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ABSTRACT: A series of five copper(I) bromide complexes of
tridentate (N,N,L) pyridine—imine and pyridine—amine
ligands with a third amine, ether, or thioether neutral donor
was synthesized and utilized in the atom transfer radical
polymerization of styrene. The ligand design illustrated a
systematic approach to the development of copper complexes
for use in ATRP. Variations in the nature of the ligand
impacted the solid state structures of the complexes. A
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mononuclear [CuBr(L)] complex was observed for L = pyridine—amine—amine, whereas complexes of L = pyridine—imine—
amine and —thioether formed dinuclear [CuBr(L)], structures with a central 10-membered ring. A doubly-bromide-bridged
dimer was revealed for the [CuBr(L)] complex of L = pyridine—imine—ether and a polymeric species for [CuBr(L)], where L =
pyridine—imine—amine and the imine—amine spacer was extended from two to three carbon atoms. In the application of these
complexes to the ATRP of styrene, the redox potentials of the complexes were found to be one indicator of ATRP efficiency. Of
the series presented, two complexes in particular provided fast polymerization rates and good to excellent molecular weight
control. In both of these complexes, the ligand contained all nitrogen-based donor moieties.

B INTRODUCTION

Copper complexes of ligands containing pyridine, imine, and
amine moieties have found multiple applications in metal-
catalyzed processes. Examples include catalysts for polymer-
izations and organic transformations,' ™ model complexes in
the biomimetic study of copper proteins,® antimicrobial agents,”
and components for design of magnetic materials.® Recent
attention has also focused on their potential use in metal-based
processes in neurodegenerative diseases such as Alzheimer’s.”
Our group has been interested in the use of such neutral
tridentate pyridine—imine ligands with varying third donor
moieties in metal-mediated atom transfer radical polymer-
ization (ATRP). This polymerization technique provides the
power to dictate the composition, functionality, molecular
weight, and precise architecture of macromolecules.'”'! Its use
has led to extraordinary creativity in the design of macro-
molecules of tailored compositions and topologies and an
unprecedented exploration of applications, including materials
for biomedical applications, composite, and electronic materi-
als.'>"* Central to the basic mechanism of ATRP is the
establishment of a fast and dynamic halide exchange process
between growing and dormant polymer chains and a metal
complex during polymerization (Figure 1). This process lowers
the concentration of active radical chain ends to an extent that
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Figure 1. Redox equilibrium between dormant polymer chain and
reduced metal complex and active growing polymer and oxidized metal
complex governing the control of styrene polymer growth (P,—X is
dormant polymer chain, [L,M]" is the reduced form of generic metal—
ligand complex of charge z, P, is the active polymer chain, [L,MX]*"!
is the generic metal—ligand—halide complex of charge z + 1, and k,,
Kgeacr Kk and k. are rate constants of polymerization activation,
deactivation, propagation, and termination, respectively; adapted from

ref S).

radical—radical termination reactions are suppressed and
control over chain growth is established. In addition, isolation
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of the halide-capped dormant polymers permits use of these
products as macroinitiators for the syntheses of block
copolymers. Since the original publications, catalysts based on
a number of metals have been reported, including systems with
titanium, iron, ruthenium, rhodium, nickel, palladium, and
copper.'"'*'* In each case, halide exchange between the metal
and the growing polymer chain results in a formal oxidation
state change at the metal center. The criteria for an efficient
ATRP catalyst thus include the ability of the metal complex to
undergo a reversible one-electron redox process at a suitable
potential and allow for facile halogen atom transfer. Studies
relating the structures of copper complexes to their
effectiveness in mediating ATRP have been reviewed.'>'

Haddleton et al. employed bidentate 2-iminopyridine
complexes of copper(I) [Cu(L),Br] (e.g, L = N-(n-pentyl)-2-
pyridylmethanimine) in the ATRP of methyl methacrylate and
styrene to generate product polymers with good molecular
weight control and low polydispersities.”'® Other groups have
also successfully investigated the use of higher denticity
pyridine—amine ligands such as N,N,N’,N’-tetrakis(2-
pyridylmethyl)ethylene diamine (TPEN) and N,N,N’-tris(2-
pyridylmethyl)-N’-methylethylenediamine (TPMEN) for use
in copper(I)-mediated ATRP."”'® In related work carried out
in the Gibson laboratories, the efficiency of iron(II) complexes
of closely related bidentate and tridentate salicyladiminato
ligands in controlling radical polymerizations of styrene was
compared.'” Tridentate ligands were designed by addition of a
third nitrogen donor moiety (amine or pyridine) to the
framework of the bidentate ligands. Iron complexes of these
tridentate ligands were significantly more effective at mediating
rapid and well-controlled polymerization of styrene.

Given the preference of copper(I) to form tetrahedral
complexes, we applied the concept of extending a bidentate
framework to the design of tridentate ligands by investigating
copper complexes of tridentate ligands closely related to
Haddleton’s bidentate 2-iminopyridine ligands to mediate
ATRP. The bidentate ligand framework was extended by
addition of a third donor to the ligand scaffold, in particular,
amine nitrogens for ligands L1 and L4, an ether oxygen in L2,
and a thioether sulfur donor atom in L3 (Scheme 1). In
addition, conceptual reduction of the central imine functionality
to an amine generated another variant in LS. In the complex,
the fourth coordination site is occupied by a bromide ion to

Scheme 1. Conceptual Framework Used in the Choice of
Ligands Investigated
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generate neutral copper complexes expected to provide
favorable solubilities in the nonpolar medium usually employed
in the ATRP of styrene. Herein, we present the syntheses and
characterization of the copper(I)—bromide complexes of these
five tridentate ligands (C1—CS5, Scheme 2) and a study of their

Scheme 2. Synthesis of CuBr Complexes of Ligands L1-LS

MeCN
CuBr + LX

[(LX)CuBr],

C1=[(L1)CuBr], C4=[(L4)CuBr],
C2=[(L2)CuBrl, C5=[(L5)CuBr}
C3 = [(L3)CuB],

effectiveness in mediating ATRP, with an emphasis of
examining how changes in ligand structure impact the
properties and performance of the complexes. Structural
characterization of these complexes illustrates how small
changes in the ligand structure lead to diverse structural motifs
in the solid state.

B RESULTS AND DISCUSSION

Syntheses of Ligands and Complexes. The syntheses of
ligands L1—L3 followed modifications of previously published
protocols and proceeded in moderate to excellent yields."*~**
Reaction of ligands with suspensions of CuBr in acetonitrile led
to immediate color changes and rapid formation of the
respective metal complexes with concomitant dissolution of
the metal precursor. Isolated yields for the complexes ranged
from 60% to 77%.

Complexes C1—CS were readily generated in situ by
addition of equimolar amounts of ligand to suspensions of
CuBr in dj-acetonitrile. NMR spectra identical to those
obtained by dissolving isolated complexes were obtained
(vide infra).

Solid State Structures of Copper Complexes. ORTEP
representations of the solid state structures of complexes C1—
CS are shown in Figures 2—6. Crystallographic data are

Figure 2. Structure of complex C1, the [(L1)CuBr], dimer (L1 =
N,N-dimethyl-N’-((pyridin-2-yl)methylene)ethane-1,2-diamine).
Thermal ellipsoids are represented at 50% probability (symmetry
codes i = —x, —y, —z). Hydrogen atoms are omitted for clarity.

provided in Table 1, and selected bond lengths and angles are
given in Table 2. Complete structure tables are provided in the
Supporting Information. The copper ions in complexes C1—C35
possess distorted tetrahedral geometries. In complexes C1—C4,
two coordination sites are occupied by bidentate pyridine—
imine moieties forming planar S-membered chelate rings.
These chelate planes also include the pyridine rings and the
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Figure 3. Structure of complex C2, the [(L2),Cu,(y-Br),], dimer (L2
= 2-methoxy-N-((pyridin-2-yl)methylene )ethanamine). Thermal ellip-
soids are represented at 50% probability. Hydrogen atoms and solvent
molecules are omitted for clarity.

Figure 4. Structure of complex C3, the [(L3)CuBr], dimer (L3 = 2-
(methylthio)-N-(pyridin-2-ylmethylene)ethanamine). Thermal ellip-
soids are represented at 50% probability (symmetry codes i = —x, —y,
—z). Hydrogen atoms are omitted for clarity.

first carbon atom of the alkyl pendent arms that contain the
third donor. In the chelate ring, the copper—imine bond is
generally shorter than the copper—pyridine bond, with Cu—
N(py) distances ranging from 2.086 to 2.104 A and Cu—N(im)
distances from 2.054 to 2.087 A. These distances are close to
the values expected.24 N(py)—Cu—N(im) angles are signifi-
cantly smaller than the ideal tetrahedral angle and range from
79.67° to 80.34°, leading to considerable distortion of the
tetrahedral geometry and an opening of other angles. This bite
angle is similar to that found in Cu(I) complexes with bidentate
pyridyl—imine complexes, where the angles range from 79.4° to
82.3°** and in Cu(Il) complexes of related tridentate
pyridyl—imine ligands, where the angles range from 79.9° to
80.4°.2627

Complexes C1 and C3 are structurally similar (Figures 2 and
4, respectively). They crystallize as dimers containing two S-
membered Cu—N(py)—C—C—N(im) chelate rings and a
central 10-membered ring formed by two copper ions and
two N(im)—C—C—L moieties with the third donor atom of the
ligand binding to another copper ion. Despite the presence of
an spz-hybridized imine N in the ring, the configuration of this
central 10-membered ring may loosely be described as being in
a boat—chair—boat conformation.”® The inversion center in the
center of this ring differentiates the arrangement of this dimeric
core from the one found in the double-stranded dicopper(I)

Figure S. Structure of complex C4, the polymeric [(L4)CuBr], (14 =
N,N-dimethyl-N’-(pyridin-2-ylmethylene ) propane-1,3-diamine). (a)
Dimeric unit of the polymer chain showing binding of a ligand unit
to two metal centers. (b) Segment of the polymeric chain illustrating
the zigzag arrangement of the polymeric chain. Thermal ellipsoids are
represented at 50% probability (symmetry codesi=—x, y + 1/2, —z +
1/2). Hydrogen atoms are omitted for clarity.

Figure 6. Structure of complex CS, the mononuclear [(L5)CuBr] (LS
= N,N-diethyl-N’'-methyl-N'-(pyridin-2-ylmethyl)ethane-1,2-diamine).
Thermal ellipsoids are represented at 50% probability. Hydrogen
atoms are omitted for clarity.

helicates of [Cu,L,](PF4), (L = N,N’-bis(6-alkyl-2-
pyridylmethylene )ethane-1,2-diamine, where alkyl = H, Me,
"Pr).” In these helicate structures, the copper—copper distances
range from 3.513 to 3.663 A, whereas the copper—copper
distances found in Cl and in C3 are 5.040 and 5.245 A,
respectively. A terminal bromide ion completes the coordina-
tion sphere of each copper, with Cu—Br bond distances of
2.3850(4) A in Cl1 and 2.4045(5) A in C3 in the range
expected for Cu(I)—bromide bonds (mean 2.533 A, range
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Table 1. Crystallographic Data and Structure Refinement for Complexes C1-C5

Cl C2 c3 C4 Cs
formula C,H30Br,Cu,Ng CssHs;Br,Cu,NyO, CyH,,BrCuN,S C,,H,,BrCuN, Cy3H,;BrCuN;
fw (g/mol) 641.40 1271.68 323.72 334.73 364.79
cryst syst monoclinic triclinic monoclinic orthorhombic monoclinic
space group C2/c P-1 P2,/n P2,2.2, P2,/n
a (A) 19.1999(10) 9.5478(2) 7.20090(10) 7.37440(10) 12.0347(2)

b (A) 10.8924(6) 10.7726(2) 18.5294(3) 13.4167(2) 8.36510(10)

¢ (A) 14.1410(8) 11.8274(2) 9.61010(10) 13.9213(2) 15.2742(2)

a (deg) 90.00 89.655(2) 90.00 90.00 90.00

B (deg) 126.285(2) 72.465(2) 110.5270(10) 90.00 98.1120(10

7 (deg) 90.00 84.594(2) 90.00 90.00 90.00

vV (A%) 2383.9(2) 1154.50(4) 1200.84(3) 1377.38(3) 1522.29(4)

T (K) 100(2) 100(2) 296(2) 100(2) 100(2)

z 4 1 4 4 4

Peatea (g cm™) 1.787 1.829 1.791 1.614 1.592

# (Cu Ka, mm™) 6275 6.523 7.795 5.456 4.985

0 range (deg) 4.96—66.98 3.92—-58.57 4.77—66.99 4.58—66.99 4.39-66.96

reflns measd 12 895 15 854 12974 15082 16241

independent reflns ([R;,]) 2067 [0.0333] 3168 [0.0567] 2135 [0.0419] 2407 [0.0337] 2668 [0.0320]

data/restraints/params 267/0/138 3168/1/267 2135/0/128 2407/0/147 2668/0/166

GOF (F?) 1.014 1.029 1.084 1.089 1.001

R,/wR, [I > 2sigma(I)]* 0.0188/0.0502 0.0368/0.09168 0.0272/0.0680 0.0173/0.0441 0.0191/0.0524

R indices (all data) 0.0202/0.0510 0.0470/0.0984 0.0290/0.0692 0.0175/0.0442 0.0194/0.0527

R, = ZIIF,| — IEI/ZIF,l; wR, = [Z{w(F,2 — F2)}]/Z{w(F })*}]V2
Table 2. Selected Bond Distances (Angstroms) and Angles (degrees) for Complexes C1—CS
Cl c2 C3 C4 Cs

Cu—Br(1) 2.3850(4) 2.4678°¢ 2.4045(5) 2.3842(3) 2.3209(3)
Cu—N(1)* 2.0953(15) 2.090° 2.096(2) 2.1041(16) 2.0537(14)
Cu-N(2)? 2.0700(15) 2.076° 2.087(2) 2.0540(16) 2.2112(14)
Cu-L¢ 2.1104(15) 2.4386° 2.2810(7) 2.0938(18) 2.1663(14)
C(6)-N(2)? 1.276(2) 1.261(7) 1.270(3) 1.273(3) 1.467(2)
Cu(1)-Cu(2) 5.044 2.7298(10) 5.245 6.340
N(1)—Cu(1)-N(2) 80.25(6) 80.19(17) 79.67(8) 79.74(6) 80.52(5)
N(1)—Cu(1)-L*¢ 113.42(6) 123.03(11) 113.98(6) 110.51(7) 110.88(5)
N(1)—Cu(1)—Br(1) 110.89(4) 111.85(10) 114.63(6) 116.02(5) 127.41(4)
N(2)—Cu(1)—Br(1) 128.04(4) 111.75(11) 115.82(6) 121.51(5) 128.16(4)
N(2)—Cu(1)-L¢ 107.66(6) 119.38(11) 111.93(6) 116.00(7) 84.00(5)
L°~Cu(1)-Br(1) 112.52(4) 108.29(3) 115.77(2) 109.76(5) 114.74(4)
C(6)—-N(2)—Cu(1) 112.91(12) 112.9(4) 113.16(16) 114.52(13) 103.74(10)

“N(1) is the pyridine N. “N(2) is the imine N in C1—C4 and the NMe in CS. °L = N of NR, in C1 (R = Me), C4 (R = Me), C5 (R = Et); L =
Br(2) in C2; L =S(1) in C3. dC(é)—N(Z) is the imine C=N in C1—C4 and a C—N in CS. “Average of the following distances shown in table. Cu—
Br(1): 2.4601(9) and 2.4758(9) A. Cu—Br(2): 2.4278(9) and 2.4509(8) A. Cu—N(1): 2.085(5) and 2.091(5) A. Cu—N(2): 2.074(4) and 2.075(5)
A

2.208—2.771 A).*° One difference of note between the
complexes is that in C1 the distortions from the tetrahedral
angles around copper are more pronounced than in C3. In
particular, the N(im)—Cu—Br angle of 128° in CI1 is
significantly outside the range of angles from 111.9° to
115.8° for C3. The Cu—S bond distance of 2.2810(7) A in
C3 is typical of copper(I)—thioether bonds.*’** The closely
related copper(I) complex of a tetradentate NS ligand,
[Cu(N,;S)],[B(C4Fs)s], (N3S = 2-ethylthio-N,N-bis(pyridin-
2-yl)methylethanamine), forms a dimeric structure similar to
C3, with Cu—S bond distances of 2.20 A.>

Copper(II) complexes of L1 have been structurally
d**** When additional bridging ligands such as
azides were employed, these complexes were investigated for
their magnetic properties.”**” The coordination geometry of

characterize

10765

copper(II) ions in these structures is square pyramidal with the
nitrogen atoms of the ligand in the basal plane and L1 roughly
planar. In the mononuclear complex [CuClL(L1)] the
geometry around the copper center is distorted square
pyramidal with 7 = 0.30 and a Cu—N(py) distance of
2.236(2) A, a Cu—N(im) distance of 2.104(2) A, and a Cu—
N(am) distance of 2.275(2) A>3*

Complex C2 crystallizes as a doubly-bromide-bridged dimer
(Figure 3). The coordination sphere around each copper ion is
arranged in a distorted tetrahedral geometry, with ligation by
two bridging bromide ions and the two nitrogen atoms of the
pyridine—imine ligand. The S-membered chelate rings of the
pyridine—imine units are near planar, and the pyridine rings
and the first carbon atom of the ethylene—OMe pendent arms
nearly coplanar with the chelate ring. The torsion angle
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between the two pyridine—imine chelate ring planes in the
dimer is approximately 13.5°. The Cu,Br, bridging unit forms a
near kite-like quadrilateral arrangement, with a Br—Cu—Cu—Br
torsion angle of about 156° resulting in a displacement of
about 12° from the idealized Cu,Br, plane. The arrangement of
the bromide bridging unit is asymmetrical: one Cu—Br—Cu
bridging angle is 67.16(3)° and the other 68.07(2)°. Cu(1)
possesses one short (2.4271(8) A) and one long (2.4753(9) A)
Cu—Br bond, whereas for the second copper center Cu(2) the
Cu—Br distances are more similar at 2.4501(8) and 2.4602(8)
A. The Cu(I)-Cu(I) distance is 2.7298(10) A, indicative of
cuprophilic interactions between these formally closed-shell
metal centers.’®> A search of the Cambridge Structural
Database [CSD, Version 5.32 (February 2012)] for structures
containing the Cu,Br, bridging unit revealed Cu—Cu distances
ranging from about 2.44 to 4.16 A (mean 3.07 A) and the Cu—
Br—Cu bridging angle ranging from about 50° to 104° (mean
74.9°)2%3%7% As expected, there is an approximately linear
correlation between the bridging angle and the metal to metal
separation. The parameters determined for C2 fall in the lower
end for the range of values reported. Similar copper separations
are reported for the closely related [Cu,Br,(L),] complexes of
L = 2,2'-bipyridine (Cu—Cu 2.850(1) A),*' 2,6-bis-
(phenylthiomethyl)pyridine (Cu—Cu 2.728 A),** and
N,N,N’,N’-tetraethylethylenediamine (Cu—Cu about 2.61
A).* The potential third oxygen donor atom of the ligand of
the methyl ether is not involved in bonding to copper. Within
the lattice, the ether oxygens display short van der Waals
contacts to either the hydrogen of the imine carbon (2.465 A)
or to the hydrogen of the disordered acetonitrile solvent
molecule (2.51 A).

Complex C4 crystallizes as polymeric chains (Figure S). Each
copper ion is coordinated by a terminal bromide ion and the
pyridine and imine nitrogen chelate of one tridentate ligand.
The fourth coordination site is occupied by the amine nitrogen
of another tridentate ligand (Figure Sa). The closest Cu—Cu
separation is about 6.34 A within the polymeric chain and about
7.37 A between chains. In the crystal, the polymeric chain is
arranged in a zigzag arrangement around the a axis of the cell
(Figure Sb), with the pyridine—imine chelate ring alternating to
either side of the strand. In contrast, the copper(II) bromide
structure of this ligand is a mononuclear five-coordinate
distorted square pyramid (7 = 0.11), with the tridentate ligand
and one bromide ion in the plane and the second bromide in an
axial position.** The Cu—N bond lengths vary only slightly
with the change in oxidation state (Cu—N(py) 2.1041(16)/
2.062(2) A, Cu—N(im) 2.0540(16)/2.036(2) A, Cu—N(am)
2.0938(18)/2.113(2) A for the copper(I)/copper(II) species).
However, the Cu—Br bond distance is significantly shorter in
our copper(I) species at 2.3842(3) A vis-a-vis 2.4457(5) A for
the in-plane bromide and 2.5940(5) A for the axial bromide in
Sun’s structure.

Complex CS crystallizes as a mononuclear molecule, with
copper in a severely distorted tetrahedral environment (Figure
6). Of the series of complexes examined here, CS possesses the
shortest Cu—Br bond at 2.3209(3) A and the shortest Cu—
N(py) bond at 2.0537(14) A. Both Cu—N(amine) bond
lengths are long at 2.1663(14) and 2.2112(14) A but within the
range expected for Cu(I)—NR, bonds, with 90% of structures
falling into the range 1.952—-2.274 A (median 2.112 A).*°
Notable bond angles leading to the significant distortion of the
tetrahedral geometry are the two angles formed by the $-
membered chelate rings N(py)—Cu—N(Me-am) and N(Et,-

am)—Cu—N(Me-am) of 80.52(5)°g and 84.00(5)°, respec-
tively. As a consequence, the N(py)—Cu—Br and N(Me-am)—
Cu—Br angles are opened up to 127.41(4)° and 128.16(4)°.
The closely related copper(II) complex [Cu(L)CL,]-CH;OH
(L = N,N-dimethyl-N'-ethyl-N’-(pyridin-2-ylmethyl)ethane-
1,2-diamine)** was recently characterized by crystallography.
The copper(Il) ion possesses a distorted square-based
pyramidal geometry (7 = 0.02) with the corners of the square
plane occupied by the nitrogen atoms of the tridentate ligand
and a chloride ion and the apical position occupied by the other
chloride ion, resembling the structure of [CuCl,(L1)]. Relative
to the copper(I) species, the Cu—N bonds of the copper(II)
complex are shortened (Cu—N(py) 2.016(4) A, Cu—N(amine)
at 2.086(4) A (NEt) and 2.064(4) A (NMe,)). The chelate
angles remain comparable at 80.52(16)° and 85.67(16)° for the
N(py)—Cu—N(Et-am) and N(Me,-am)—Cu—N(Et-am) an-
gles, respectively.

Further evidence for complexation is the significant change in
IR spectra upon binding of the ligand to the metal in C1-CS.
For C1-C4, the most readily tracked change is in the
stretching frequency of the imine, which changes by 20—-30
cm™" from about 1650 cm™ in the free ligand to 1620—1630
cm™" in the complexes.

Solution Structure of Copper Complexes. Neutral
complexes C1—C5 are soluble in THF or acetonitrile at
room temperature and in toluene and styrene at elevated
temperatures of about 100 °C. In d;-acetonitrile solutions the
complexes adopt structures resulting in single signals for each
type of nucleus in the 'H- and C NMR spectra. This
observation is consistent with either a symmetric dinuclear or a
mononuclear structure for the complexes, including for C4.
The latter is further supported by electrochemical measure-
ments and is consistent with ESI-mass spectral data (vide infra).
As expected for metal-bound ligand, the chemical shifts of the
ligand protons and carbons change upon formation of the
copper complexes. The azomethine proton chemical shifts, for
example, move by between 0.10 and 0.24 ppm for C1—C4, with
corresponding changes in the azomethine carbon chemical
shifts in the *C NMR from 2.4 to 4.7 ppm. Also notable are
the relative positions of the chemical shifts for the azomethine
hydrogens and the ortho hydrogens of the pyridine rings. For
C1, for example, the azomethine hydrogen is downfield of the
ortho hydrogen, whereas in free ligand L1 the signal is upfield
of the aromatic proton (L1: § 8.64 (0-H), 8.34 (N=CH); Cl:
5 8.60 (N=CH), 8.50 (0-H)).

At room temperature, some 'H NMR resonances of the
complexes are broadened. This broadening is most notable for
Cl, C4, and C5 (Figure 7 and Supporting Information). At
elevated temperatures (up to 333 K), further broadening is
observed. However, lowering the temperature of observation to
ca. 260 K leads to a reduction in line widths and good
resolution for most peaks. For instance, for C1, all peaks are
well-resolved at this lower temperature and coupling becomes
clearly distinguishable (Figure 7). The o-H on the pyridine ring
at 6 8.5 shows a reduction in line width from about 22 Hz for a
broad singlet to 4 Hz for each of the doublet peaks. Similarly,
the line width of the NMe, peak at 6 3.9 is reduced from
approximately 16 to 3 Hz. For C4 and CS, not all signals are
resolved at 260 K. For C4, the signals associated with the N—
CH,CH,CH,—N(CH,), fragment remain broad with line
widths of 20 Hz. For CS, the room-temperature signals show
line widths between 20 and 50 Hz, and at 260 K, these values
are reduced to between 10 and 20 Hz with unresolved
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Figure 7. '"H NMR spectra in ds-acetonitrile of complex C1, the
[(L1)CuBr], dimer (L1 = N,N-dimethyl-N’-((pyridin-2-yl)-
methylene)ethane-1,2-diamine), at 298 (a, blue) and 263 K (b,
maroon), showing the broadening of lines at the higher temperature.
Assignments are shown (x = acetonitrile solvent).

multiplicities. Lowering the temperature further did not
improve the resolution due to precipitation of the complex
over the course of the experiment. Ligand exchange on
dissolution in combination with conformational exchange and
flexibility on the NMR time scale likely lead to broadening of
signals.'”***” Comparison across the series of complexes
indicates that fluxionality of the pendent arm with the third
donor moiety is more prevalent, consistent with the less rigid
nature of the sp>-hybridized carbon spacer, permitting rotation
about the single bonds. It is unclear whether rapid
interconversions between mono- and dinuclear species also
contribute to the broadening.”’47

The ESI mass spectra of complexes C1—C4 show the
presence of two predominant species in positive ion mode,
[(LX),Cu]* and [(LX)Cu]* (Figure 8 and Supporting
Information). The latter is also the major species in the MS-
MS spectrum of the [(LX),Cu]" ion. Dinuclear species were
largely absent from these spectra. Data are consistent with the
break up of the dimeric (C1—C3) and polymeric solid state
(C4) structures on dissolution in acetonitrile and ligand
exchange to form the bis-ligand copper cation with
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Figure 8. ESI-MS spectrum of complex C1 dissolved in acetonitrile
(L1 = N,N-dimethyl-N’-((pyridin-2-yl)methylene)ethane-1,2-dia-
mine).

dibromocuprate [CuBr,]” as a possible counteranion. The
ESI mass spectrum of complexes CS (Supporting Information)
differs from that of the other complexes and shows the
presence of dimeric [(L5),Cu,Br]" in addition to the
[(L5)Cu]* cation. The latter is also the major species in the
MS-MS spectrum of the dimeric cation. The bis-ligand
combination [(LS),Cu]* is not detected under the conditions
employed. These observations are consistent with formation of
a bromide-bridged dinuclear cation, [((LS)Cu),(s-Br)]*, in
acetonitrile solutions of CS.

Samples of the complexes of CuBr, with ligands L1-LS were
generated in situ by reacting equimolar amounts of CuBr, with
the respective ligand in acetonitrile. For analysis by ESI-MS, an
equivalent volume of DMF was added after reaction to ensure
dissolution of all materials generated. All positive-ion mode ESI
mass spectra of these copper(Il) complexes show the presence
of two species, [(LX)CuBr]* and [(LX),Cu,Br;]* (Figure 9
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Figure 9. ESI-MS spectrum of an equimolar mixture of CuBr, and L1
dissolved in a 1:1 mixture of acetonitrile and DMF (L1 = N,N-
dimethyl-N'-((pyridin-2-yl)methylene )ethane-1,2-diamine).

and Supporting Information). The relative amounts of these
cations are generally dependent on the instrument settings.
MS-MS spectra of the [(LX),Cu,Br;]* ions show major peaks
for the [(LX)CuBr]" ions, consistent with formulation of the
dinuclear species as a bromide-bridged dimeric cation,
[((LX)CuBr),(u-Br)]*. For the combination of CuBr, with
ligand L2, an additional major peak corresponding to the
[(L2),CuBr]* ion is observed. The presence of the bis-ligand
formulation is in line with the weaker ether—metal interactions
in this complex.

Although C1—C4 possess different solid state structures, the
ESI-MS data point to similar solution structures for these
complexes, with the possibility of ligand exchange on
dissolution often encountered for complexes of metals with
d' electron configurations. In studies of other copper
complexes used in ATRP, equilibria between mono- and
dinuclear complexes have been observed'”*” and the
possibilities of mono- and bis-ligand complexes explored.*
Electron paramagnetic resonance studies have largely focused
on the use of this technique to detect the amount of copper(1l)
present,48’49 though recent work by Du Prez et al. identified
four different copper(Il) species in the ATRP of isobornyl
acrylate using N,N,N’,N”,N”-pentamethyl-diethylene-triamine
(PMDETA) as a ligand.50 Further evidence for the presence of
multiple species in ATRP systems has been presented by the
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Matyjaszewski group in a study of the copper halide/PMDETA
and tris(2-dimethylaminoethyl)amine (Me,TREN) systems.>!
The existence of multiple species in solutions of complexes
C1-CS cannot be discounted, particularly at the elevated
temperatures of the styrene polymerization.

Redox Potentials of Copper Complexes. Cyclic
voltammetry was used to determine the reduction potentials
of the complexes in acetonitrile. Cyclic voltammograms are
shown in Figure 10, and relevant measurements are provided in
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Figure 10. Cyclic voltammograms of complexes C1—CS and [CuBr/
CH,CN] in acetonitrile with 0.1 M (Bu,N)(PF4) supporting
electrolyte at a scan rate of S0 mV s™. Potentials are reported relative
to SCE using ferrocene as an internal standard.® Key: C1, blue dashes;
C2, black dashes; C3, blue; C4, green; CS, red; [CuBr/CH;CN],
black.

Table 3. Electrochemical Data for the Cu/Cu! Redox
Couple for Complexes C1-C5“

C1 Cc2 c3 C4 cs

By, (V)P -0.07 0.08 0.12 0.02 -0.01
AE, ,, (mV) 101 155 114 119 119

o/ ipe 0.95 0.77 0.95 0.90 0.90
Ey (V)? —0.12 0.00 0.07 —-0.04 —0.07
ior (UA) 12.15 17.76 12.77 14.74 14.74
E,. (V)" —-0.02 0.16 0.18 0.08 0.05
iy (uA) 12.76 23.19 1341 13.26 13.26

“Measurements carried out in MeCN with 0.1 M ("Bu,N)(PFy)
electrolyte, a 0.01 M AgNO;/Ag reference electrode and ferrocene as a
reference standard. “Potentials are given relative to SCE using the
potential of +0.40 V vs SCE for ferrocene as a reference potential for
the numeric conversion.

Table 3. The shapes of the voltammograms of the complexes
show largely chemically well-behaved redox processes indicative
of single species in acetonitrile solutions. Oxidations of the
copper(I) complexes C1 and C3—CS appear chemically
reversible and electrochemically quasi-reversible with the ratios
of the forward and reverse currents i./i, between 0.90 and
0.95 and AE, ), values around 100—120 mV. Under identical
conditions, the Fc/Fc" couple shows a AE;,, of about 70—80
mV and a current ratio i,/i, of about 0.95—1.00. The larger
than ideal peak-to-peak separations for the complexes are likely
the result of the structural reorganization concomitant with the
oxidation state change.

For complex C2, the peak to peak separation of the forward
and reverse scans is increased by about 30 mV to AE,;, = 155

mV and the ratio of the cathodic and anodic currents /i, is
reduced to 0.77. These changes suggest a larger energy
associated with structural reorganization of complex 2 upon
changing the oxidation state and are consistent with the
differences in the species observed in the ESI mass spectra and
in the solid state structures obtained for the complexes.

The half-wave potentials for all five complexes studied here
fall into a range from —0.07 to +0.12 V. The changes in the
third donor atom of this series of tridentate ligands result in a
span of variations of about 200 mV in the electrochemical
potentials of the copper ion. For example, on substituting the
—NMe, donor moiety (C1) with —OMe (C2) and —SMe (C3)
donor groups, the half-wave potentials shift to values 150 and
190 mV more positive for complexes C2 and C3, respectively.
The shift on replacing nitrogen donors with thioether donor
moieties has been noted previously and attributed to favorable
‘soft—soft’ copper(I)—thioether interactions and the relative
destabilization of the copper(II) species with those
ligands.**>*>** For CuBr dissolved in acetonitrile without
additional ligand a chemically and electrochemically quasi-
reversible oxidation was observed at +1.08 V (AE,, = 108 mV,
ipp/ i = 0.91).>* In addition to this major peak, shoulders at
about E, = 0.55 and 0.70 V indicate that other minor solvated
CuBr species exist in solution. Different species are also
observed in the solid state structures obtained for CuBr—
acetonitrile adducts.*® As expected, binding of ligands L1-LS
shifted the redox potential to more negative values, with the
ligands stabilizing the copper(II) state relative to the solvated
forms of CuBr by about 1 V.

The reversible halogen transfer between copper complex and
growing polymer chain and concomitant oxidation state change
of the metal are central to ATRP, and the relationship between
the redox potential of the copper complexes employed and
their catalytic activities have been explored.*”*"**~>" For a
series of copper complexes of ligands with N donors (amines
and pyridine), a generally linear correlation between the ATRP
activity of these complexes and the half-wave potentials was
established in the range from about +0.1 V to —0.3 V vs SCE
with more negative potentials leading to more active catalysts.’
The half-wave potentials of the five complexes studied here fall
into this range. The following list relates our complexes to
copper complexes described in previous studies with
comparable potentials: C1 is similar to copper complexes of
4,4’'-di-(S-nonyl)-2,2'-bipyridine (dNbpy) and N,N-bis[(2-
pyridyl)methyl]-propylamine (BPMPA), C2 is similar to
copper complexes of 2,5,9,12-tetramethyl-2,5,9,12-tetraazatri-
decane (N4[2,3,2]) and 2,6,9,13-tetramethyl-2,6,9,13-tetraaza-
tetradecane (N4[3,2,3]), C4 is similar to copper complexes of
2,2"-bipyridine (bpy), and CS is similar to copper complexes of
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA).>®
The potential for C3 is more positive than any of the catalysts
listed.

Upon extending the spacer arm from an ethylene bridge in
C1 to a propylene bridge in C4, the half-wave potential shifts to
a value 90 mV more positive. This positive shift has also been
observed in complexes of HMTETA (all ethylene spacers) to
N4[2,3,2] (one propylene linking unit, shift in potential +0.10
V)*® and in a series of copper complexes of tripodal mixed
pyridine—thioether ligands, where increasing the linkers
between the central nitrogen atom and the pyridine nitrogen
donor from two to three carbon atoms leads to shifts ranging
from +0.13 to +0.21 V.*>*
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Radical Polymerization of Styrene. Complexes C1—-C$
were employed in polymerization of styrene initiated by 1-
phenylethyl bromide (1-PEBr) at 110 °C under a nitrogen
atmosphere. First-order rate plots of In([M], /[M],) vs time
were found to be linear for polymerizations involving
complexes C1—C5 (Figure 11). The linearity of the rate
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Figure 11. Kinetic plot of In([M]y/[M],) vs time (s) for bulk
polymerization of styrene using complexes C1 (A), C2 (#), C3 (*),
C4 (@), and C5 (M). Reaction conditions: initial molar ratios
Cu:Sty:PEBr = 1:100:1, neat styrene, 110 °C.

plots is consistent with constant radical concentrations
throughout the polymerization with limited chain termination
events, indicative of living polymerizations of styrene. The
nature of the ligand impacts the rate of polymerization, with
complexes C1, C4, and CS mediating polymerization at similar
rates of kyp, = 2.31 X 107* 574, kp = 1.92 X 107* 571 and kyp,, =
1.57 X 107" s7', respectively. Polymerization proceeds at a
slower rate for complexes C2 and C3 with apparent rate
constants of kg, = 3.32 X 1075 and 589 X 107 s7
respectively. To provide a comparison to the systems using
bidentate 2-iminopyridine complexes of copper employed by
Haddleton, the ATRP of styrene using the in-situ-generated 2:1
complex of N-hexyl-(2-pyridyl)methanimine of CuBr was
carried out under our polymerization conditions. An apparent
rate constant of k., = 2.42 X 107> 5™ was obtained. Thus, all
five tridentate complexes polymerize styrene at rates faster than
the bidentate parent complex.

Complexes C2 and C3 show the most positive half-wave
potentials in this series of complexes, at E, , (C2) = 0.08 V and
E,, (C3) = 012 V. As a group, the redox potentials of
complexes C1, C4, and CS are lower than those of C2 and C3
by about 60—190 mV with values of E,, (C1) = —0.07 V, E, ,
(C4) = 002 V, and E;;, (C5) = —0.01 V. These lower
potentials lead to the relative stabilization of the copper(II)
complexes during polymerization for this trio of complexes,
consistent with the equilibrium of dormant and active chains
favoring formation of active chain ends and hence an increase
in the rates of polymerization. However, within the trio, the
order of apparent rate constants does not exactly follow the
order of redox potentials. C4 shows slightly higher rates of
polymerization despite having more a positive redox potential
than CS. A possible explanation of the observed rate rankings
may lie in the existence of multiple species in solution at 110
°C, the temperature of polymerization. Variations in the
composition of these species between C1 and CS would lead to
relative reactivities different from those expected from the
room-temperature measurement of the potentials.

The number-averaged molecular weights M, of the
polystyrene products increase with conversion for all five

complexes (Figures 12—14), as expected for living catalysts. For
CS, experimental molecular weights closely match theoretical
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Figure 12. Plot of polystyrene molecular weight M, vs conversion (%)
for bulk polymerization of styrene using complex C1 (A). Reaction
conditions: initial molar ratios Cu:Sty:PEBr = 1:100:1, neat styrene,
110 °C. Polydispersities (M,/M,) are reported in parentheses;
theoretical M, values shown as a dashed gray line.
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Figure 13. Plot of polystyrene molecular weight M, vs conversion (%)
for bulk polymerization of styrene using complexes C2 (@) and C3
(X). Reaction conditions: initial molar ratios Cu:Sty:PEBr = 1:100:1,
neat styrene, 110 °C. Polydispersities (M,/M,) are reported in
parentheses; theoretical M,, values shown as a dashed gray line.
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Figure 14. Plot of polystyrene molecular weight M, vs conversion (%)
for bulk polymerization of styrene using complexes C4 (@) and CS
(M). Reaction conditions: initial molar ratios Cu:Sty:PEBr = 1:100:1,
neat styrene, 110 °C. Polydispersities (M,/M,) are reported in
parentheses; theoretical M,, values shown as a dashed gray line.

values, with PDI values ranging from 1.09 to 1.13. For C1, C2,
and C4, deviations from theoretical molecular weights
occurred. Higher than expected molecular weights are obtained,
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with reasonably narrow PDIs ranging from 1.14 to 1.22 for C1
and increased PDIs from 1.23 to 1.31 for C2 and from 1.11 to
1.35 for C4. Contributing factors to these deviations include
initiator inefficiencies and the increased viscosity of the
polymerization medium as conversions increase. For C3,
experimental molecular weights are consistently higher by
about 3 kDa, with much increased PDIs of 1.72—2.04. These
high molecular weight distributions may be indicative of at least
two competing processes during polymerization mediated by
C3: controlled ATRP that is operative for the other complexes
of this series and possible chain transfer mediated by the
thioether moiety of the ligand.

Of the series of complexes presented here, complexes C1 and
CS mediate the controlled polymerization of styrene under the
conditions studied in a rapid fashion. Polymerizations
conducted with C1 show a deviation from the theoretical
molecular weight growth curve but produce polymer products
of narrow polydispersities. Use of CS in controlling styrene
polymerization yields product with well-controlled molecular
weights and low polydispersities.

B CONCLUSION

The syntheses and characterization of copper(I) bromide
complexes of five tridentate (N,N,L) pyridine—imine and
pyridine—amine ligands are presented. Their ligand design
illustrates a systematic approach to development of copper
complexes for use in ATRP. Changes in the ligand framework
lead to interesting and diverse solid state structures. Four of the
five tridentate (N,N,L) pyridine—imine and pyridine—amine
complexes mediate the living radical polymerization of styrene.
As expected from work in other groups, the redox potential of a
complex is one indicator of ATRP efficiency. Inherent in the
measurement of this potential are geometric changes that
accompany the redox process. Complexes with more negative
redox potentials tend to mediate ATRP at faster rates without
loss of control. Of the series of complexes examined, C1 and
CS in particular provide fast polymerization rates and good to
excellent molecular weight control and represent important
additions to the suite of existing ATRP catalysts.

B EXPERIMENTAL SECTION

General Information. Ligand syntheses were conducted in air
unless otherwise indicated, and all metal complex syntheses and
polymerizations were performed under a dinitrogen atmosphere using
standard Schlenk techniques or a MBraun Labmaster SP glovebox.
Materials were purchased from commercial sources and used without
further purification unless otherwise indicated. Solvents for complex-
ation and polymerization were obtained from a solvent purification
system (toluene, tetrahydrofuran, and diethyl ether)>® or dried using
standard techniques (acetonitrile).’® Styrene (Aldrich, 99%) was run
through an activated basic alumina column prior to use, degassed, and
stored under a dinitrogen atmosphere at —25 °C.

Characterization. NMR spectra were recorded using a Bruker
Avance 500 MHz spectrometer. Chemical shifts are given in ppm
relative to residual solvent peaks (CDCl; 'H NMR & 7.26 ppm;
CD;CN 'H NMR § 1.96 ppm, *C NMR & 118.69). Assignments are
based on collecting combinations of 'H, '*C, COSY and HMQC
spectra. FT-IR spectra were obtained with a Perkin-Elmer Spectrum
One spectrometer. Complexes were examined using KBr pellets and
ligands using NaCl plates. Absorption data were recorded with a
Hewlett-Packard 8425A Diode Array spectrophotometer. GC-MS-FID
data were collected on an Agilent Technologies 7890A GC system
fitted with a HP-SMS column (30 m X 0.25 mm X 0.25 um), an
Agilent 7693 autosampler, and an Agilent 5795C XL El/CI MSD and a
FID. Electrospray mass spectra were recorded in positive-ion mode

using a Bruker Esquire 3000 Plus instrument, and theoretical isotope
patterns were obtained with Bruker Daltonics IsotopePattern software.
Samples of the complexes of CuBr, with ligands L1-LS were
generated in situ by reacting equimolar amounts of CuBr, with the
respective ligand LX in acetonitrile. Prior to the ESI-MS measure-
ments, equivalent volumes of DMF were added to the reaction
mixtures to ensure dissolution of all materials generated, yielding blue-
green solutions. Elemental analyses for C, H, and N were obtained
from Columbia Analytical Services, Tucson, AZ.

Cyclic voltammetry measurements were carried out using a BASi
Epsilon Electrochemical Workstation and the associated Epsilon-EC
software. These electrochemical experiments were performed at room
temperature in a glovebox under a dinitrogen atmosphere using a BASi
VC-2 voltammetry cell with a platinum working electrode (1.6 mm
diameter), a platinum wire auxiliary electrode, and a nonaqueous
silver/silver ion reference electrode. The reference electrode contained
a silver wire immersed in a solution of 0.01 M silver nitrate dissolved
in a 0.1 M solution of (BuyN)(PF,) in acetonitrile. Scan rates were
varied from 200 to 20 mV s™! with values reported at 50 mV s™". To
facilitate comparisons to electrochemical measurements made by other
research groups, potentials are reported relative to the Standard
Calomel Electrode (SCE). To convert the values obtained with the
silver reference electrode to potentials relative to SCE, the position of
the ferrocenium/ferrocene couple was determined under the
experimental conditions employed using ferrocene as an internal
standard.%° Values for E°._ /g ranged from 0.08S to 0.117 V (AE, ),

ranges 73—80 mV; ipf/ iy ranges 0.95—1.00) versus the Ag'/Ag
reference electrode employed. Potential values versus SCE were then
calculated using a value of E°% z. = 0.40 V vs SCE in acetonitrile

using (Bu,N)(PF;) as an electrolyte.61 Cyclic voltammograms of
approximately 1 mM solutions of free ligands L1—LS and CuBr were
determined as controls. Ligands L2, L3, and LS do not display
electrochemical activity in the potential range scanned (from —1.0 to
+1.3 V). Ligands L1 and L4 show irreversible oxidations from about
+1.1 to +1.2 V.

Ligand Syntheses. N,N-Dimethyl-N'-((pyridin-2-yl)methylene)-
ethane-1,2-diamine (L1). L1 was synthesized by modification of a
previously published protocol.21 N,N-Dimethylethane-1,2-diamine
(3.62 g 41.1 mmol) was added to a stirred solution of pyridine-2-
carboxaldehyde (4.00 g, 37.3 mmol) in 15 mL of diethyl ether.
Anhydrous magnesium sulfate was added. After 4 h of stirring under a
dinitrogen atmosphere, the mixture was filtered and solvent and
unreacted amine removed from the filtrate under reduced pressure to
yield 6.0 g (91% yield) of pure product as a yellow oil. '"H NMR
(CDCLy): 6 8.64 (d, ] = 4.8 Hz, 1H, py), 8.34 (s, LH, N=CH), 7.95
(d,J =79 Hz, 1H, py), 7.79 (dd, ] = 7.6, 7.9 Hz, 1H, py), 7.37 (dd, ] =
4.8, 7.6 Hz, 1H, py), 3.73 (t, ] = 6.6 Hz, 2H, NCH,), 2.57 (t, ] = 6.6
Hz, 2H, NCH,), 2.21 (s, 6H, NCH,) ppm. *C NMR (CD;CN): §
163.89 (C=N), 156.20 (py), 150.80 (py), 138.00 (py), 126.14 (py),
121.73 (py), 60.93 (NCH,), 60.24 (NCH,), 4625 (NCH;) ppm.
FTIR (cm™): 3054 (m), 2942 (vs), 2768 (vs), 1650 (vs), 1587 (s),
1568 (s), 1467 (vs), 1437 (s), 1044 (s), 854 (m), 774 (s), 618 (m).
MS: m/z 177 (M*), 133 (M — NMe,*), 91 (M — NCH,CH,NMe,"),
58 (Me,NCH,").

2-Methoxy-N-((pyridin-2-yl)methylene)ethanamine (L2). L2 was
prepared in a manner similar to L1 but using 2-methoxyethylamine as
a source of amine.”® The imine product was isolated as a yellow oil in
89% yield on a multigram scale. 'H NMR (CD;CN, 263 K): § 8.60 (d,
J = 47 Hz, 1H, py), 8.31 (s, 1H, N=CH), 7.94 (d, ] = 7.9 Hz, 1H,
py), 7.79 (dd, ] = 7.47.9 Hz, 1H, py), 7.37 (dd, ] = 4.9, 7.4 Hz, 1H,
py), 3.77 (t, ] = 5.3 Hz, 2H, NCH,), 3.65 (t, ] = 5.3 Hz, 2H, OCH,),
3.39 (s, 3H, OCHj,) ppm. *C NMR (CD;CN, 263 K): § 164.37 (C=
N), 15545 (py), 150.50 (py), 137.81 (py), 126.02 (py), 121.39 (py),
7248 (OCH,), 61.48 (NCH,), 58.83 (OCH;) ppm. FTIR (cm™):
3054 (m), 2982 (s), 2890 (vs), 1651 (vs), 1587 (s), 1568 (s), 1468
(vs), 1437 (s), 1123 (vs), 775 (s), 617 (m). MS: m/z 164 (M), 119
(M - CH,0OMe*), 92 (MH — NCH,CH,OMe"), 78 (M —
CHNCH,CH,OMe").
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2-(Methylthio)-N-(pyridin-2-ylmethylene)ethanamine (L3). L3
was prepared in a similar manner to L1 but using 2-(methylthio)-
ethylamine as a source of amine. Starting with 5.50 mmol of 2-
(methylthio)ethylamine and S$.15 mmol of pyridine-2-carboxaldehyde
in 40 mL of diethyl ether, the product was isolated as a pale yellow oil
in 86% yield. '"H NMR (CD,CN, 263 K): 5 8.61 (d, ] = 4.8 Hz, 1H,
py), 8.34 (s, IH, N=CH), 7.94 (d, ] = 7.9 Hz, 1H, py), 7.79 (dd, ] =
6,7.9 Hz, 1H, py), 7.38 (dd, ] = 4.7, 6 Hz, 1H, py), 3.82 (t, ] = 6.7 Hz,
2H, NCH,), 2.78 (t, ] = 6.7 Hz, 2H, SCH,), 2.08 (s, 3H, SCH;) ppm.
BC NMR (CD;CN, 263 K): § 164.19 (C=N), 155.46 (py), 150.56
(py), 137.85 (py), 126.10 (py), 121.47 (py), 61.04 (NCH,), 35.29
(SCH,), 15.72 (SCH;) ppm. FTIR (em™): 3053 (s), 2915 (vs), 2838
(s), 1648 (vs), 1587 (s), 1568 (s), 1468 (vs), 1436 (vs), 1046 (s), 992
(s), 775 (s), 742 (m), 617 (m). MS: m/z 179 (M — H), 133 (M —
SMe*), 106 (MH — CH,CH,SMe"), 92 (MH — NCH,CH,SMe").
N,N- Dlmethyl N’-(pyridin-2-ylmethylene)propane-1,3-diamine
(L4). L4* was prepared in a similar manner to L1 but using NLNL-
dimethylpropane-1,3-diamine as a source of amine. The product imine
was isolated as yellow oil in 93% yield. '"H NMR (CD;CN, 258 K): §
8.59 (d, ] = 4.7 Hz, 1H, py), 8.31 (s, IH, N=CH), 7.94 (d, ] = 7.8 Hz,
1H, py), 7.77 (dd, ] = 7.4, 7.8 Hz, 1H, py), 7.35 (dd, ] = 4.7, 7.4 Hz,
1H, py), 3.61 (t, ] = 6.9 Hz, 2H, NCH,), 2.29 (t, ] = 7.2 Hz, 2H,
NCH,), 2.15, (s, 6H, NCH,), 1.79—1.72 (m, 2H, CCH,) ppm. *C
NMR (CD4CN): 6 163.34 (C=N), 156.28 (py), 150.79 (py), 138.00
(py), 126.12 (py), 121.77 (py), 60.18 (NCH,), 58.46 (NCH,), 46.38
(NCH;), 30.28 (CH,) ppm. FTIR (cm™): 3054 (s), 2943 (vs), 2765
(vs), 1648 (vs), 1587 (s), 1568 (s), 1468 (vs), 1436 (vs), 1153 (s),
1043 (vs), 992 (s), 775 (s), 742 (m), 617 (m). MS: m/z 190 (M —
H*Y), 147 (M — NMe,"), 119 (M — CH,CH,NMe,").
N,N-Diethyl-N'-methyl-N’-(pyridin-2-ylmethyl)ethane-1,2-dia-
mine (L5). LS was synthesized using a variation of protocol published
for synthesis of tripodal tetradentate nitrogen ligands.”* Pyridine-2-
carboxaldehyde (0.51 g, 4.76 mmol) was added to a stirred solution of
N,N-diethyl-N'-methylethane-1,2-diamine (0.395 g, 3.03 mmol) and
sodium triacetoxyborohydride (2.52 g, 11.89 mmol) in 100 mL of
dichloromethane. After 2 days of stirring under a dinitrogen
atmosphere, the reaction was quenched by adding SO mL of saturated
aqueous sodium hydrogen carbonate. The product was extracted with
ethyl acetate (3 X SO mL), and the organic extracts were dried over
magnesium sulfate. The mixture was filtered, solvent removed under
reduced pressure, and oily residue redissolved in 50 mL of
tetrahydrofuran and reacted with potassium hydride (0.25 g, 6.23
mmol). After stirring for 2 h solvent was removed under reduced
pressure and the product extracted with pentane (4 X SO mL).
Following filtration, solvent was removed from the extract to yield 227
mg (34% vyield) of pure product as a red-brown oil. 'H NMR
(CD4CN, 263 K): & 8.45 (d, ] = 4.8 Hz, 1H, py), 7.69 (dd, J = 7.4, 7.8
Hz, 1H, py), 7.44 (d, ] = 7.9 Hz, 1H, py), 7.18 (dd, ] = 4.9, 7.4 Hz,1H,
py); 3.59 (s, 2H, pyCH,), 2.52 (m, 2H, NCH,), 2.43 (m, overlapping,
2H, NCH,), 2.43 (m, overlapping, 4H, NCH,), 2.18 (s, 3H, NCHj),
0.92 (t, ] = 7.2 Hz, 6H, CCH,) ppm. *C NMR (CD,CN): § 160.96
(py), 149.80 (py), 137.39 (py), 123.71 (py), 122.97 (py), 65.04
(pyCH,), 5641 (NCH,), 5173 (NCH,), 47.96 (NCH,), 43.28
(NCH,), 12.34 (CCH,) ppm. FTIR (cm™): 3052 (m), 2968 (s), 2805
(vs), 1590 (vs), 1570 (s), 1472 (vs), 1434 (vs), 1383 (s), 1361 (s),
1293 (m), 1202 (m), 1124 (s), 1047 (vs), 994 (m), 757 (vs), 614 (m).
MS: m/z 221 (M*), 135 (M — CH,NEt,"), 86 (Et,NCH,").
Complex Syntheses. (N,N-Dimethyl-N’-((pyridin-2-yl)-
methylene)ethane-1,2-diamine)copper(l) Bromide [(L1)CuBr].
[(L1)CuBr] (C1) was synthesized by mixing a light green suspension
of CuBr (217 mg, 1.5 mmol) in 3 mL of acetonitrile with 302 mg of
ligand L1 (1.7 mmol) dissolved in 1 mL of acetonitrile. Addition of
ligand resulted in an immediate color change of the solution to dark
brown and dissolution of CuBr. The reaction mixture was allowed to
stir for 1 h and then filtered. The filtrate was layered with 25 mL of
diethyl ether. After 1 day at room temperature, the product crystallized
as a dark brown solid. The supernatant was removed, and crystals were
washed with ether and dried in vacuo to yield 350 mg of crystalline
product (70% vyield). Anal. Caled for C;oH;sCuBrN;: C, 37.45; H,
471; N, 13.10. Found: C, 37.78; H, 4.50; N, 12.93. 'H NMR

(CD4CN): 6 8.60 (s, IH, N=CH), 8.50 (d, ] = 4.7 Hz, 1H, py), 8.01
(dd, J = 7.8, 7.9 Hz, 1H, py), 7.88 (d, ] = 7.9 Hz, 1H, py), 7.60 (dd, ] =
4.7, 7.8 Hz, 1H, py), 3.89 (t, ] = 6.4 Hz, 2H, NCH,), 2.56 (t, ] = 6.3
Hz, 2H, NCH,), 2.11 (s, 6H, NCH;) ppm. *C NMR (CD;CN): §
162.82 (C=N), 152.20 (py), 150.54 (py), 139.51 (py), 129.17 (py),
127.66 (py), 60.90 (NCH,), 58.55 (NCH,), 4622 (NCH;) ppm.
FTIR (cm™): 3048 (m), 2975 (s), 2949 (vs), 2838 (vs), 1622 (m),
1587 (s), 1568 (s), 1461 (vs), 1437 (s), 1290 (s), 1019 (s), 1000 (vs),
937 (s), 852 (s), 780 (s), SO8 (s). UV—vis: A= 466 nm, € = 1477 L
mol™! cm™. ESI-MS: m/z 417 ([(L1),Cu]*), 240 ([(L1)Cu]*).
(2-Methoxy-N-((pyridin-2-yl)methylene)ethanamine)copper(l)
Bromide [(L2)CuBr]. [(L2)CuBr] (C2) was synthesized by mixing a
light green suspension of CuBr (196 mg, 1.4 mmol) in 1 mL of THF
with 254 mg of ligand L2 (1.6 mmol) dissolved in 1 mL of THF.
Addition of ligand resulted in an immediate color change of the
solution to dark brown. The reaction mixture was allowed to stir for 20
min and then filtered. The filtrate was layered with 15 mL of diethyl
ether and stored at —25 °C. After 3 days, the product was isolated as a
brown solid by removing the supernatant, washing with ether, and
drying in vacuo to yield 331 mg of product (78% yield). Anal. Calcd
for CoH,,CuBIN,O: C, 35.14; H, 3.93; N, 9.11. Found: C, 35.41; H,
4.30; N, 9.65. '"H NMR (CD;CN): 6 8.59 (s, 1H, N=CH), 8.52 (d, J
= 5.1 Hz, 1H, py), 8.06 (dd, ] = 7.6, 7.8 Hz, 1H, py), 7.84 (d, ] = 7.8
Hz, 1H, py), 7.66 (dd, ] = 5.1, 7.6 Hz, 1H, py), 3.94 (t, ] = 5.2 Hz, 2H,
NCH,), 3.60 (t, ] = 5.2 Hz, 2H, OCH,), 3.14 (s, 3H, OCH;) ppm. *C
NMR (CD;CN): 163.74 (C=N), 153.19 (py), 150.59 (py), 139.24
(py), 128.60 (py), 126.44 (py), 72.74 (OCH,), 60.74 (NCH,), 59.06
(OCH;) ppm. FTIR (cm™): 2978 (m), 2910 (vs), 2811 (s), 1634 (s),
1589 (vs), 1564 (m), 1466 (s), 1435 (vs), 1297 (vs), 1124 (s), 1106
(vs), 1023 (s), 952 (m), 840 (s), 772 (s), 633 (m), 502 (s). UV—vis:
Apex = 464 nm, £ = 1145 L mol™' cm™. ESI-MS: m/z 391
([(L2),Cu]"), 227 ([(L2)Cu]").
(2-(Methylthio)-N-(pyridin-2-yImethylene)ethanamine)copper(l)
Bromide [(L3)CuBr]. [(L3)CuBr] (C3) was synthesized by mixing a
light green suspension of CuBr (434 mg, 3.03 mmol) in S mL of
acetonitrile with $98 mg of ligand L3 (3.32 mmol). Addition of ligand
resulted in an immediate color change to brown-orange. Stirring
overnight led to precipitation of 500 mg of a brown-red solid. The
solid was collected by filtration and dried. Layering the supernatant
with 7 mL of diethyl ether and storage over 3 days led to formation of
brown-orange crystalline material. This solid was isolated and washed
with ether to give an additional crop of 150 mg of crystalline product
with a combined yield of 66%. Anal. Calcd for CoH;,CuBIN,S: C,
33.39; H, 3.74; N, 8.65. Found: C, 33.71; H, 3.57; N, 8.42. '"H NMR
(CD4CN): 6 8.61 (s, IH, N=CH), 8.54 (d, ] = 5.2 Hz, 1H, py), 8.05
(m, 1H, py), 7.85 (d, ] = 7.3 Hz, 1H, py), 7.64 (m, ] = 5.2 Hz, 1H, py),
4,01 (t, J = 6.7 Hz, 2H, NCH,), 2.82 (t, ] = 6.7 Hz, 2H, SCH,), 2.04
(s, 3H, SCH;) ppm. *C NMR (CD;CN): § 163.37 (C=N), 152.37
(py), 150.69 (py), 139.58 (py), 129.16 (py), 127.53 (py), 59.48
(NCH,), 36.02 (SCH,), 15.92 (SCH;) ppm. FTIR (cm™): 3046 (s),
2920 (vs), 1630 (s), 1591 (vs), 1563 (s), 1465 (vs), 1444 (vs), 1296
(vs), 1259 (vs), 1147 (s), 1051 (s), 1006 (s), 950 (s), 779 (vs), 693
(m). UV—vis: = 236 nm, & = 12200 L mol™! em™, A, = 280 nm,
= 6320 L mol™ cm™’. ESI-MS: m/z 565 ([(L3),Cu,Br]*), 423
([(L3),Cu]"), 243 ([(L3)Cu]").
(N,N-Dimethyl-N'-(pyridin-2-ylmethylene)propane-1,3-diamine)-
copper(l) Bromide [(L4)CuBr]. [(L4)CuBr] (C4) was synthesized by
reacting a light green suspension of CuBr (580 mg, 4.1 mmol) in 6 mL
of acetonitrile with 910 mg of ligand L4 (4.8 mmol) added dropwise
with a pipet. Addition of ligand resulted in an immediate color change
of the solution to dark brown and dissolution of CuBr. The reaction
mixture was allowed to stir for 2 h and then filtered. The filtrate was
layered with 12 mL of diethyl ether and stored at —25 °C for 4 days.
After this time, the product crystallized as a brown-black solid. The
supernatant was removed, and the crystals were washed with ether and
dried in vacuo to yield 1.0S g of crystalline product (77% yield). Anal.
Caled for C;;H,,CuBrN;: C, 39.47; H, 5.12; N, 12.55. Found: C,
39.84; H, 4.99; N, 12.38. '"H NMR (CD;CN, 258 K): § 8.58 (b, 2H,
py and N=CH), 8.05 (t, ] = 7.7 Hz, 1H, py), 7.82 (d, ] = 8.1 Hz, 1H,
py), 7.66 (b, 1H, py), 3.88 (b, 2H, NCH,), 2.27 (b, 2H, NCH,), 2.10
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(s, 6H, NCH,), 1.88 (b, 2H, CCH,) ppm. 3C NMR (CD,CN, 258
K): § 161.06 (C=N), 151.51 (py), 150.11 (py), 138.98 (py), 128.82
(py), 127.41 (py), 58.89 (NCH,), 5829 (NCH,), 46.57 (NCH,),
29.55 (CH,) ppm. FTIR (cm™): 3044 (m), 2953 (vs), 2832 (vs),
1621 (s), 1589 (vs), 1465 (vs), 1437 (vs), 1296 (s), 1258 (s), 1178
(s), 985 (s), 840 (s), 777 (vs), 672 (m). UV—vis: A, = 266 nm (sh),
£=18500 L mol™ em™, A, = 374 nm, £ = 3540 L mol™ em™, 1.,
= 456 nm (sh), € = 1960 L mol™ cm™. ESI-MS: m/z 445
([A4),Cu]"), 254 ([(14)Cu]").

(N,N-Diethyl-N’-methyl-N'-(pyridin-2-ylmethyl)ethane-1,2-
diamine)copper(l) Bromide [(L5)CuBr]. [(L5)CuBr] (CS) was
synthesized by dropwise addition of ligand LS (87.1 mg, 0.39
mmol) to a light green suspension of CuBr (56.2 mg, 0.39 mmol) in 1
mL of acetonitrile. This addition of ligand resulted in dissolution of
CuBr and an immediate color change of the solution to yellow. The
reaction mixture was allowed to stir for 20 min and then filtered. The
filtrate was layered with 15 mL of diethyl ether and stored at —25 °C
for 2 days. During this time the product crystallized as a yellow solid.
Supernatant was removed, and crystals were washed with ether and
dried in vacuo to yield 85.7 mg of crystalline product (60% yield).
Anal. Caled for C,3H,;BrCuN;: C, 42.80; H, 6.36; N, 11.52. Found: C,
43.02; H, 6.25; N, 11.28. '"H NMR (CD,CN, 268 K): 6 8.49 (d, J = 8.1
Hz, 1H, py), 7.80 (dd (t), ] = 7.7, 7.7 Hz, 1H, py), 7.35 (dd, ] = 5.0,
7.7 Hz, 1H, py), 7.32 (d, ] = 7.7 Hz, 1H, py), 3.81 (s, 2H, NCH,), 2.59
(s, 3H, NCH,), 2.49 (b, 4H, N(CH,) ,), 2.35 (b, 2H, NCH,), 2.34 (b,
2H, NCH,), .11 (t, J = 7.1, 6H, CCH,) ppm. *C NMR (CD,CN,
258 K): 6 157.65 (py), 149.43 (py), 138.22 (py), 124.79 (py), 124.75
(py), 63.35 (py-CH,), 54.54 (NCH,), 52.76 (NCH,), 48.17 (NCH,),
44.99 (NCH;), 10.78 (CCH;) ppm. FTIR (ecm™): 3059 (m), 2961
(s), 2790 (vs), 1594 (vs), 1565 (s), 1472 (vs), 1435 (vs), 1382 (s),
1367 (s), 1300 (s), 1283 (s), 1107 (s), 1031 (s), 1002 (s), 966 (s), 801
(s), 766 (vs), 737 (s), 595 (m), 526 (m). UV—vis: 4,,,, = 292 nm (sh),
£ =4200 L mol™! em™, A, = 374 nm (sh), £ = 876 L mol™* cm™.
ESI-MS: m/z 649 ([(LS),Cu,Br]*), m/z 284 ([(LS)Cu]").

General Procedure for Polymerization of Styrene.' All
reagents were kept under an atmosphere of dinitrogen in a glovebox,
and all polymerizations were conducted in the glovebox or on a
Schlenk line. Polymerizations of styrene were carried out in bulk and
stopped before going to full conversion. For typical polymerization, a
20 mL scintillation vial equipped with a stir bar was charged with
about 35 mg of CuBr (0.244 mmol), ligand (0.268 mmol), and styrene
(244 mmol). The mixture was stirred for 10 min to allow
complexation to proceed. The initiator 1-phenylethyl bromide
(0.244 mmol, 1 equiv) was added, yielding a 1:1:1.1:100
initiator:metal:ligand:monomer ratio and a target molecular weight
of polystyrene product of approximately 10400 Da at full conversion.
The vial was heated to 110 °C on an IKA stir plate fitted with a reactor
block. Aliquots were removed at regular time intervals for analysis.
Conversion was determined by integration of the monomer vs the
polymer backbone resonances in the "H NMR spectrum of the crude
product in CDCl,.%

To determine the molecular weights of a polymer product, an
aliquot was added to THF and catalyst removed by passing the
solution through a plug of alumina. The resulting filtrate was dripped
into methanol to precipitate polymer product. After centrifugation,
removal of supernatant, and drying, polymer sample was dissolved to
appropriate concentrations in THF and the solution filtered through a
0.45 yum PTFE syringe filter. The molecular weight of this sample was
measured by size exclusion chromatography (SEC) analysis at 30 °C
using a Waters 1515 isocratic pump, a Waters 2414 refractive index
detector, a Waters 2707 autosampler, a Styragel HR3 guard column
(Waters), and two PLgel S ym MIXED-D columns (Polymer
Laboratories) connected in series. Samples were eluted with THF at
1 mL/min. Molecular weights were calculated using polystyrene
standards (Agilent) as a reference.

X-ray Crystallography. Crystals suitable for crystallographic
analysis were obtained from crystallization from an acetonitrile
solution of product and diethyl ether. Crystals were mounted on
glass fibers. All measurements were made using graphite-monochro-
mated Cu Ka radiation on a Bruker-AXS three-circle diffractometer

equipped with a SMART APEX II CCD detector. Initial space group
determination was based on a matrix of 120 frames (SMART Apex I,
Data Collection Software, version 2.1; Bruker AXS Inc.: Madison, WI,
2005). Data were reduced using SAINT+ (SAINT Plus, Data
Reduction Software, version 7.34a; Bruker AXS Inc.: Madison, WI,
2005) and empirical absorption correction applied using SADABS
(Sheldrick, G. M. SADABS; University of Gottingen: Gottingen,
Germany, 2005). Structures were solved using direct methods. Least-
squares refinement for all structures was carried out on F?. Non-
hydrogen atoms were refined anisotropically. All hydrogen atoms in
each structure were located by standard difference Fourier techniques
and refined with isotropic thermal parameters. Structure solution,
refinement, and calculation of derived results were performed using
the SHELXTL package of computer programs.”® Packing diagrams
were produced using Mercury or SHELXP. Details of X-ray
experiments and crystal data are summarized in Table 1. Selected
bond lengths and bond angles are given in Table 2.
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