to the weak interaction with the per-
chlorate anion (C+-O =3.53(1)3).

The X-ray structure of [CYHMTETA)] *[Cu'Clo]~ com-
plex (Fig. 9 which was synthesized by the reaction of Cl
with 1eq. of HMTETA ligand in CHCN indicated that in
the case of HMTETA ligand, the copper(l) center is dis-
torted tetrahedral in geometry (GtN = 2.009(5), 2.015(5),
2.202(6) and 2.218(63) [230]. [CU'Cl,]~ anions in the
complex are linear with CuCl distances of 2.107(4) and
2.086(2)A.

Based on these results, one should generally expect that
copper(l) complexes with tetradentate nitrogen based ligands
should be ionic with the general formula [®]*[Y] ~. The
counter-ions, Y, are usually non- or partially coordinat-
ing such as CI@, but they can also be linear [©Xp]~
(X=halide) as observed in [¢HMTETA)]*[Cu'Clo]~.
With regard to halide anions, there have been additional
reports in the literature which suggested that the copper(l)
halide complexes with tetradentate nitrogen based ligands
could have a general structure [Gly'X], where Ny’ denotes
a tricoordinated ligan{31-234] In such cases, the copper
complexes are neutral with the copper(l) center being coor-
dinated by three nitrogen atoms of a tetradentate ligand and
one halogen atom.
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with a previously characterized [Qivles TREN)]*[CIO4]~
complex (2.161&) [230]. However, the coordination num-
ber of nitrogen appears to be rather low for a tetradentate
MegTREN ligand. Additionally, the presence of Br backscat-
terer in the spectrum of the Cu K-edge indicated covalent
bonding to the Clicenter. This evidence contradicts the
presence of solely ionic [C(MegTREN)]*[Br]~ species.
The presence of CuBr absorbance in the EXAFS spectra
of CUBr/MegsTREN could suggest the presence of linear
[Cu'Bry]~ anions, as described earlier in the case of
[Cu'(dNbpy)]*[CU'Bra]~ complex. However, the average
CU-Br bond distance in styrene (2.53, methyl acrylate
(2.33A) and toluene (2.34) appears to be longer than the
Cu—Br bond distance in Cucomplexes with [CLBry]~
anions (2.206—2.23&) [155,159,160,235]The elongation

of CU—Br bond in [CUBr,]~ anions is possible, but was not
observed in structurally related [(EHMTETA)]*[Cu' Cl,] ~
(HMTETA=1,1,4,7,10,10-hexamethyltriethylenetetramine)
complex, in which the Cu-Cl bond length was found to be
similar to other Clicomplexes with linear [C(€l,] ~ anions
[230].

The structure of the CBr/MegTREN complex that is
consistent with the EXAFS analysis points to the presence
of a neutral [Ci(MegTREN)Br] complex (MgTREN de-
notes a tricoordinated M@REN). Similar structures were

The results of EXAFS measurements of Bucomplex proposed earlier in coppf31] and cobalf232] complexes
with MegTREN ligand in different solvents are summarized with MegTREN ligand in order to explain the kinetics of lig-
in Table 5 [193] The Cu K-edge EXAFS spectrum in and substitution reactions. Furthermore, the dechelation of
styrene was best modeled assuming that the coordinationone “amine” arm in Cli complexes with other tetradentate
sphere around Cus occupied by on average 3.0 nitrogen nitrogen based ligands has also been rep¢2@8,234] Due
atoms at the distance of 2.85and 1.2 bromine atoms to the sensitivity of EXAFS measurements and also the pos-
at the distance of 2.38. The results in methyl acrylate sibility for the coexistence of more than one species in an
and toluene were analogous, indicating similar structural equilibrium, all complexes discussed above can be present in

Fig. 9. Molecular structure of [C(HMTETA)] *[Cu'Cl2]~ [230].

features of the complex. Taking into account the 18ele solution. The proposed structures are show8éheme 10

and tetradentate nature of WEREN ligand, one would The Cu K-edge EXAFS spectrum of (Br/
expect that the most probable structure ofBlMeg TREN MesCYCLAM complex in methyl acrylate was well
complex in solution would be [d(MegTREIO\I)]*[Br]—. fit assuming the structural model that included on average

The average CuN bond length in styrene (2.15), methyl 3.8 nitrogen atoms at the distance of 2/0&nd 1.7 bromine
acrylate (2.1%\) and toluene (2.14) is in agreement  atoms at the distance of 2.23[193]. In more polar medium

Table 5
Structural parameters of ¢Br complex with M@ TREN ligand, determined by EXAFS measurements under ambient conditions at the Cu K- and Br K-edge
Solvent Backscattering N r (A) o (,5\) AEp (eV) k (A*l) Fit index
Styrene Cu-N 3.0 2.15 0.114 14.8 4.2-15.6 154

Cu—Br 12 2.33 0.080

Cu—C 4.0 2.95 0.105

Br—Cu 1.0 2.32 0.071 19.1 3.6-14.0 17.1
MA Cu—N 2.8 2.15 0.110 15.3 4.2-15.4 12.3

Cu—Br 11 2.33 0.077

Cu—C 5.9 2.94 0.116

Br—Cu 1.0 2.32 0.077 18.6 4.2-13.1 14.6
Toluene Cu-N 2.8 2.14 0.100 18.6 4.2-14.6 20.8

Cu—Br 1.3 2.31 0.084

Cu—C 54 291 0.118

Br—Cu 1.2 2.31 0.086 21.8 3.8-14.0 18.0

N: coordination number; absorber—backscatterer distanceDebye—Waller factor. Inherent errors are 10—15% for coordination numbers and Debye—Waller
factors and 1% for distances.
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Scheme 10. Proposed structures fotBMes TREN complex.

(MA/MeOH =3:1vol.), the signal due to the coordinated halides, [CU (bpy)X]*[X] ~ are typically formed. Addition-
bromine atoms disappeared and only nitrogen backscatterersglly, halide anions in [Cli(bpy),X] *[X] ~ can be replaced by
are visible in the FT Cu K-edge EXAFS spectrum. The Y- anions, yielding [Cli(bpy)X]*[Y] ~ complexes.

average C4-N bond Iength for CLBI’/MG4CYCLAM [Cu||(bpy)2]2+[Y]2 complexes are rare, and up
complex in methyl acrylate (2.08) and methyl acry-  to date only one such complex, distorted tetrahedral
late/MeOH (3:1vol.) (2.0%) was shorter than the average [Cu' (bpy)]2*[PFs].~ has been isolated and character-
CU-N bond lengths in related [(HMTETA)] *[Cu'Cl2] ized in the solid stat§151]. The principle reason is the
(CU—Nay =2.111A) [230] and [CU(Mes TREN)*[CIO4] strong tendency of Cucomplexes to adopt penta- and
complexes (Ck-Nay =2.161A) [229]. The shortening of  hexacoordinated geometries. Earlier attempts to isolate
the average CuN bond length in ClBr/MesCYCLAM [Cu" (bpy)]?* cations were unsuccessful yielding 'Cu
could be due to the steric strain imposed by cyclic complexes that were either pentacoordinated as observed
MesCYCLAM ligand as described in the literature in [Cu''(bpy)(H20)]**[PFs]o~ [240,241] or hexaco-
[236,237] Copper(]) complexes with MEYCLAM  ordinated in [Ct(bpy)(F2BF2)]*[BF4]~ [242] and
ligand are therefore expected to adopt square planar[Cu' (bpy)(O2ClO2)]*[CIO4]~ [242,243]

geometry as opposed to tetrahedral and square pyrami- Copper(ll) cations with three coordinated bpy lig-
dal structures observed in [GHMTETA)]*[CU'Cl2]~ ands have also been reported. They are usually synthe-
and [CU(MesTREN)J*[CIO4]~, respectively. The av- sized as described above with the exception that three or
erage Cl-Br bond length and coordination number of more equivalents of bpy ligands are added td' Gualts.
bromine in CUBr/MesCYCLAM complex in methyl  [cu' (bpy)s]?* are typically octahedral in geometry as ob-
acrylate are consisteont with Coomplexes with [CLBr;]~ served in [Cll (bpy)s]2*[ClO4]2~ complex[244].

anions (2.206-2.238) [155,159,160,235] Similar to As evident from the number of X-ray data available, by
CUBr/MegTREN discussed earlier, the EXAFS results far the most common clucomplexes with bpy ligands in-

of CUuBr/Me4sCYCLAM complex in methyl acrylate  volve [CU' (bpy)X]*[X] ~ and [CU (bpy)X]*[Y]~. Com-

are consistent with [C{MesCYCLAM)] *[Cu'Brz]~. In plexes with [Cll (bpy)X]* cations Fig. 10 [245] are par-
more polar medium, the complex predominantly exists as ticularly important in the ATRP as they are responsible
[CU (Me4CYCLAM)]* [Br]* The 1:1/2 stoichiometry in  for the deactivation process. Structural data for a series
[Cu'(MesCYCLAM)] *[Cu'Brz]~ indicates the presence of [Cu'' (bpy)CI]*[Y]~ complexes are shown iffable 6

of free MegCYCLAM ligand in the ATRP system since [246-251] The corresponding data for [¢8(bpy),Br]*[Y] ~

the catalyst is typically prepared by mixing ®@u with and [CU (bpykl]*[Y]~ complexes are summarized in
equimolar amount of MECYCLAM. Consequently, the  Table 7 [245,251-2544nd Table 8 [251,252,255]espec-
free ligand can participate in chain transfer reactions which tively. The ¢ parameter is calculated as= (1 — ¢2)/60,

limit the control of the polymerization at higher molecular wherep; andg; are the largest and second |argesmu”_N
weights, as observed previously in the case of PMDETA angles[248,256] The value ofr=1 corresponds to regu-

ligand[238,239] lar trigonal bipyramidal (RTBP) and=0 to regular square
pyramidal geometry (RSP). The two geometries are shown
in Scheme 11

4. Copper(ll) complexes with nitrogen based ligands For [CU' (bpy)CII*[Y] ~ complexes Table 6, the struc-
ture of the pentacoordinated CyBl chromophore varies

4.1. Bidentate ligands from near RTBP to intermediate between RTBP and RSP.
This is reflected in a range af values from 1.00 to 0.53.

4.1.1. bpy and bpy derivatives The bond lengths andvalues for [CU{ (bpy),Br]*[Y] ~ com-

4.1.1.1. Solid state studie€opper(ll) complexes with bpy ~ plexes are shown ifTable 7 the table shows a compara-
based ligands are typically synthesized by reacting the corre-ble range ofr values. [CU (dNbpy)Br]*[Cu'Br2]~, which
sponding CliY» salts (Y=PE~, CRSO;~, ClO;~, etc.) has been isolated from the ATRP of styrene, shows perfect
or CU'X; salts (X=CI, Br™ and ) with 2eq. of bpy  RTBP geometryKig. 11) [254]. This could be due to the
ligand. In the case of non-coordinating anions Y, the cor- presence of linear [CBry] ~ anions, or long alkyl chains in
responding isolated complexes have the general formulathe 4,4-positions of the bpy ligands. It was generally ob-
[Cu" (bpy)]2*[Y] 2~ and [CU! (bpy)]?*[Y]2 . Inthe case of ~ Served that substituted bpy derivatives {Copy),Br]* usu-
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Table 6
Structural data for [Cl(bpy)CI]*[Y] ~ complexes
Y [PFs]~-H20  [C|7-6H20  [NO3]=-3H,0  [CU'Cla]~  [BF4]~ [CFsSGs]~  [ClO4]~  [CR3(CR)3S0s]~  [CFsSOs~
[246] [247] [248] [249] [250] [251] [248] [251] -H,0 [251]
cd'—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)
Cu'—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)
CU'—N(2) 2.105(6) 2.077(10)  2.089(6) 2.063 2079(8)  2.091(4) 2.076(3) 2.061(6) 2.083(4)
Cu'—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)
Cu'—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)
T 1.00 0.99 0.79 0.70 0.67 0.67 0.62 0.62 0.53
Table 7
Structural data for [Cl(bpy),Br]*[Y] ~ complexes
Y [PFe]~-H20 [NO3]~-H20  [ClO4]~ [Br]~ [BF4]~ [BPh]~ [CF3SGs]~ [CFsSGs]™ [Cu'Bry]—2
[251] [251] [251] [245] [252] [251] [251] .CHsCN[253]  [254]
Cud'—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)
CU'—N(1) 1.991(3) 1.982(4) 1.986(3)  1977(6)  1.996(7)  1.984(2)  1.997(4) 1.986(2) 1.946(13)
CW'—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)
CUd'—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)
CU'—N@4)  2.096(3) 2.089(4) 2.008(3)  2.085(7)  2.114(9)  2.131(3)  2.169(5) 2.163(4) 2.088(16)
T 0.91 0.89 0.85 0.81 0.69 0.58 0.49 0.49 1.00

a Crystal structure of [CU(dNbpy),Br]*[Cu'Bra]~.

ally haver values between 0.85 and 1.00, indicating that their dral coordination geometry, which is typically observed in
geometry is closer to the RTBP linfit53]. As indicated in ~ Cu'/halide complexes with CGtN>X» chromophore (X =Br
Table § [CU (bpy)I]*[Y] ~ complexes show a much more or Cl) [260].

limited range of distortion from the RTBP stereochemistry, Fig. 13 shows the molecular structure of structurally

7=0.90-0.85. C¥i—X bond lengths in [Cli(bpy)X]*[Y] ~ related [CU (dNbpy)Br] complex which was synthesized
complexes are affected hyvalues, and generally decrease by stoichiometric reaction between Br, and dNbpy.
ast decreases. The Cu-N and Cu-Br bond lengths in [CYi(dNbpy)Br]

Similar structural studies have also been conducted previ- (Cu-N =2.011(7), 2.022(75, Cu-Br=2.3621(14),
ously on [Cl (phen»X]*[Y] ~ complexed257,258] Close 2.3567(13R) are slightly shorter when compared
similarity between the phen/X and bpy/X complexes was ob- with the Cd'(bpoy)Brz analogue (CuN=2.033(3)A,
served. Cu-Br=2.4224(7A). In [Cu" (dNbpy)Br], however, the

With respect to CliBr, complexes with bpy based lig- shortest distance between the Cu atom and the Br atom
ands, an additional mode of coordination was observed whichwhich does not belong to the same molecule is approxi-

involved the formation of a 1:1 adduct between'@Gu, mately 5.84, which rules out the possibility of formation of
and bpy ligand. This was demonstrated in the isolation semicoordinate bonds observed in'Qopy)Br, analogue.
and characterization of neutral [E{opy)Br] [259] and One reason for this is the steric hindrance imposed on

[Cu" (dNbpy)BKk] [253] complexes. In [Cli(bpy)Br,], each  the complex by the long alkyl chains of the dNbpy ligand
Cu' site is coordinated by two nitrogen atoms of a single which are aligned perpendicularly to the bipyridine planes.
bipyridine ligand (CU—N= 2.022(3)5\), and two bromine This structural modification of the bpy ligand could also be
atoms (CL'J—Br:2.4224(7)&). The square planar motifsare  responsible for the unusual 1:1 complex betweef! By
stacked stepwise to form one-dimensional chains via long, and dNbpy due to a weakening of the binding constant
semicoordinate Cl-Br bonds (Cll-Br=3.1371(14), as of dNbpy to CWBry, as will be discussed in the next
shown inFig. 12 This results in a distorted 4 +2 octahe- section.

Table 8

Structural data for [Cl(bpy)!]*[Y] ~ complexes

Y [~ [255] [PFe]~ [251] [ClO4]~ [252] [BPh]~ [251] [CF3S0s]~ [251]
cu'— 2.70(4) 2.688(1) 2.675(4) 2.676(1) 2.676(1)
cu'—N(1) 2.00(4) 1.993(4) 1.989(6) 1.989(3) 1.990(5)
CUu'—N(2) 1.96(4) 2.084(4) 2.090(8) 2.103(3) 2.096(5)
cu'—N(@3) 2.03(4) 1.990(4) 1.987(6) 2.000(3) 1.989(5)
Cu'—N(4) 2.10(4) 2.090(4) 2.100(7) 2.103(3) 2.107(6)

T 0.90 0.89 0.86 0.80 0.85
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Fig. 10. Structure of [Clibpy),Br]* cation in [CU! (bpy),Br]*[Br] ~ [245]. Fig. 11. Molecular structure of [*{dNbpy)Br]*[Cu'Br,] .

The structures of ClX, complexes with bidentate  B1=Ki, B2=K1Kz, fn=KiKy, ..., Ky, then the total metal
AIkPMI ligands, which are also commonly used in copper concentration in solution can be expressed as:
mediated ATRP, have not been as widely studied. However, _
they are expected to show similar structural features to bpy Ty = MU] + MtL] + [MtLo] + - + [MIL ],
and its derivatives. [Mt] = Bo[Mt][L] ,

_ _ 2
4.1.1.2. Solution studieCalorimetry and UV-vis spec- MIL] = AaMAL] (ML 2] = So[MA[L] =,

troscopy: Complexation of Cu cations with nitrogen- N .
containing bidentate ligands such as 1,10-phenenthroline and7vt = [Mt] Y~ 8,[L] @)
2,2-bipyridine has been extensively studied using calorime- n=0

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 12where Mt corresponds to the metal aNdhe
maximum number of ligands L the metal can coordinate
[267]. If one defines stepwise equilibrium constaggs=1,

I X

X—Cu““‘“N < Nl/n..Cu,.n\\N
| N NN
N_/

X=Cl, Br, |

VRN 7 i z |

NN NN

Scheme 11. Regular trigonal bipyramidal (RTBP) and square pyramidal Fig. 12. Schematic representation of one-dimensional chain structure of
(RSP) geometries for [(fbpy)X]* cation. [Cu" (bpy)Br2], showing the long semicoordinate £4Br bonds.
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Fig. 13. Molecular structure of [C'{dNbpy)BE].

Similarly, the total ligand concentration in solution is
given by

Ti = [L] + [MtL] + 2[MtLo] + - - - + N[MLL »],

N
To =[] + Mt D ng[L]"

n=0

)

1171

Knowing the individual formation constants for each species
presentin 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:

N n
o, Sl
> n=olg —n)BulL]"

Twt
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 g. This enables the immediate determination of the rela-
tive proportiona of each species present in solution. In the
case of Cli(OTf),/bpy system, three complexes can form,
[Cu" (bpy)I?*, [CU" (bpy)]?* and [CU! (bpy)]3*. The for-
mation constants for each complex were determinec,@ H
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

q =
Tt

= Tt = 5)

In order to calculate the relative percentages of each also relate the equilibrium concentration of bpy ligand to the

species present in solution, the concept of average ligan
number is typically introduced. It is the ratio of total ligand

concentration bound to the metal to the total metal concen-

tration itself:

- _ -
 Tw
ML) + 2[MtL 2] + 3[MtL3] + - - - + N[MiL y]
© [Mf] +[MLL] + [MtL 2] + - - - + [MLL y]
N n
= _ > n=0BnlL] 3)

2111\]:0/311 [L] "

qtotal CL#* concentration for a fixed Cili to bpy ratios (Egs.

(4) and (5). The corresponding plots are shownrFig. 14a
and b. From the graphs it can be seen that at a tot&l €an-
centration of 1.0< 10-3 M addition of 0.5 eq. of bpy ligand
(5.0x 10~*M) will result in the formation of only mono-
coordinated complex [Cu(bpy)] With this ratio, the com-
plexation is incomplete and the reaction medium consists of
approximately 50% Ci and 50% [Cu(bpy§*. Using the
same total concentration of €ubut increasing the number
of equivalents of bpy ligand to 2 will result in a formation
of [Cu(bpy)F* (20%), [Cu(bpy}]** (45%) and [Cu(bpyj]**
(35%). Therefore, under these conditions, the formation of
[Cu(bpy)]?* complexis slightly favored. Furthermore, when

Having defined the average ligand number, the degree ofthe number of equivalents of bpy ligand is increased to 4, the

formation of the individual components in the mixture (or
their mole fraction) is given by

n BjlLl’
o= —, oML =0 = —r——— 4)
N ! Z}I’[V:O/Sn [L] "
[MtL]
Mt + L =—=— MiL 1= ML
[MtLo]
— ML =
ML + L 2 Ky ML
Milyy + L =——— MtLy Ky = M
[MtLy4]IL]

Scheme 12. Stepwise equilibrium for the coordination of the ligand to the
metal ion.

majority of CL#* exists as [Cu(bpg] 2+ (90%), the remaining

10% being [Cu(bpyy]%*. FromFig. 14, itis also interesting

to notice that there are ranges of Cwconcentrations (for

a given ligand ratio), where the distribution of species re-

mains constant. Also, on the other hand, the mole fraction of

[Cu(bpy)]?* under any conditions never exceeds 0.45.
Apart from agueous medium, the complexation between

Cw?* and bpy has also been investigated in Df@61]. The

equilibrium constants according cheme 13vere deter-

log Ky =7.81
Cu?* + bpy 9 [Cu(bpy)?*
log K, = 4.64

[ ——

[Cu(bpy)”* + bpy [Cu(bpy),I™*

log K3 =4.17
—_—

[Cu(bpy)ol™* + bpy [Cu(bpy)al”*

Scheme 13. Equilibrium constants for the formation of [(hpy)]%+ com-
plexes in HO.
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Fig. 14. Extended concentration distribution diagram fof‘Tapy equilib-
rium system in HO: (a) formation curve and concentration distribution of
complexes; (b) log[Cti]vor = f(log[bpyleq).

mined to be lod<; =7.20, logKko =3.54 and lod3=1.82.
The equilibrium constant for the formation of [Cu(bg}A*
is lower than the value reported ino8. Consequently,
[Cu(bpy)k]?* species in DMF will be formed only at higher
concentrations of bpy ligandr{g. 15. As a result, the max-
imum molar fraction of [Cu(bpy)?* complex that can be
formed will increase.

In the presence of an additional coordinating anion, the
analysis of the complexation equilibrium betweerfCand
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 C@*, bpy and Br in DMF [261]. The equilibrium
reactions that were taken into account in the data analy-
sis are shown irScheme 14 Apart from the Cé* com-
plexes with bpy, mixed complexes between’Gbpy and
Br—, the authors also took into account the complexation be-
tween Cd* and Br- anions only. The formation of higher

c v
o )
= 06 "..,'/
o Y
©
S
[
04 s
02 F E \ -
\ ]
0 L P
-10 8 -6 -4 2 0
log [bpy]_,

Fig. 15. Formation curves and concentration distribution of [Cu(pY)
complexes in DMF.

[CuX,]?~" (X =Cl or Br) has been subject of numerous in-
vestigationg268—273] From the titration curves obtained,
it was indicated that in solutions that contain ZSubpy
and Br in the molar ratios 1:2:1, respectively, the pre-
dominant complex formed was [€ (bpy),Br]*[Br] ~ (95%).
The structure of the [Clbpy)Br]* cation in the com-
plex was also confirmed by UV-vis spectroscopy. Typi-
cally CuNsX ™ chromophores, which have trigonal bipyrami-
dal geometry, show a maximum absorbance around 750 nm
(¢ ~350 L mott cm~1) with a low energy shoulder around
950 nm € ~ 220 L mol1 cm™1). The absorbances at 750 and
950 nm are attributed to,d~ dy; — d.2 and d2_,2 — d2
transitions, respectively274-276] Based on the absorp-
tion spectra, it was concluded that [{{bpy)Br]* cations

in DMF are distorted trigonal bipyramidal, which was con-
sistent with the solid state X-ray studigzl5].

K
Cu®* + bpy =—= [Cu(bpy)*
K
[Cu(bpy)** + bpy === [Cu(bpy),]**
K
[Cu(bpy),l?* + bpy === [Cu(bpy)s]™*
K
[Culbpy)?* + Br === [Cu(bpy)Br]*
Ks
[Cu(bpy)Br]* + Br == [Cu(bpy)Brj]
K
[Culbpy)s?* + Br =—= [Cu(bpy).Br*
2+ - K7 +
Cu™ + Br === |[CuBr]
Kg
[CuBrl* + Br === CuBr,
K
CuBr, + Br —_— [CuBry]
- - K
[CuBrs] + Br 12 [CuBr,J>

order halocuprates in solution with the general formula bipyridine and bromide anions.

Scheme 14. Equilibrium reactions for ternary?Cicomplexes with 2,2
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Table 9
Electronic absorption data (vis—NIR) for ttBr, complexes with dNbpy
Complex Solvent Xmax (NM) €2, Lmol~1cm™1)
[Cu" (dNbpy)Br] 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)
[Cu" (dNbpy®Br]*[Br]~ CHsCN 933sh (230) 750 (350)
MeOH 930sh (221) 753 (356)
[Cu" (dNbpykBr]*[PFs]~ CHsCN 950sh (175) 745 (332)
MeOH 922sh (190) 744 (352)
Toluene 1000sh (160) 745 (320)
[Cu" (dNbpy)Br]*[CF3SOs]~ CHsCN 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'Gioncentration.

Additionally, the complexation between tBr, and sition. Itis characteristic of tetrahedral and square plandr Cu
dNbpy was investigated in different solvents using complexeg287]. The similarity of the absorption spectra in
UV-vis—NIR spectroscopj253]. The absorption spectrain  the solid state and solution suggests that the geometry of
the vis—NIR region of [Cli(dNbpy)Br] in both the solid the complex remains unchanged upon dissolution. However,
state and solution can be characterized in terms of the ab-the absorption maxima around 500 nm is solvent dependent.
sorption bands around 700 and 500 rifig( 16). The extinc- When compared with the solid stateblae shiftis observed
tion coefficients in different solvents, including the typical inthe polar and &d shiftin the non-polar medium. The shift
monomers used in ATRP, are givenTable 9 The maxi- of Amax can also be related to the dielectric constant of the
mum absorbance around 500 nere{(900 L moltecm1) is solvent. Generally, for the solvents investigated in this study,
characteristic of a ligand to metal charge transfer (LMCT) the higher the dielectric constant of the solvent, the lower
from a bromine to the Clicenter[277-279] The presence  the Amax for LMCT band. This phenomenon has previously
of this charge transfer band in the visible region has beenbeen observed for a variety of transition metal complexes
reported for several systems with ¥NpbBr> chromophores  [223,288-291nd can be explained in terms of energy lo-
[280-283] and has been assigned to a square planar arrangeealization on bromine ligands. In a polar medium, the-Bu
ment around Cli center[284,285] This is consistent with  bond lengths are more elongated, the electrons more local-
the solid state X-ray structure of [€(dNbpy)Br] complex ized around bromine and thus a higher energy (lowes)
discussed in the previous section. Recognition of this kind is required for the LMCT transition. On the other hand, in a
of transition further demonstrated the importance of#he non-polar medium, the GtBr bond lengths are shorter, the
bonding of the halogen ligands in square planar and tetrahe-electrons around bromine are more delocalized, and conse-
dral CU' complexeg286]. The maximum absorbance near quently, the LMCT transition occurs ata lower energy (higher
700 nm €~ 230 L mott cm~1) corresponds to the d—d tran-  Amay)-

As indicated inFig. 17, the absorption spectrum of
[Cu' (dNbpy)BR] in methyl methacrylate changes on the ad-

& B B S B S B H

Absorbance

Polar Solvent
\ (acetonitrile)
\

Y r«—Nonpolar Solvent

(toluene)

Solid State

400 500 600 700 800 900 1000

Wavelength/nm

Fig. 16. Absorption spectra (vis—NIR) of [¢(dNbpy)Bp].

dition of dNbpy ligand. The absorbance at 490 nm completely
disappears when 1 eq. of dNbpy is added. The disappearance
of the 490 nm absorption peak is accompanied by the for-
mation of another absorption peak at 750 nm with a shoul-
der centered around 950 nm. The final spectrurfi 17,
which does not change on further addition of dNbpy lig-
and, is typical for a distorted trigonal bipyramidal [Cai#] *
chromophor¢292]. This data suggest that [¢(dNbpy)Bp]
displaces [Brf anion in the presence of dNbpy to yield
[Cu' (dNbpy®Br]*[Br] ~ complex Scheme 15 The ther-
modynamic data for this equilibrium reaction are summa-
rized in Table 10 The equilibrium constant at room tem-
perature increases as the dielectric constant of the medium
increases. The reaction is exothermic in all solvents, as in-
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[Cu' (dNbpy)Br]" cations and [CiBr,]~ and [CU Brs] ~ an-
ions. When 2 eq. of dNbpy were used, an additional peak
due to [CUf (dNbpy)Br]~ anions was detected. Based on
the relative intensities of the different peaks, we concluded
that one possible structure of the complex in solution was
[Cu'' (dNbpyyBr]*[Cu"Brs]~. This result is inconsistent
with the solid state X-ray structure of [¢(dNbpy)Br] and
UV-vis spectrophotometric studies. However, the intensity
of [Cu" (dNbpy)BR] complex would be relatively low in the
ESI-MS because of the absence of charge inthe 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 ¥Br,
complex with 2 eq. of dNbpy in methyl acrylat&able 1)
indicated that the coordination sphere around' @enter
consists of 1.4 N atoms at the distance of 280and 1.5
Br atoms at the distance of 2.87 In toluene, the average
dicated by the negativeH° values. Similarly,AS® val-  Cu'—-N and C—Br distances did not change significantly,
ues are also negative. The polar medium favors the forma-and the coordination numbers of nitrogen and bromine in-
tion of the [CU' (dNbpy)Br]*[Br]~ complex because the creased to 1.8 and 2.1, respectively. In more polar solvent,
charge on [Cli(dNbpy)yBr]* cation and [Br] anion can such as methanol, the coordination number of the nitrogen
be stabilized. The non-polar medium, on the other hand, fa-increased even further to 2.8, and that of the bromine de-
vors the formation of the neutral [df(dNbpy)Brz] complex. creases to 0.6. Furthermore, the decrease in the bromine co-
From the values ifable 10 it can be determined that un-  ordination number was accompanied by an increase in the
der the typical reverse ATRR293] conditions T > 90°C average Cli—Br bond distance from 2.37 to 2.43 In non-
and total copper(ll) concentration in the range .002 polar medium such as toluene and methyl acrylate, the results
to 1.0x 10~1 M), Cu''Br, complex and 2 eq. of dNbpy will ~ of the EXAFS measurements are consistent with a neutral
predominantly form the neutral [(\¢dNbpy)Br] complex. [Cu' (dNbpy)Br] complex discussed aboy@53]. In polar

Electrospray ionization mass spectrometry (ESI-MS): medium, on the other hand, [E(Nbpy)Br]*[Br] ~ is pre-
Complexation between t®r, and dNbpy was also in-  ferred.
vestigated using ESI-M$183]. The ESI-MS spectra of Electron spin resonance (ESR): Electron spin reso-
the CU'Bro complex with 1eq. of dNbpy in non-polar nance (ESR) has been widely used to study the struc-
medium indicated the presence of [GdNbpy)Br]* and tures of copper(ll) complexes in solution and solid state

Absorbance

400 500 600 700 800 900 1000 1100
Wavelength/nm

Fig. 17. Addition ofn equivalents of dNbpy to [CL(dNbpy)Br] in MMA
at 25°C, [CU' (dNbpy)BR]g=1.0x 103 M.

) O
ON///,,,,, (N wBr N
-Cu

N/ U\Br ON

Scheme 15. Proposed equilibrium for the reaction betweeh( @Nbpy)Br] and dNbpy.

Table 10
Thermodynamic data for equilibrium Bcheme 1%n different solvents

Solvent Dielectric constant, Kagg (L mol~1) Kss3 (L mol—1) AH° (kJmol 1) AS (K 1mol 1)
Toluene 2.3%0 13.4+ 0.54 0.810+ 0.032 —39.2+ 3.4 —110+ 5.6
Styrene 2.4%P 15.5+ 0.93 1.13+ 0.068 —36.0+ 2.3 —98.1+ 7.6
n-BA 5.63%0 78.0+ 3.1 6.93+ 0.27 -33.7+3.1 —76.7+£ 6.9
MMA 6.323%0 72.0+ 2.9 2.02+ 0.081 —49.44 3.1 —130+ 7.4
MA 7.0330 251+ 12.6 0.847+ 0.042 —78.7+ 3.9 —218+ 11
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Table 11

Structural parameters of &Br, 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 (A) o (A) AEp (eV) k(A=Y Fit index
MA Cu—N 1.4 2.01 0.071 17.2 4.0-13.7 29.1

Cu—Br 15 2.37 0.071

cu—C 2.0 2.94 0.049

Br—Cu 0.9 2.37 0.059 135 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 21 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- [Cu'Br,] ~ was estimated in methyl isobutyrate at’Z3to be
tural features of Cti complexes with dNbpy (4/4di(5- K > 100 M~1/2,

nonyl)-2,2-bipyridine) and dNbpy (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' B
in the presence of 1 or 2eq. ofrdbpy ligand in rel-
atively non-polar medium such as MIB and toluene pre-
dominantly formed the neutral & (n)Nbpy)Br, complex
(Fig. 18. This was consistent with the X-ray structure of
[Cu' (dNbpy)Br] and UV-vis spectrophotometric studies
discussed above. However, the ESR spectrum of theé Cu
complex that was generated during bromine atom transfer
between [Cl(dnNbpy),][Cu'Br,]~ and ethyl 2-bromoiso-
butyrate (EBriB) in MIB was [Cti(dnNbpy),Br]*[Cu'Br2]
and not [Cl(dNbpy)Br]. The same species were also
formed in solutions of [Cli(dnNbpy)Br] containing ex-
cess [CUdnNbpy)]*[Cu'Bra]~. The equilibrium con-
stant for the reaction between [tanNbpy)Br] and
[Cu'(dnNbpy),] [CU'Br] ~ to generate [Cli(dnNbpy),Br]*

4.2. Tridentate ligands

4.2.1. DETA and PMDETA

Copper(ll) 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(ll) center as tridentate ligands.'"&p
(X=halide or pseudohalide) complexes with PMDETA
ligand are typically neutral with the general formula
[CU'(PMDETA)X>], as observed in the crystal structure of
[Cu" (PMDETA)CI,] [301] and [CY (PMDETA)Br;] [254].
Typically, pentacoordinated copper(ll) complexes have
trigonal bipyramidal or square pyramidal geometry, both
configurations being energetically equally favoraf362].

In the case of trigonal bipyramidal geometry'GX bond
lengths in CuNX2 chromophores are of equal length. On
the other hand, the existence of square pyramidal geometry
is usually indicated by apical elongation of &4X bond by
about 0.1-0.2 when compared to the basal GuX bond
distance. The Cl-Cl bond lengths in [Ci(PMDETA)Cl,]

are C—Clpasa= 2.292(7)A and CU'—Clapicai= 2.480(6)A,
indicating that the complex has square pyramidal geometry.
The addition of CICI to [Cu'(PMDETA)Cl] complex
resulted in the formation of [CYPMDETA)CI>(Cu Cl)]
[301] (Scheme 1p with even more pronounced square
pyramidal geometry of copper(ll) center, as indicated by
an increase in the difference between basal and apical
copper(ll) chlorine bond (CU-Clpasa=2.283(3)A and
CU'Clapical=2.671(4)A).

Fig. 19 shows the molecular structure of
[CUu'(PMDETA)Br,] which precipitated from the ATRP
of methyl acrylate catalyzed by Br/PMDETA [254].
Similar to [CU' (PMDETA)Cl], the complex has a square
pyramidal coordination sphere with three nitrogens and one
Fig. 18. ESR spectra of 0.5 mM CuBand 0.5 mM dNbpy in MIB at 23°C bromide situated in the basal plane and the second bromide
(solid line) and simulation (dotted line). in the apical position. The G'a-Br bond length in the apical

T T T T T T T T T T T T T T T T T T T
2800 2900 3000 3100 3200 3300 3400 3500 3600 3700
Magnetic Field/ G
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VRN 7\ complexes prefer pentacoordinated geomdg23], the
NN 24806 A NGON 2671 A empty coordination sites in [(¢PMDETA)Br]*[Br]~
H \ H / and [CU (PMDETA)]?'[Br]o~ are likely occupied by
I Gu——Ccl i Cu cl solvent molecqles (MeO.H or #D) (Scheme 1Y This was
demonstrated in the solid state X-ray structures of related
2 T2292(7) A /, () complexes [Cli(PMDETA)(H,0)]?*[ClO4]>~ [303] and
C Ny Cl AN [Cu' (PMDETA)(H20),]2*[BF4]»~ [304]. The substitution
2.283(3) A Cl of bromide viamw-bond formation with monomer is less
[Cu'(PMDETA)CI,] [Cu'(PMDETA)CI,(Cu'CI)] likely to occur with C complexes because the binding
constants are typically very 10[805]. However, substitution
NN I\ can potentially occur with functionalized olefins because
N N N =—N N N— they can additionally coordinate to the Caomplexes via
| ! ! functional groups (S, O, N, etd]99].
Scheme 16. Apical elongation of ¢&Cl bond in square pyramidal In the case of copper(ll) complexes with DETA
[Cu' (PMDETA)CI,] and [CU' (PMDETA)Cly(Cu Cl)] complexes. ligand, bridging via halogens or pseudo halogens has

been observed in dimeric complexes with the general
position (2.6442(94%) is much longer than the ¢w-Brbond ~ formula  [CU'(DETA)X]22*[Y]2~ (Y =non-coordinating
length in the basal position (2.4462(@)). The cleavage of  anion). Each copper(ll) center in the dimer is distorted
the Cd'—Br bond by the corresponding radical in the deacti- square pyramidal in geometry with the apicaloelonga-
vation process of the ATRP is therefore expected to occur intion of Cu'—X bond distance by about 0.1-0\2 as
the apical position because it is energetically more favorable. seen in [CU(DETA)BI]22*[ClO4]>~ [306] (Scheme 1B
Complexation between ¢&r, and PMDETA was also  [Cu'(DETA)CI,?*[CIO4],~ [307], [CU'(DETA)CI]2?*
investigated using extended X-ray absorption fine structure [NO3z]2~ [308] and [CU! (DETA)(SCN)L?*[CIO4],~ [309].
(EXAFS)[193]. The average Cl+N bond length determined  Additionally, [Cu' (DETA)]2* chromophore can be saturated
by EXAFS in Tol/MeOH (2.13), MeOH (2.09A) and H,O by neutral ligand as observed in the crystal structure of [Cu
(2.06A) was in good agreement with the average'EN (DETA)(bimH,)]2*[CIO4]2~  (bimH2=2,2-biimidazole)
bond length in [CU(PMDETA)Br,] complex (2.0983). [310].
However, the average ¢uBr bond distance in Tol/MeOH
(2.42A) and MeOH (2.41) was inconsistent with the  4.2.2. tpy and tpy derivatives
average bond distance in [E(PMDETA)Br;] (2_545,&)_ General structural features of copper(ll) complexes with
The structural features of ®8r, complex with PMDETA tpy based ligands observed in the solid state are shown in
determined by EXAFS can be explained in terms of bromide Scheme 19Copper(ll) complexes with tpy based ligands
dissociation from [CU(PMDETA)Br,]. In Tol/lMeOH  are usually synthesized by the reaction of ®g (X = halide
and MeOH, the EXAFS data suggested the presenceOr pseudohalide) salts with 1eq. of tpy ligand. In non-
of [Cu'(PMDETA)Br,] and [CU'(PMDETA)BI]*[Br] . aqueous medium, [Citpy)X2] are typically isolated as
In H,O, additional dissociation of bromide could result in the case of [Cli(tpy)Brz] [311], [Cu" (tNtpy)Br] [254]
in the formation of [CU(PMDETA)]?*[Br]o~. As CU' (Fig. 20, [CU"(tpy)Cly] [312], [CU' (tpy)F2]-3H0 [313],
[Cu' (tpy)(N3)2] [314] and [CU (tpy)(NCS)] [311] com-
plexes. In all complexes, Gwcenter is coordinated by three
nitrogen atoms of tpy ligand and two halogen atoms!-Q\i
bond distancesin coordinated tpy ligand are typically unequal
and range from 1.95 to 2.0% [Cu' (tpy)X2] complexes are
either trigonal bipyramidal or square pyramidal since both
configurations are energetically equally favordBI&2]. Typ-
ically, the two stereochemistries are distinguished by the
Cu'—X bond lengths. In the case when '€ = Cu'-X
the complex is usually distorted trigonal bipyramidal as ob-
served in the case of [¢tpy)Br,] (Cu''—Br=2.493(1)A),
[Cu" (tpy)(NCSY] (Cu'—N =2.020(7)3). In the case when
Cu'—X1 £ Cu'—X,, or apical elongation of one of the
Cu'-X bonds, complexes are distorted square pyrami-
dal as observed in [CtNtpy)Br,] (Cu'—Br=2.5276(10)
and 2.4071(108), [Cu" (tpy)Cl,] (Cu'—Cl=2.231(2) and
2.565(2)4), [Cu' (tpy)F2]-3H.0 (CU'-F=1.862(4) and
2.104(5/3) and [Cu'(tpy)(Na)z] (Cu'-N=1.96(2) and
Fig. 19. Molecular structure of [Cl{PMDETA)BK]. 2-21(2)A)-
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Scheme 19. General structures of copper(ll) complexes with tpy ligand.
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[Cu' (tpy)X2] complexes can be reacted with differ- [Cu" (MesTREN)BI]*[Br]~ are distorted trigonal bipyrami-
ent halide or pseudohalide anions resulting in a forma- dal in geometry (Cli—N; =Cu'—N,=Cu'-N3=2.143A,
tion of mixed [CU' (tpy)X1X2] complexes. This has been Cu'—-N4=2.069A and Cl'—Br=2.393A) [322]. The same
demonstrated in the case of distorted square pyramidalgeometry was also observed in [QGREN)(NCS)J cations
[cu" (tpy)(N3)(CD)] [315] complex. (Cu'—Nay =2.0204 and CU'—N(NCS) =2.16A) [323].

When the synthesis of (u complexes with tpy When Cl Y, salts (Y =P, CRSOz~, ClO4—, etc.) are
ligands is carried in aqueous medium, and in the used in the synthesis, the isolated complexes typically have
presence of non-coordinating and coordinating anions, the general formula [C(TREN or MesTREN)(L)]?*[Y] 2™,

[Cu'(tpy)(H20)X]*[Y]~ and [CU (tpy)(Ho0)X1]*[X 2]~ where L is the neutral monodentate ligand. The coordina-
complexes are typically formed as observed in the tion of a neutral ligand to [ClN4]?* chromophores has
distorted square pyramidal [€(tpy)(N3)(H20)]*[NO3]~ been observed in [CYTREN)(NHz)]2*[CIO4]>~ [324] and

[316] and [CU! (tpy)(N3)(H20)]*[PFs]~ complexes[316]. [Cu'' (Meg TREN)(H20)]2*[ClO4]2~ [233] complexes. The

In some cases, bridging via halide anions can occur asneutral ligand can be easily displaced by halide anions, yield-
demonstrated in [Cl(tpy)Cl]22*[PFs].~ [317,318] and ing the corresponding [("{TREN or MeTREN)X]*[Y] ~

[Cu' (tpy)Br]22*[PFs]2~ [319]. complexes as seen for example in the synthesis of

Lastly, when excess of tpy ligand is used in the synthesis, [Cu" (MesTREN)CIJ*[CIO4]~ complex[229].

[Cu' (tpy)2]?* cations are typically formed as confirmed by ~ Complexation between ¢t&r, and Mg TREN was also
the solid state X-ray structures [Efipy)2]2*[Br]2~ [320] investigated in solution using EXAH354]. In methanol, the
and [CU (tpy)2]2*[PFe]2~ [321]. [Cu' (tpy)2]?* cations are  EXAFS spectrum of the Cu K-edge was reasonably well fit

typically distorted octahedral in geometry with the'Gi assuming the structural model that included on average 3.2

bond length ranging from to 1.95 to 245 nitrogen atoms at the distance of 2A3nd 1.4 bromine
atoms at the distance of 2.88 This data are consistent

4.3. Tetradentate ligands with [Cu" (Mes TREN)BI]*[Br] ~ complex discussed above.

In more polar solvent such as;B, a significant decrease
in the coordination number of bromine was observed. This
result pointed to the bromide dissociation and formation of
[CU" (Meg TREN)(H,0)]*[Br] ~ complex.

4.3.1. TREN and MAREN
Copper(ll) complexes with tetradentate nitrogen based
ligands tris[2-aminoethyllamine (TREN) and tris[2-
(dimethylamino)ethyllamine (M&REN) are typically
pentacoordinated in which the copper(ll) center is coordi- 4.3.2. TETA and HMTETA
nated by four nitrogen atoms of TREN or §EREN ligand Copper(Il) complexes with triethylenetetramine
and a donor atom from monodentate neutral or charged TETa) and 1,1,4,7,10,10-hexamethyltriethylenetetramine
Ilgelllnd. The_ complexes are typically prepared by reacting (HMTETA) similarly to TREN and MTREN prefer
Cu’ salts with 1 eq. of the ligand. , pentacoordinated geometry in which copper(ll) center is
In the case of ChiX salts QX: halide or pseudohalide), ¢, rginated by four nitrogen atoms of TETA or HMTETA
[CU(TREN or MeTREN)X]'[X] = complexes are typi-  jizand and the donor atom of a neutral or charged monoden-

cally formed_ as observed indl[df(l\/le6TREN)Br]+[Br]: tate ligand. Typically, complexes are square pyramidal in
[254,322] (Fig. 21) and [CU(TREN)(NCS)I[NCS] geometry as observed in [E&(TETA)(NCS)['[NCS]

[323] complexes. [Cli(MesTREN)Br]* cations in [325], [CU! (HMTETA)CI]*[CIO4]~ [230] and
[CU'(HMTETA)Br*[Br]~ [254] (Fig. 22 complexes.
Molecular structure of [CU(HMTETA)Br]*[Br]~ indi-
cated that the complex has a distorted square pyramidal
geometry (CU—-N=2.082(12), 2.082(12), 2.103(10)
and 2.167(17A and CU'—Br=2.6027(18Q). The dis-
tance between the bromine anion and thé' @enter in
[Cu' (HMTETA)BI]*[Br] ~ is 4.645A, which indicates that
the anion is non-coordinating.

4.3.3. CYCLAM and MEEYCLAM

Cyclic tetradentate 1,4,8,11-tetraazacyclotetradecane
(CYCLAM) and 1,4,8,11-tetraaza-1,4,8,11-tetramethylcycl-
otetradecane (M&EYCLAM) ligands readily form
complexes with copper(ll) ions which are typically pen-
tacoordinated, the fifth coordination site usually being
occupied by either neutral or charged monodentate ligand.
Fig. 21. Molecular structure of [CMesTREN)BI]* cation in Due to the steric effects of the cyclic ligand, the com-
[Cu" (MesTREN)BI]*[Br] ~ [322]. plexes are typically square pyramidal as observed in the
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Fig. 22. Molecular structure of [Cl{HMTETA)Br]*[Br] —.

X-ray structures of [Cli(Me;CYCLAM)CI] *[Cl] ~-1.5H,O
[326], [Cu" (Me4CYCLAM)(H20)]?*[NO3s],~-H20 [326],
[Cu'(CYCLAM)CII*[CI]~ [327], [Cu'(CYCLAM)BI*
[Br]~ [327] and [CU'(MesCYCLAM)Br]*[Br]~ [254].
Additionally, a neutral octahedral [#(CYCLAM)(SPh)]
complex has also been synthesized and charactgB32&j
Fig. 23shows the molecular structure of [bMe;CYC-
LAM)Br] *[Br]~ which was isolated from ATRHA254].
The [CU'(MesCYCLAM)BI]*[Br]~ complex is square
pyramidal in geometry and the ¢uBr bond length is
2.8092(6)&. The shortest distance between the [Bgnion
and [CU' (Me4sCYCLAM)BI]* cation is 4.349, which in-

Fig. 23. Molecular structure of [¢{Me;sCYCLAM)Br] *[Br] —.

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

Complex cll—Br (&) kg (M~1s 1) Reference

[CU" (Mes TREN)BIT*[Br] ~ 2.393(3) 1.4¢ 102 [322,330]

[Cu" (dNbpy)BI]*[Cu'Bra]~ 2.426(3) 2.5¢10®  [330]

[Cu' (tNtpy)Br,] 2.5276(10) 4. 10°8  [331]
2.4071(10)

[CU" (PMDETA)BI,] 2.6442(9) 6.1x 10°2  [330]
2.4462(9)

[Cu"(MesCYCLAM)BI] *[Br]~ 2.8092(6)  2.0<10%  [228]
Only the bond lengths of the cations are considered.

2 Rate constant measured in @EN 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 CuBcyclam and 1-
phenylethyl bromide.

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

5. Correlating Cu" —Br bond length and deactivation
rate constant Kq)

The structures of the Cand CY 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 constant28,330-335] 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'C®@r 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 systenigable 12shows the
comparison between the &uBr bond length and the deacti-
vation rate constant for the ¢icomplexes with MgTREN,
dNbpy, tNtpy, PMDETA and MgCYCLAM. As indicated
in the table, there is no direct correlation between the length
of the CU'—Br bond and the deactivation rate constant. It
appears that the weaker or longer'€®8r bond length is
not the only factor that effects the deactivation rate con-
stant. The structural reorganization of the'@omplex upon
bromine abstraction by the corresponding radical is another
important process that needs to be taken into account. For ex-
ample, the structural features of [QMeg TREN)]*[CIO4]

(Fig. 8 and [CU' (MegTREN)BII'[Br]~ (Fig. 21) com-
plexes, which mimic activator and deactivator in the
ATRP, respectively, reveal that bromine abstraction by
[Cu'(MegTREN)]* cation slightly changes the structure of
the resulting [Cli(Mes TREN)BI]* cation. More precisely,
cu' cation moves inside M@REN cavity by 0.13 and
Cu'-N bond lengths slightly elongate by approximately
0.02A. This small structural reorganization can explain the
fact that the deactivation rate constant for 1-phenylethyl ra-
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dial (ke=1.4x 10" M~1s 1) is relatively large despite very
short Cl{ —Br bond length (2.393(3)).

6. Conclusions
In conclusion, structural features of Cand C# 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(l) complexes were found to be predominantly

four coordinated. On the other hand, the coordination num-
ber of copper(ll) 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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