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p-Substituted Tris(2-pyridylmethyl)amines as Ligands for Highly
Active ATRP Catalysts: Facile Synthesis and Characterization
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Benjamin G. Janesko, and Krzysztof Matyjaszewski*

Abstract: A facile and efficient two-step synthesis of p-
substituted tris(2-pyridylmethyl)amine (TPMA) ligands to
form Cu complexes with the highest activity to date in atom
transfer radical polymerization (ATRP) is presented. In the
divergent synthesis, p-Cl substituents in tris(4-chloro-2-pyri-
dylmethyl)amine (TPMA3Cl) were replaced in one step and
high yield by electron-donating cyclic amines (pyrrolidine
(TPMAPYR), piperidine (TPMAPIP), and morpholine
(TPMAMOR)) by nucleophilic aromatic substitution. The [CuII-
(TPMANR2)Br]+ complexes exhibited larger energy gaps
between frontier molecular orbitals and > 0.2 V more negative
reduction potentials than [CuII(TPMA)Br]+, indicating > 3
orders of magnitude higher ATRP activity. [CuI(TPMAPYR)]+

exhibited the highest reported activity for Br-capped acrylate
chain ends in DMF, and moderate activity toward C@F bonds
at room temperature. ATRP of n-butyl acrylate using only 10–
25 part per million loadings of [CuII(TPMANR2)Br]+ exhibited
excellent control.

Introduction

Atom transfer radical polymerization (ATRP) is one of
the most robust and widespread methods to control a radical
polymerization. The versatility of ATRP has enabled the
synthesis of polymers with predefined functionalities, com-
positions, architectures, and grafting from inorganic and
biological surfaces, obtaining advanced materials for a variety
of applications.[1] Modern ATRP systems use benign reducing
agents, radical initiators or external stimuli to continuously
regenerate the activator form of the ATRP catalyst, such as
in activators regenerated by electron transfer (ARGET)
ATRP,[2] supplemental activators and reducing agents
(SARA) ATRP,[3] initiator for continuous activator regener-
ation (ICAR) ATRP,[4] photoATRP,[5] electrochemically
mediated ATRP (eATRP),[6] and mechanoATRP.[7] These
techniques have enabled to strongly decrease the catalyst

loading, finely tune polymer dispersity, achieve temporal and
spatial control over polymerizations, and even complete
oxygen tolerance.[8]

The ATRP equilibrium (Scheme 1, gray region) depends
on several factors: temperature, pressure, solvent, and nature
of alkyl halide initiator (RX) and catalyst.[9] The typical
ATRP catalyst is a Cu complex with a multidentate N-
containing ligand (L). The ATRP activator is the [CuI(L)]+

form of the complex that cleaves the C@X bond in the
initiator or dormant chains, forming propagating radicals and
the ATRP deactivator [CuII(L)X]+. The latter reacts with
radicals to (re)form dormant species. This intermittent
activation/deactivation process extends radicals lifetime and
enables control of their propagation, thus the catalyst is
largely responsible for polymerization control.

Intense efforts have been devoted to the design of
catalysts with high ATRP activity, that is, high ATRP
equilibrium constant KATRP.

[8a, 10] The benefits of Cu/L com-
plexes with high KATRP are numerous.[11] First, high KATRP

results in a larger fraction of [CuII(L)X]+ deactivator relative
to [CuI(L)]+, thus enhancing the deactivation step and
improving the polymerization control. Indeed, the polymer
dispersity (Y) decreases with increasing the concentration of
[CuII(L)X]+.[12] Furthermore, highly active catalysts combined
with activator regeneration techniques allow for decreasing
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Scheme 1. Various ATRP equilibria including radical activation/deacti-
vation (gray region) and organometallic mediated radical polymeri-
zation (OMRP) via formation/dissociation of organometallic intermedi-
ates (blue region). Radical termination pathways include conventional,
catalyzed, and reductive radical termination (RT, CRT, and RRT,
respectively).
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the Cu loading to part per million (ppm) levels, while still
providing good control thanks to the high fraction of
deactivator. Low catalyst loadings reduce or eliminate
purification steps and costs. Furthermore, high KATRP deter-
mines a low equilibrium concentration of [CuI(L)]+ favoring
temporal control over polymerizations, which come to a halt
more rapidly when switching off stimuli. Finally, the small
concentration of [CuI(L)]+ activator dramatically reduces the
extent of side reactions, particularly the formation of
organometallic intermediates [R-CuII(L)]+ (Scheme 1, blue
region).[13] This results in suppression of additional radical
termination pathways caused by the reaction between [R-
CuII(L)]+ and propagating radicals (that is, catalyzed radical
termination, CRT) or protic species (reductive radical
termination, RRT).

In the ATRP of acrylates, CRT can dominate over
conventional radical termination (RT) and be responsible
for over 95 % of termination events,[14] thus minimizing CRT
enhances the polymerization control. The formation of
organometallic intermediates has been observed for both
moderately and highly active ATRP catalysts.[13a, 15] However,
an increase in ATRP activity results in lower [CuI(L)]+ and
suppresses the generation of [R-CuII(L)]+.[13a] Thus, develop-
ing new catalysts with higher activity and comparable or
better selectivity than existing catalysts is key to well-
controlled low ppm ATRP. Optimal ATRP catalysts exhibit
not only rapid activation of ATRP initiators/dormant chains
but also rapid deactivation of the propagating radicals to
obtain well-controlled polymerizations.[11]

Since the discovery of ATRP in 1995, various catalysts
have been developed targeting not only higher activity, but
also enhanced robustness, low cost, and facile synthetic
procedures.[8a] 2,2’-Bipyridine (bpy) was the first ligand used
in ATRP; then, its structure was modified by introducing
different substituents in the para position (p) to the Cu-
coordinating nitrogen atoms (Figure 1).[16] Electron donating
groups (EDGs) largely increased the coordination strength of
ligands to Cu2+ and enhanced the ATRP activity of the
corresponding Cu/L complexes. Tris(2-pyridylmethyl)amine
(TPMA) is one of the most common ATRP ligands,
particularly in aqueous media, owing to the superior stability
of the Cu/TPMA complex in a broad range of pH.[17] The
ATRP activity of Cu/TPMA is about 3 orders of magnitude
higher than the activity of Cu/bpy, and it was further
improved by including EDGs in p positions on the pyridine
arms of TPMA.[16, 18]

Recently, we reported a new ATRP catalyst exhibiting 9
orders of magnitude larger activity than Cu/bpy.[19] This highly
active Cu/L complex was obtained by installing a dimethyl-
amine group as a p-substituent on each pyridyl ring of TPMA,
forming the tris[(4-dimethylaminopyridyl)methyl]amine li-
gand (TPMANMe2, Figure 1). The high activity came at the
expense of a cumbersome synthetic procedure, based on
a multistep convergent path originally proposed by Karlin
and co-workers (Supporting Information, Figure S1).[20] The
multistep synthesis involved hazardous conditions (gaseous
dimethylamine, obtained from dimethylamine hydrochloride
neutralized with sodium hydroxide, used under high pressure)
and a low yield, mainly determined by the last biphasic

reaction step. As a consequence, the quest for a Cu-complex
that simultaneously displays high ATRP activity and time-
and atom-economical synthesis remains open.

Synthetic efforts in the modification of TPMA are even
more desirable if one considers the widespread use of TPMA-
based compounds in organic transformations. For instance,
Cu/TPMA-catalyzed atom transfer radical addition (ATRA)
and atom transfer radical cyclization (ATRC) enables the
functionalization of unsaturated hydrocarbons.[21] One-pot
ATRA or ATRP and Cu-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) has also been reported.[22] Owing to the similar
mechanism between ATRA and ATRP, highly active ATRP
catalysts will also exhibit high activity in ATRA, enabling to
decrease the catalyst loading, use milder conditions and
expand the substrate scope.[21a] Furthermore, complexes of
TPMA with earth-abundant metals such as Cu, Fe, and Co
have been used as catalysts for O2 and CO2 reduction
reactions, and C@H oxidation.[23] Thus, the facile synthesis
of novel TPMA-based ligands with different electronic
properties can give access to structure–reactivity relationships
and deeper mechanistic understanding of these reactions.

Figure 1. Divergent synthesis of p-substituted TPMA with cyclic amines
as ligands for ATRP.
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Herein, we propose a green, fast, and high-yield proce-
dure to synthesize p-substituted TPMA-based ligands that
form Cu complexes with very high ATRP activity, comparable
to or greater than the activity of Cu/TPMANMe2. The two-step
synthesis was based on a divergent approach that used
commercially available precursors to afford a TPMA with p-
Cl substituents, which was then used as a scaffold for the
introduction of cyclic amines as EDGs (Figure 1). The
obtained ligands, including the scaffold, and their Cu com-
plexes were characterized and their ATRP activity and
selectivity were evaluated. Finally, the complexes were used
for the ATRP of n-butyl acrylate (BA), providing good
control with catalyst loadings as low as 10 ppm.

Results and Discussion

Synthesis of p-Substituted TPMA-Based Compounds

The divergent synthesis of symmetrical compounds is
a strategy that has shown high efficiency and scalability.[24]

This strategy was utilized to synthesize p-substituted TPMAs
as ligands for Cu-catalyzed ATRP. The procedure comprised
first the synthesis of tris-(4-chloro-2-pyridylmethyl)amine,[25]

TPMA3Cl, which was then used as a scaffold by replacing the
p-Cl groups with EDGs. TPMA3Cl was obtained from
commercially available precursors, via an almost quantitative
reductive amination reaction between 4-chloro-2-pyridine-
carbaldehyde and 4-chloro-2-pyridinemethanamine. The Cu
complex with TPMA3Cl is expected to exhibit relatively poor
ATRP activity because of the electron-withdrawing nature of
the p-Cl substituents. However, chlorides are versatile leaving
groups that allowed for further tuning the ligand architecture.

The TPMA3Cl scaffold was used to introduce different
EDGs through aromatic nucleophilic substitution (SNAr)
reaction with cyclic secondary amines. By using pyrrolidine,
piperidine, and morpholine, TPMAPYR, TPMAPIP, and
TPMAMOR ligands were obtained, respectively (Figure 1).
As the ring size of cyclic amines decreases, the higher ring
strain and the s-orbital character increase the orbital overlap
with the electrophile, therefore enhancing the substitution
rate.[26] Using the proposed divergent synthetic route, three
new ligands were prepared using a simple two-step procedure,
affording high-purity compounds in gram-scale and in high
yields (Table 1).

Cyclic amines are liquids, thus avoiding the difficulties in
working with gaseous amines for preparing TPMANMe2. The
amount of solvents could be minimized or completely

eliminated. Some other strained amines like aziridine and
azetidine were not employed in this study because their high
strain could promote undesired ring-opening.[26a, 27]

Structural Studies of CuII Deactivator Complexes

The [CuII(TPMANR2)Br]+ (TPMANR2 collectively refers to
the new ligands TPMAPYR, TPMAPIP and TPMAMOR) com-
plexes were crystallized following reported procedures.[19] The
determined bond lengths and angles and additional data are
given in the Supporting Information, Tables S5–S7.

The geometry distortions in the complexes were analyzed
using the parameters reported by Addison.[28] The crystal
structure of the [CuII(TPMAMOR)Br]+ cation shows a trigonal
bipyramidal geometry, as indicated by a structural parameter
t = 0.997. Conversely, the crystal structures of the [CuII-
(TPMAPIP)Br]+ and [CuII(TPMAPYR)Br]+ cations revealed
slightly distorted trigonal bipyramidal geometries with t =

0.736 and t = 0.868. The t value obtained for [CuII-
(TPMAPYR)Br]+ was very similar to that reported for [CuII-
(TPMANMe2)Br]+ (t = 0.89). It was previously observed that
the CuII complex with unsubstituted TPMA, [CuII-
(TPMA)Br]+, exhibits a trigonal bipyramidal geometry (t =

1). Thus, the distortion from the ideal trigonal bipyramidal
geometry increases in the order L = TPMA < TPMAMOR <

TPMANMe2 & TPMAPYR < TPMA*3 (tris((4-methoxy-3,5-
dimethylpyridin-2-yl)methyl)amine))[18] < TPMAPIP.[29] Dis-
tortions from 9088 in the Nax-Cu-Neq angles are generated by
the natural bite angle of the axial ligand.[30] The crystal
structures of the new complexes showed that all CuII@Nax

bond distances were between 2.06 c, 2.08 c, more elongat-
ed than in [CuII(TPMA)Br]+ (CuII@Nax 2.040 c),[19, 31] as well
as all the CuII complexes with methyl, methoxy-substituted
TPMA (CuII@Nax 2.03–2.04 c),[29] and even [CuII-
(TPMANMe2)Br]+ (CuII@Nax 2.047 c).[19] The crystal structures
of all the moieties were stabilized by p–p stacking interactions
between the substituted pyridine rings and by weak C@H···Br
interactions (Supporting Information, Table S8 and Fig-
ure S12), as previously reported for CuII complexes with
TPMA derivatives.[19, 29]

Computational Analysis

The effects of substituents on the energies of frontier
molecular orbitals (MOs) of TPMANR2 were calculated. The
energies of the highest-energy occupied and lowest-energy
unoccupied molecular orbitals (HOMO and LUMO, respec-
tively) and the HOMO–LUMO gap of the p-substituted
TPMA ligands relative to the unsubstituted TPMA are shown
in Table 2. The HOMO of TPMAPYR had the highest relative
energy, followed by TPMANMe2, TPMAPIP, and TPMAMOR. A
similar trend was observed for the relative energies of
LUMOs, showing that these substituents destabilize TPMA,
resulting in a relative decrease in the HOMO–LUMO gap.
The electron-withdrawing nature of Cl contributes to lower
the energies of both HOMO and LUMO via a combination of
inductive and mesomeric effects by reducing the repulsive

Table 1: Yield and purity of the TPMA derivatives synthesized in this
work.

Ligand Yield [%] Purity [%][a]

TPMAPYR Quant. 92
TPMAPIP 77 93
TPMAMOR 82 96
TPMA3Cl Quant. 96

[a] Calculated from 1H NMR spectra (Supporting Information, Figures
S2–S8) after work-up.
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coulombic interactions between p-MOs and s-electrons of the
pyridyl moiety. The binding energies of the CuII complexes
with TPMA and p-substituted TPMA ligands (Supporting
Information, Table S5) follow the same order as the HOMO–
LUMO gap values for the ligands, that is, TPMAPYR >

TPMANMe2 > TPMAPIP > TPMAMOR > TPMA > TPMA3Cl.
Furthermore, the natural bond orbital analysis of unsub-

stituted and substituted TPMA ligands revealed that the
structures of binding orbitals and hence the binding inter-
actions are significantly controlled by stereo-electronic effects
of the substituents. As shown in Figure 2a,b, the nitrogen
atom in the @PYR substituent is involved in Nlp–s*C@C

stabilizing interactions that are not present in @NMe2. In
the case of TPMAPIP, the additional carbon atom in the
piperidine ring led to two Nlp–s*C@H stabilizing interactions,
further enhancing the stability of the compound (Figure 2c).
In contrast, an oxygen atom in place of a@CH2 group in the@
MOR substituent resulted in a repulsive Nlp–Olp interaction
(Figure 2d). Moreover, the morpholine group lacked one of
the two Nlp–s*C@H stabilizing interactions present in@PIP, thus
being less stabilized than other substituents.

DFT was then used to analyze the frontier molecular
orbitals and natural charges of the complexes between
CuIIBr2 and the TPMA-based ligands. The surface plots,
energies, and gaps between the frontier orbitals of CuII

complexes are shown in Figure 3. Additional discussion on
the localization of frontier molecular orbitals is provided in
the Supporting Information. The comparison of HOMO
energies (EHOMO) of [CuII(TPMANR2)Br]+ complexes and
[CuII(TPMA3Cl)Br]+ relative to the EHOMO of [CuII-
(TPMA)Br]+ revealed that all p-substituents except Cl
increased EHOMO owing to their electron-donating character.
It was previously reported that computed EHOMO values of Cu
complexes with TPMA, TPMA*3, and TPMANMe2 correlate to
their ATRP activity, thus identifying EHOMO as a good
descriptor of electronic effects of the ligands on the activity
of the complexes.[32] Therefore, the increase in EHOMO

revealed herein suggests that the Cu complex with L =

TPMAPYR is the most active in ATRP, followed by the
complex with L = TPMAPIP and TPMAMOR. The electron-
withdrawing inductive and mesomeric effects of Cl substitu-
ents resulted in lower EHOMO of [CuII(TPMA3Cl)Br]+ com-
pared to the EHOMO of [CuII(TPMA)Br]+. Analogous obser-
vations are valid for the LUMO energies of the complexes.

The calculated natural charges on Cu, Br, and axial (Nax)
and equatorial (Neq) nitrogen atoms are listed in Table 3,
together with the charges on Nax and Neq atoms in uncoordi-
nated ligands for comparison. In relation to [CuII-
(TPMA)Br]+, all p-substituents increased the charge on
Neq, and the largest increase was observed for [CuII-
(TPMAPYR)Br]+. The charge on Nax was not substantially
affected by the substituents. This was attributed to the direct
bonding of Nax to aliphatic carbon atoms, where the effects of
substitution were not transmitted as effectively as for Neq

atoms that were strongly affected by resonance effects.
Similar trends were observed for the charges on Cu and Br
atoms: the former was mostly unaffected by the ligand, while
the latter was enhanced by about 0.03 j e j for the NR2

substituted ligands. The Cl substituent did not impart any
significant changes in the charges on Cu and Br atoms,
showing that resonance effects were more pronounced
compared to inductive effects, which otherwise could cause
an increase in the natural charges.

Electrochemical Analysis

The standard reduction potential (EA) of Cu/L complexes
is a fundamental parameter to predict their performance as
ATRP catalysts. In general, higher KATRP values correlate
with more negative values of EA of [CuII(L)Br]+.[8a, 9b] Values
of EA of binary [CuII(L)]2+ and ternary [CuII(L)Br]+ com-
plexes with L = TPMANR2 and TPMA3Cl were measured by
cyclic voltammetry (CV) in DMF (Table 4). Potential values
for Cu complexes with L = TPMA, TPMA*3, and TPMANMe2

were in agreement with previous reports.[19,29] The value of EA

of both [CuII(L)]2+ and [CuII(L)Br]+ increased with changing
the ligand in the order TPMAPYR9 TPMANMe2 < TPMAPIP <

TPMAMOR < TPMA*3 ! TPMA ! TPMA3Cl. Since a circa
60 mV shift in EA of [CuII(L)Br]+ to more negative potentials

Table 2: Energies of Kohn–Sham frontier molecular orbitals of p-
substituted TPMA ligands relative to the unsubstituted TPMA calculated
at M06-2X/6–311+ g(d,p) level.[a]

p-substituents HOMO [eV] LUMO [eV] Gap [eV]

@PYR 0.862 (@6.690) 0.272 (0.168) @0.591 (6.859)
@NMe2 0.678 (@6.874) 0.248 (0.144) @0.431 (7.018)
@PIP 0.613 (@6.940) 0.224 (0.120) @0.389 (7.060)
@MOR 0.374 (@7.178) 0.122 (0.018) @0.253 (7.196)
@H 0 (@7.553) 0 (@0.103) 0 (7.449)
@Cl @0.381 (@7.934) @0.441 (@0.544) @0.060 (7.390)

[a] The values in parentheses correspond to the effective orbital energies.

Figure 2. Close-up to natural bond orbitals of TPMA ligands substitu-
ents: a)@PYR, b)@NMe2, c)@PIP, and d)@MOR substituents, plotted
at an isovalue=0.06 to illustrate the attractive Nlp–s*C@H, Nlp–s*C@C

and repulsive Nlp–Olp interactions.

Angewandte
ChemieResearch Articles

14913Angew. Chem. Int. Ed. 2020, 59, 14910 – 14920 T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

 15213773, 2020, 35, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202004724 by Suny Stony B

rook U
niversity, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.angewandte.org


corresponds to an increase of one order of magnitude in
KATRP,

[9b] the ATRP activity of the complexes is expected to

follow the order Cu/TPMAPYR 0 Cu/TPMANMe2 0 Cu/
TPMAPIP > Cu/TPMAMOR > Cu/TPMA*3 @ Cu/TPMA @

Cu/TPMA3Cl. The trend in EA values was in accordance with
CuI/CuII oxidation energies computed by DFT in the gas
phase (Supporting Information, Figure S16). The oxidation
energies of binary Cu complexes relative to [CuI-
(TPMA)]+/[CuII(TPMA)]2+ increased with EA shifting to
more negative values. Only the complex with L = TPMA3Cl

exhibited more positive oxidation energies relative to the
complex with L = TPMA.

CV of binary [CuII(L)]2+ and ternary [CuII(L)Br]+ com-
plexes with L = TPMANR2 and TPMA3Cl was also conducted
in CH3CN (E ; Supporting Information, Table S12). The order
of EA values was similar to the one observed in DMF, except
for TPMANMe29 TPMAPYR. Thus, the trend in ATRP activity
of the catalysts should be similar in both solvents, with Cu/
TPMAPYR, Cu/TPMANMe2 and Cu/TPMAPIP exhibiting the
highest activity. It is worth noting that Cu/TPMAPYR is
expected to exhibit 4 and 9 orders of magnitude higher KATRP

than Cu/TPMA and Cu/bpy, respectively, thus displaying
similar activity to Cu/TPMANMe2, while being accessible

Figure 3. Kohn–Sham representation of energies and gap of the alpha HOMOs and LUMOs of CuII complexes at M06-2X/6–311 +g(d,p) level
(isovalue= 0.02 e/bohr3).

Table 3: Calculated natural charges on selected atoms of CuII complexes
with substituted and unsubstituted TPMA at M06-2X/6–311 +g(d,p)
level.[a]

Complex Nax Neq Cu Br

[CuII(TPMAPYR)Br]+ @0.593
(@0.549)

@0.602
(@0.500)

0.927 @0.554

[CuII(TPMANMe2)Br]+ @0.584
(@0.549)

@0.598
(@0.495)

0.935 @0.549

[CuII(TPMAPIP)Br]+ @0.584
(@0.548)

@0.597
(@0.486)

0.934 @0.550

[CuII(TPMAMOR)Br]+ @0.594
(@0.548)

@0.594
(@0.485)

0.928 @0.546

[CuII(TPMA)Br]+ @0.587
(@0.552)

@0.548
(@0.449)

0.927 @0.528

[CuII(TPMA3Cl)Br]+ @0.586
(@0.552)

@0.553
(@0.450)

0.923 @0.522

[a] The charges on nitrogen atoms for uncoordinated ligands are given in
parentheses.

Table 4: Thermodynamic parameters for Cu complexes with unsubstituted and p-substituted TPMA, in DMF at T = 25 88C.

Ligand EA
½CuIIðLÞA2þ=½CuIðLÞAþ (V vs. SCE) EA

½BrCuIIðLÞAþ=½BrCuIðLÞA (V vs. SCE) bII/bI [a] kdisp [m@1 s@1][b] K I
Br [m@1][c] K II

Br [m@1][d] sp
[e] N[f ]

TPMAPYR @0.385 @0.503 2.1 W 106 6.6 1.1 W 103 1.1 W 105 @0.89 [g] 15.9
TPMANMe2 @0.365 @0.497 9.7 W 105 3.5W 101 7.0 W 102 1.2 W 105 [h] @0.83 15.8
TPMAPIP @0.353 @0.484 6.1 W 105 7.8 6.7 W 102 1.1 W 105 @0.63 [g] –
TPMAMOR @0.316 @0.433 1.4 W 105 2.0W 101 1.1 W 103 1.0 W 105 @0.55 [g] 14.6
TPMA*3 [h] @0.269 @0.385 6.6 W 104 7.7 1.3 W 104 4.2 W 105 @0.41 –
TPMA[h] @0.141 @0.232 1.6 W 102 1.7 1.2 W 104 4.2 W 105 0 12.9
TPMA3Cl @0.097 @0.122 2.8 W 101 1.5 6.4 W 105 1.7 W 106 0.23 11.7

[a] Calculated from Equation (1), by using EA
Cu2þ=Cuþ =@0.011 V vs. SCE. [b] Measured by rotating disk electrode (see the Supporting Information,

Experimental Procedures). [c] Calculated from Equation (2). [d] Measured by UV/Vis-NIR titrations (Supporting Information, Figure S1). [e] From
Ref. [34], unless otherwise specified. [f ] From Ref. [35]. [g] Obtained in this work by DFT calculations, as described in the Supporting Information.
[h] From Ref. [13a], except for the kdisp values for L = TPMA and TPMA*3 that were measured in this work.
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through a much more sustainable synthetic procedure than
Cu/TPMANMe2.[33]

The EA of the catalysts shifted to more negative values
with increasing the electron-donating character of the p-
substituents. Indeed, a linear relationship was observed
between EA values of [CuII(L)Br]+ and the Hammett param-
eter (sp) of the substituents (Table 4 and Figure 4a).[34] The
values of sp of@MOR,@PIP, and@PYR were determined via
DFT calculations, as described in the Supporting Information.
Since KATRP increases with EA of [CuII(L)Br]+ becoming more
negative, KATRP (that is, the catalyst activity) is predicted to
increase with decreasing sp. Moreover, the effect of p-
substituents on pyridine rings can be evaluated through the
nucleophilicity parameter N (Table 4),[35] which was observed
to linearly scale with EA of [CuII(L)Br]+ (Figure 4b). Indeed,
a linear relationship was previously reported between N of p-
substituted pyridines and sp of the substituents (Supporting
Information, Figure S18).[35] The EA values of Cu complexes
with p-substituted bpy were previously shown to shift to more
negative values with decreasing sp of the substituents
(Supporting Information, Figure S20).[16] Herein, we observed
a similar trend in EA values of [CuII(L)Br]+ (L = p-substituted
bpy) with increasing N of the substituents. Interestingly, when
the number of p-substituents for Cu complex (n) was
considered, almost identical slopes were obtained in the
linear regressions of EA values vs. nsp for both TPMA and bpy
families (Supporting Information, Figure S20b). The same
behavior was found for EA values vs. nN of both L families

(Figure 4c). Thus, sp and N values can be used to predict the
ATRP activity of different families of ATRP catalysts. Given
the abundance of sp and N values reported in the literature,
the correlations identified in this work can guide the design of
new ATRP catalysts.

The EA values of binary Cu complexes allows the
determination of the ratio between the stability constants of
[CuII(L)]2+ and [CuI(L)]+, that is, bII/bI, calculated by using
Equation (1):

EA
Cu2þ=Cuþ@EA

½CuIIðLÞA2þ=½CuIðLÞAþ ¼
RT
F

ln
bII

bI
ð1Þ

where EA
Cu2þ=Cuþ is the reduction potential of the solvated Cu

salt, with no added ligand, R is the gas constant, F is FaradayQs
constant, and T is the temperature. The bII/bI ratio for the Cu/
TPMANR2 complexes were 3–5 orders of magnitude higher
than for Cu/TPMA, in both DMF and CH3CN, indicating that
p-substituted TPMA ligands with EDGs enhanced the
stabilization of CuII compared to TPMA. Conversely, the
electron-withdrawing nature of Cl led to a lower bII/bI ratio
for Cu/TPMA3Cl compared to Cu/TPMA. All binary com-
plexes exhibited a quasi-reversible voltammetric response,
indicating that [CuI(L)]+ species were stable in the CV
timescale. However, [CuI(L)]+ species tends to dispropor-
tionate to give metallic Cu and [CuII(L)]2+, particularly in
solvents with high polarity. This disproportionation reaction
consumes the ATRP activator [CuI(L)]+ and thus it can be

Figure 4. a),b) Plot of EA of [CuII(L)Br]+ (measured in DMF, dots) and kact of [CuI(L)]+ (measured in DMF for RX= MBP, squares) as a function of
sp (a) and N (b) of the substituents in para position on the pyridine rings of TPMA. c) Comparison between the variation of EA of [CuII(L)Br]+

(measured in MeCN) with N of the substituents multiplied by the number of p-substituents (n) for Cu complex, with L = p-substituted bpy (blue
squares) and p-substituted TPMA (orange dots) and n =4 for the bpy family (Cu/2bpy), and n = 3 for the TPMA family.
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detrimental in polymerization. The equilibrium constant of
disproportionation Kdisp is typically proportional to the kinetic
constant of disproportionation kdisp.

[17] The latter was deter-
mined for all CuI complexes with unsubstituted and substi-
tuted TPMA in DMF (Table 4; Supporting Information,
Figure S21). Similar kdisp values were obtained for L =

TPMA*3, TPMAPIP, and TPMAPYR, whereas Cu complexes
with L = TPMAMOR and TPMANMe2 exhibited 2–3 times faster
disproportionation, indicating that Cu/TPMAPIP and Cu/
TPMAPYR can be a better choice for ATRP in solvents that
promote rapid disproportionation, such as water.[17]

Finally, the difference between EA values of binary and
ternary complexes provided the ratio between the halidophi-
licity (that is, halide affinity) constants of [CuII(L)]2+ and
[CuI(L)]+, that is, KII

Br/K
I
Br, according to Equation (2):

EA
½CuIIðLÞA2þ=½CuIðLÞAþ@EA

½CuIIðLÞBrAþ=½CuIðLÞBrA ¼
RT
F

ln
KII

Br

KI
Br

ð2Þ

Activation of Alkyl Halides by [CuI(L)]+

The ability of the novel Cu complexes to activate alkyl
bromide (RBr) initiators was probed by electrochemical
techniques. In particular, CV combined with simulations (see
details in the Supporting Information) needed to be used for
the highly active Cu/TPMANR2 catalysts, while a rotating disk
electrode (RDE) could be used for the far less active Cu/
TPMA3Cl. In DMF, RBr = methyl 2-bromopropionate (MBP),
which mimics the acrylate chain ends (Table 5, Figure 5;
Supporting Information, Figure S24).[13a] In CH3CN, ethyl a-
bromoisobutyrate (EBiB) was used as initiator (Supporting
Information, Figures S23, S25) for comparison with data in
the previous report.[9a] In both systems, RBr activation by Cu/
TPMAMOR, Cu/TPMAPIP, Cu/TPMAPYR, as well as by the
previously reported Cu/TPMANMe2 showed the total catalysis
phenomenon (Supporting Information, Figure S22), which is
typically observed for a catalytic process occurring with very
high rate constant (> 106m@1 s@1).[19]

As expected, kact values increased with EA
½CuIIðLÞBrAþ=½CuIðLÞBrA

shifting to more negative values.[9a] In DMF, EA
½CuIIðLÞBrAþ=½CuIðLÞBrA

for L = TPMAPYR was slightly more negative than for L =

TPMANMe2 and this resulted in almost twice higher activity of
Cu/TPMAPYR compared to Cu/TPMANMe2, which was pre-
viously reported as the most active ATRP catalyst.[19] The
activity of Cu/TPMA3Cl in DMF was four times lower than the
activity of Cu/TPMA, as expected from the electron-with-
drawing nature of Cl.

The logarithm of kact values was found to scale linearly
with both Hammett and nucleophilicity parameters if the
substituents (Figure 4 a,b). This relationship can be explained
considering that 1) a linear relation exists between EA of
[CuII(L)Br]+, thus its KATRP and the values of sp and N of the
substituents; and 2) changes in KATRP are primarily dictated
by the ability of the catalyst to activate the initiator/dormant
chains, whereas the deactivation reaction is less affected by
the catalyst nature.[11]

In CH3CN with EBiB, the activity of Cu/TPMAPIP, Cu/
TPMANMe2, and Cu/TPMAPYR was very similar (kact = 1.5–2 X
107m@1 s@1). Overall, the simple two-step divergent synthetic
approach proposed herein effectively yielded novel ATRP
catalysts with comparable or even higher activity to the most
active known ATRP catalyst.

Furthermore, the high activity of Cu/TPMAPYR was
confirmed by measuring the activation of an alkyl fluoride.
Fluoroalkanes are typically non accessible by ATRP, owing to
the very high strength of C@F bonds.[9a] However, [CuI-
(TPMAPYR)]+ successfully activated diethyl fluoromalonate
(DEFM) in DMF at room temperature, with a moderate value
of kact = 5.2m@1 s@1 (Supporting Information, Figure S26). This
value is three orders of magnitude higher than for [CuI-
(TPMA)]+ under similar conditions[36] and it is comparable to
the activation of acrylate mimic initiators by seminal bpy-
based ATRP catalysts.

Formation and Stability of Organometallic Intermediates

Moderately and highly active CuI ATRP activators can
react not only with initiators or halogen-capped chain ends,
but also with propagating radicals, forming organometallic
intermediates [R@CuII(L)]+, similar to the organometallic
mediated radical polymerization (OMRP, Scheme 1).[13a, 37] As
a consequence, propagating radicals in ATRP can be deac-
tivated by reacting with either [CuII(L)X]+ (ATRP deactiva-
tion with rate constant kdeact), or with [CuI(L)]+ (OMRP
deactivation, kd,OMRP). The [R@CuII(L)]+ intermediate can
1) dissociate back to RC and [CuI(L)]+ (OMRP activation,
ka,OMRP); 2) react with a propagating radical to form dead
chains and regenerate [CuI(L)]+ (CRT, kCRT); or 3) react with
proton donors in solution (such as impurities, excess ligand)
forming a saturated chain and a CuII species that is inactive in
ATRP (RRT, kRRT).[13b, 38]

The interplay between the ATRP and OMRP equilibria
for a catalyst/initiator system was evaluated by CV followed

Table 5: Ligand effect on the formation of organometallic species from CuIIBr2/L and MBP in DMF.

TPMAPYR TPMANMe2 [a] TPMAPIP TPMAMOR TPMA*3 [a] TPMA[a]

kact [m@1 s@1] 8.1 W 106 4.8 W 106 1.2 W 106 1.8 W 105 2.6 W 105 3.5 W 103

kdeact [m@1 s@1] 5.1 W 107 1.6 W 107 6.0 W 107 4.0 W 106 4.0 W 107 1.8 W 108

KATRP 1.6 W 10@1 3.1 W 10@1 2.0 W 10@2 4.5 W 10@2 6.5 W 10@3 1.9 W 10@5

ka,OMRP [s@1] 30 2.3 0.4 2 0.8 3.4 W 102

kd,OMRP [m@1 s@1] 5 W 108 2.0 W 108 6 W 107 3 W 107 8.0 W 107 1.3 W 109

KOMRP [m] [b] 6 W 10@8 1.2 W 10@8 7 W 10@9 7 W 10@8 1.0 W 10@8 2.6 W 10@7

kCRT [m@1 s@1] 4 W 106 8 W 105 8 W 106 2 W 106 3 W 105 9 W 106

[a] From Ref. [13a]. [b] KOMRP = ka,OMRP/kd,OMRP.
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by simulations,[15,39] and further validated by spectroscopic
investigation and PREDICI simulation[40] of the reaction
between [CuI(L)]+ and an initiator.[13a] Herein, MBP was used
as acrylate-mimic initiator, and experiments were conducted
in anhydrous DMF, with a stoichiometric amount of L to Cu,
to minimize the contribution of RRT. Results are shown in the
Supporting Information, Figures S27–S29, and summarized in
Table 5 and the Supporting Information, Table S14, together
with previously reported data for L = TPMA, TPMA*3, and
TPMANMe2.[13a]

The value of kdeact was reported to slightly decrease with
increasing the activity of the catalyst.[9a, 13a] Indeed, all of the
catalysts analyzed in this work exhibited lower kdeact than Cu/
TPMA.

However, kdeact values for Cu/TPMAPIP and Cu/TPMAPYR

were 1.3–3.8 times higher than for Cu/TPMA*3 and Cu/
TPMANMe2, suggesting that these new catalysts could promote
faster radical deactivation, thus enhancing polymerization
control, particularly under conditions were Cu-catalyzed side
reactions are minimized (for example, low Cu loading,
methacrylates and styrene ATRPs).[13a]

For each catalyst, the rate constant of organometallic
formation was kd,OMRP& 108m@1 s@1, in agreement with pre-
vious analyses.[13a,15, 39] The value of ka,OMRP was generally low,
indicating slow dissociation of [R-CuII(L)]+, which acceler-
ated in the order L = TPMAPIP & TPMA*3 < TPMANMe2 &
TPMAMOR < TPMAPYR < TPMA. The rate constant of CRT
was generally relatively high (105–106m@1 s@1) and increased in
the order L = TPMA*3 < TPMANMe2 < TPMAMOR <

TPMAPYR < TPMAPIP & TPMA. This analysis further
supports our previous observations that no precise correlation
exists between ATRP catalyst activity and selectivity, and that
the ligand nature affects much more the ATRP equilibrium
than the OMRP equilibrium.[13a]

Moreover, under polymerization conditions, the equilib-
rium concentration of [CuI(L)]+ decreases with increasing the
activity of the catalyst. Therefore, by using the most active
catalysts reported herein, the fraction of total Cu in the
[CuI(L)]+ form is < 1% in typical ATRP systems,[13a] thus
minimizing the impact of CRT and/or RRT on the polymer-
ization control.

ATRP with Low ppm Catalyst Loadings

The ability of Cu/TPMAPYR, Cu/TPMAPIP, and Cu/
TPMAMOR to control the ATRP of n-butyl acrylate (BA)
using very low catalyst loadings (10 to 25 molar ppm relative
to BA) was investigated, by performing ICAR ATRP with
AIBN (2,2’-azobis(2-methylpropionitrile)) as conventional
radical initiator and EBiB as ATRP initiator (Supporting
Information, Table S15). The performance of the Cu complex
with the TPMA3Cl scaffold was also tested.

ICAR ATRP catalyzed by 10 ppm of Cu/TPMANR2

displayed linear semilogarithmic kinetic plots (Supporting
Information, Figure S30), reaching 70–80% monomer con-
version within 4 h. Obtained polymers had molecular weight
(MW) matching the theoretical value (Figure 6), however the

Figure 5. Experimental (solid lines) and simulated (dots) CVs for the activation of MBP in DMF by [CuI(L)]+, with L=a) TPMAPYR, b) TPMANMe2,
c) TPMAPIP, and d) TPMAMOR. Recorded on a GC disk at a scan rate of 0.2 V/s, in DMF+ 0.1m Et4NBF4 +0.05m TEMPO, 1 mm CuBr2/L, and
increasing amounts of MBP and Et4NBr.
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dispersity Y was close to 1.5 or slightly higher, owing to the
relatively low amount of [CuII(TPMANR2)Br]+ deactivator.
Indeed, by increasing the catalyst loading to 25 ppm, the
polymerization rates remained similar, and MW values
matched with theoretical values, while polymer dispersity
decreased to Y& 1.3.

In contrast, higher loading of [CuII(TPMA3Cl)Br]+ was
needed to obtain a controlled polymerization, due to the low
KATRP for this catalyst. The ICAR ATRP of BA with 50 ppm
of [CuII(TPMA3Cl)Br]+ was poorly controlled, giving a poly-
mer with Y& 3 (Supporting Information, Table S15).

The polymerization control improved by increasing the
catalyst loading to 100 ppm. BA conversion of 90% was
reached after 13 h, yielding polymer with pre-determined
MW and Y& 1.5.

These experiments confirmed the importance of using
electron-donating substituents on the TPMA scaffold to
provide good control with low ppm catalyst loadings. Al-
though the novel highly active catalysts form organometallic
intermediates with acrylate radicals, the contribution of this
side reaction and consequent terminations (that is, CRT and
RRT) is less important under polymerization conditions.
Indeed, the high KATRP of the catalysts ensured that only
a very small fraction was present as [CuI(L)]+ during
polymerizations. Furthermore, OMRP and CRT parameters
are less affected by the solvent than ATRP parameters,[13a]

suggesting that even better control can be achieved in more
polar solvents.

Conclusion

p-Substituted TPMA-based ligands for Cu catalyzed
ATRP were synthesized through a facile two-step procedure
in very high yield. The new ligands formed Cu complexes with

very high ATRP activity, similar or even higher than the
currently most active ATRP catalyst, Cu/TPMANMe2. The
synthesis was based on a divergent approach and represents
a significant improvement in terms of atom-economy, chem-
ical hazard and cost compared to the reported procedure for
the synthesis of TPMANMe2.

The novel TPMA-based ligands with cyclic amines as p-
substituents and their Cu complexes were characterized by X-
ray, UV/Vis-NIR spectroscopy and cyclic voltammetry. DFT
calculations provided values of HOMO–LUMO gaps, binding
energies, and relative [CuII(L)]2+/[CuI(L)]+ oxidation energies
that complemented the experimental results and confirmed
the ATRP activity order of the complexes. In particular, Cu/
TPMAPYR was the most ATRP active among the new
compounds, displaying activity similar or higher than Cu/
TPMANMe2. These highly active catalysts where closely
followed by Cu/TPMAPIP and then Cu/TPMAMOR. Thus, the
size of the cyclic amines affected the electron-donating
properties of the p-substituted TPMA ligands, in turn
modifying the activity of the resulting ATRP catalysts. On
the other hand, TPMA3Cl, which was used as scaffold to
produce the other ligands, was less active than the Cu
complex with unsubstituted TPMA, due to the electron-
withdrawing nature of Cl.

The Cu complex with TPMAPYR exhibited moderate
room-temperature activity toward a poorly reactive alkyl
fluoride initiator. The complexes with TPMANR2 ligands
provided well-controlled ATRPs with only 25 or even 10 ppm
of catalyst. The high values of KATRP of these catalysts resulted
in a very small equilibrium concentration of [CuI(L)]+ during
polymerization, while the vast majority of the catalyst was
present in the [CuII(L)Br]+ deactivator form. As a conse-
quence, 1) the catalyst loading could be decreased without
losing polymerization control, and 2) side reactions promoted
by [CuI(L)]+, such as the formation of organometallic species
and CRT, were suppressed. These active catalysts can be
potentially used for ATRP of less activated monomers or for
atom transfer radical addition reactions with less active alkyl
halides. Moreover, these catalysts could provide enhanced
temporal control in ATRP, owing to the low equilibrium
concentration of CuI/L activator. The extension of the library
of ATRP catalysts and the deeper understanding of their
activity, selectivity, and stability demonstrated in this work
can increase the monomer and initiator scope of ATRP.
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T = 60 88C, [BA]0 =4.5m, in anisole. L = a) TPMAPYR, b) TPMANMe2,
c) TPMAMOR, and d) TPMAPIP.
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