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ABSTRACT: Detailed mechanistic studies reveal that halogen
exchange (HE) in ATRP can occur not only by a radical
pathway (atom transfer) but also by an ionic pathway (Sx2
reaction) because Cu'”(L)X and Cu™ (L)X, complexes con-
tain weakly associated halide anion that can participate in the
Sn2 reaction with alkyl halide (ATRP initiator). Both pathways
were kinetically studied, and their contributions to the HE
process were quantitatively evaluated for seven alkyl halides and
three Cu®(L)Cl complexes. Radical pathway dominates the
HE process for 3° and 2° alkyl bromides with more active
complexes such as Cu(TPMA)CL Interestingly, ionic path-
way dominates for 1° alkyl bromides and less active ATRP
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catalysts. These studies also revealed that degree of association of alkyl halide anion depends on the structure of copper complexes.
In addition, radical pathway is accompanied by the reverse reactions such as deactivation of radicals to alkyl bromides and also
activation of alkyl chlorides, reducing the efficiency of halogen exchange.

B INTRODUCTION

Block copolymers find many applications such as adhesives,"
sealants,>* and surfactants.”® Synthesis of block copolymers
is an important procedure for controlled radical polymeriza-
tion (CRP). Normally, during the synthesis of block copoly-
mers, more active monomers are polymerized before less
active monomers to ensure a near simultaneous growth of the
second block from the first macroinitiator. This order is
generally followed in CRP and, specifically in atom transfer
radical polymerization (ATRP), shows that the following
order of activity: acrylonitrile > methacrylates > styrene ~
acrylates > acrylamides > vinyl chloride > vinyl acetate.””®
If the order is reversed, the initially extended chains, which
have a faster reactivation, would grow more rapidly than
the unextended chains, producing polymers with a broad
or bimodal molecular weight distribution, as shown in
Scheme 1A. However, in ATRP, a procedure known as
halogen exchange (HE) allows this order to be altered.”*'°
In this technique, a macromolecular alkyl bromide is chain
extended with a more reactive monomer in the presence
ofa Cu”(L)Cl catalyst. Since the ATRP equilibrium constant
for a chloro-(macro)initiator is ~1 order magnitude smaller
than for a bromo-(macro)initiator,® the C—CI bond formed
upon deactivation of the chain extended radical is reactivated
more slowly than the remaining bromo-(macro )initiator chain
ends. The rate of chain growth of the second block is thus
decreased, leading to increased initiation efliciency from the
bromo-(macro)initiator and to polymers with a low poly-
dispersity, as shown in Scheme 1B. This technique has been
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used to chain extend poly(methyl acrylate) macroinitiators
with methyl methacrylate to form block copolymers.'

Atom transfer radical polymerization is a well-established
technique for the synthesis of homo- and block copolymers with
defined compositions, architectures, and functionalities.”** 716
The ATRP equilibrium (Scheme 2) regulates the control over
polymerization and is dominated by the carbon—halogen bond
(P,,—X) homolysis, the redox reaction between two oxidation
states of the transition metal complexes, and the formation of a
copper—halogen bond (X—Cu™). Altering the halogen atom at
the dormant chain end can shift the ATRP equilibrium and affect
the kinetics of ATRP process.”'®'”">* The weakly associated
halide anion (Y) in Cu I)(L)Y and X—Cu(H)(L)Y species could
participate in a Sy2 reaction with alkyl halide (ATRP initiator)
during the block copolymer synthesis by halide exchange. Since it
would form less active alkyl halide before the more active
monomer is added, the benefit of halogen exchange could be lost.

Herein, kinetic parameters of the radical pathway (atom
transfer) and ionic pathway (Sy2 reaction) recognized as
potential contributors to the halogen exchange process were
measured for catalyst complexes formed with three ligands with
seven initiators (Scheme 3). This systematic analysis provides
an in-depth understanding of the mechanism of HE process
and a guide to improve the synthesis of block copolymers
by ATRP.
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Scheme 1. Chain Extension from Terminally Functionalized Polymers Composed of Less Active Monomers with a More Active
Monomer: (A) Using Regular ATRP; (B) Using ATRP with Halogen Exchange
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Scheme 2. ATRP Equilibrium between an Alkyl Halide and
Copper Complex in the Lower Oxidation State and Alkyl
Radical and Copper Complex in the Higher Oxidation State
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B RESULTS AND DISCUSSION

Scheme 4 shows the halogen exchange occurring by both the
radical pathway and the ionic pathway. The radical pathway,
shown in Scheme 4B, is an atom transfer process based on the
accepted ATRP mechanism. Three distinct steps—activation,
halogen interchange on the resulting Cu" species, and
deactivation—are involved in this pathway. Because the rate
of activation is generally slower than the rate of halogen inter-
change and deactivation, the activation step should be the rate-
determining step. Therefore, the activation rate constant (k)
measured by trapping experiment with TEMPO>® has been used
to evaluate the contribution of the radical pathway to the overall
halogen exchange process.

The ionic pathway, shown in Scheme 4C, is based on the Sx2
mechanism, and this pathway can be termed as a halide exchange.
In this pathway the bromo-(macro)initiator can be directly
converted to the chloro-(macro)initiator without generation of
a radical and before potential addition of the less active mono-
mer. This would result in a diminished level of control in the
synthesis of block copolymers. The rate constant of ionic path-
way (kionic) determined in the reaction with NBu,Cl has been
used to evaluate the contribution of the ionic pathway to the
overall halogen exchange process. Although halogen exchange
can be performed with several copper(I) halides and copper(I)
pseudohalides, Cu(l)(L)Cl and bromo-initiators were used for
the mechanistic study reported in this article.

Radical Pathway (Atom Transfer). The rate-determining
step of the radical pathway should be the activation process;
therefore, the activation rate constants (k,..) were independently
determined by UV—vis—NIR spectroscopy using trapping ex-
periments with TEMPO. The radicals generated by C—X bond
homolysis from the alkyl halides activated by Cu (L)X species
are irreversibly trapped by this stable nitroxide radical to yield the
corresponding alkoxyamines (Scheme S). This method was
reported before®® and frequently used to measure the k. in
ATRP. Previous studies indicate that TEMPO only performs as a
radical trap, and the measured rate constants were independent
of the concentration of excess TEMPO.>>*” 3! The kinetic

experiments were performed under pseudo-first-order condi-
tions using a large excess of the alkyl halide and nitroxide. The
reactions were monitored by following the increase of the
UV-—vis absorbance at A,,,, of the formed cu® complexes
(A =740 nm, € = 178 L mol ' em ! for Cu™ (bpy),Xy; A =
740 nm, & = 220 L mol ' em ™! for Cu™ (PMDETA)X,; 4 =
950 nm, & = 200 L mol™' ecm™' for Cu(H)(TPMA)XZ in
acetonitrile). Pseudo-first-order rate constants were obtained
from the exponential increase in the UV—vis absorbance by
fitting the single exponential y = A[1 — exp(—kupst)] + C to the
observed time-dependent Cu™ absorbance. The activation rate
constants (k) were then obtained from k. = kope/[alkyl
halide].*® Figure 1 shows a typical experiment for the measure-
ment of k, for Cu(l)(PMDETA)Cl with MBriB. All other k,
measurements are presented in the Supporting Information
(Figures SI 1—12).

The activation rate constants with Cu'®(L)Cl species
(kaee™") have not been as extensively studied as those with
Cu? (L)Br (kyot™"™").2*73% According to the ATRP mechan-
ism (Scheme 2), the halide counterion is not involved in the
activation step, and thus replacing the halide anion in Cu catalysts
from Br~ to CI” may not affect the value of k, very strongly.
This assumption was confirmed by the measurement of k, for
selected Cu'V (L)Cl transition metal complexes with a range of
initiators (Table 1). The values of k.. for selected Cu®(L)Cl
and different initiators are similar to those for corresponding
cu® (L)Br catalyst complexes. Nevertheless, according to recent
speciation studies, halide anions associate reversibly with copper
complexes and may affect their reactivities.**

Fijgure 2 shows the similarity of k,. for Cu® (L)CI and
cu (L)Br with PMDETA (Figure 2A) and bpy (Figure 2B)
as ligands. The values for k, for the Cu(I)(TPMA)Cl complex
are too large to be measured by the method used in this study;
therefore, only one initiator was selected to confirm the equiva-
lence of k,.“*“' and k""", The values of k""" measured
with alkyl chloride are similar to those of ko OB indicating both
alkyl halides are activated by the catalyst with a similar role.
Because k, of Cu®(L)Cl is essentially equal to that of cu®-
(L)Br, thus the previously published k., for Cu(l)(L)Br
species”™" can be adopted for the halogen exchange study. As
kiie and kignic were measured at 27 °C, k, for 27 °C (Figure 3)
was calculated using the values of k, at 22 °C and the Eyring plot
(In(koee/T) = a(1/T) + b).>>**

To better illustrate the trend of the rate constants, different
colors and symbols were used to label the data points in the
figures. Black, blue, and red symbols represent the rate constants
with primary, secondary, and tertiary alkyl halides, respectively;
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Scheme 3. Structures of (A) Ligands and (B) Initiators Used in This Kinetic Study of Halogen Exchange in ATRP
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Scheme 4. Proposed Radical and Ionic Pathways in Halogen Exchange Process: (A) Overall Halogen Exchange; (B) Radical
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square, triangle, and circle mean the rate constants with ester-,
phenyl-, and cyano-initiators, respectively.

The range of ATRP activation rate constants 1s wide, spanning
~6 orders of magnitude (4.9 x 10 *—3.6 x 10°M 's™'). The
values are mainly affected by the ligand associated with the Cu®
catalysts and the functional group attached to the carbon atom of
the C—X bond in the initiators.”” ! With the same initiator, the
ratio of k, with TPMA/PMDETA/bpy is ~1000/50/1 (Figure 3,

k(TPMA) ~ 1000 X k(bpy); ku(PMDETA) ~ 50 X

k..«(bpy)) because a ligand, which can better stabilize the cu™
state of the catalyst and has a smaller entropic enalty for hgand
rearrangement when transitioning from the Cu® to Cu™ state,
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Figure 1. Exponential increase of the absorbance at 950 nm (red line)
and the ﬁttlng curve (green line) of the reaction of Cu ® (PMDETA) Cl
(1.09 x 10> mol L ") with MBriB (343 x 10> mol L") and
TEMPO (1.26 x 10~ mol L™') in MeCN at 27 °C.

forms the Cu'” catalyst with higher activity. For the same Cu®
catalyst, initiators with a cyano functional group have a much larger
k.. than those with a phenyl or an ester group, following the
combination of polar and resonance effects. The influence of a
steric effect was also observed and shows the following trend: k,
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(tertiary initiators) > k. (secondary initiators) > k.. (primary
initiators). However, compared to the differences caused by the
functional groups, the steric effect has a relatively smaller impact.”

lonic Pathway (Halide Exchange). Weakly associated halides
in copper complexes can participate in Sy2 reaction to displace
the halides from the initiators via an ionic pathway, concurrently
to atom transfer during the halogen exchange. In order to
evaluate the contribution of ionic pathway, the halide exchange
reaction between tetra-n-butylammonium chloride (NBu,Cl)
and alkyl bromides was studied. Tetra-n-butylammonium chlor-
ide, which dissociates well in polar media,®* was used as the
chloride source to react with equivalent amounts of alkyl
bromides (Scheme 6) in order to determine the rate constants
for an ionic pathway (kignic). 'H NMR was used to follow the
increase in the alkyl chloride concentration and the decrease in
alkyl bromide concentration in the reactions of NBu,Cl for
different initiators. The value for ki,,;. was measured as the slope

Table 1. Activation Rate Constants (k,.) for Selected CuV-
(L)CI Species (ko) with Various Initiators in MeCN at
22 °C and the Corresponding k, for Cu® (L)Br (ke ")

of the second-order kinetic plots. Since alkyl chlorides are
generally much less reactive than corresponding alkyl bromides,®
integrated rate law for an irreversible second-order reaction was
used though the kinetic order of halide exchange has not firmly
been established. A specific example measuring ki, for the
reaction of NBu,Cl with PEBr is shown in Figure 4. The kinetic
plots used to determine the other ko are in the Supporting
Information (Figures SI 13—19).

The range of k;opic values with NBu,Cl is from 9.7 x 10 % to
58 x 100" M ' s? (Figure S). Unlike the activation rate
constants, steric effects dominate the behavior of k; ;.. The trend
of kionic is (primary initiators) > kionic (secondary initiators) >
Kionic (tertiary initiators) and matches the proposed S22 mechan-
ism. The ester-initiators show a higher k;onic than phenyl- and
cyano-initiators, but the influence of adjacent functional groups is
relatively small.

The rate constants for the ionic pathway (halide exchange),
kionio of the Cu™(L)Cl, complexes (L = TPMA, PMDETA,
bpy) were evaluated by the same method as above and show the
same trend as kionic of NBuyCl, in agreement with Sy2 mechan-
ism (Figure 6). The kinetic plots used to determine the ko are
in the Supporting Information (Figures SI 20—40). Previous
studies demonstrated that one chloride in Cu™(L)Cl, complex
is directly bonded to the Cu™ center by a Cu—Cl bond, but the
second chloride is not directly coordinated.**® This weakly
bonded chloride could dissociate to start the halide exchange
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Figure 3. Activation rate constants (k,.) for a variety of catalyst
complexes and initiators in MeCN at 27 °C. The values of k,. are
shown in Tables 2—4.

Scheme 6. Model Reaction and the Rate Equation for kg ;.
Measurement
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Figure 4. Measurement of the rate constant for an ionic pathway (kignic) with NBu,Cl (2.05 x 10~ > M) and PEBr (2.05 x 10> M) in MeCN-d; at
27 °C: (A) time evolution 'H NMR spectra showing the conversion from PEBr to PEC]; (B) second-order kinetic plots used to calculate the value of

Kionic for PEBE, kignic = 2.61 x 10> M 's™ 1.
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Figure 5. Rate constants for the ionic pathway (kion;c) with NBu,Cl in
MeCN at 27 °C. The values of kiy;c are shown in Tables 2—4, and the
conditions are shown in the Supporting Information (Figures SI
13—19).
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Figure 6. Rate constants of halide exchange (k;onic) in MeCN at 27 °C
with NBu,Cl, Cu™(TPMA)CL, Cu"™(PMDETA)CL, and Cu™-
(bpy)»Cl, versus initiator. The values of kjon;c are shown in Table S,
and the conditions are in Figures SI 13—40.

process. The values of k;qp;. for Cu® (TPMA)CL, are very close
to those for NBu,Cl which indicate that one chloride in Ccu™-
(TPMA)CI, complex is almost as dissociated as that in NBu,Cl.
The value for kjgp;c of the Cu(H)(PMDETA)C12 complex are
smaller than those for Cu‘™ (TPMA)CL, and only slightly larger
than k;opnic value of Cu(H)(bpy)ZCIZ. The smaller values for kiop;c
mean that the degree of association between [Cu(H) L)ciy*
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Scheme 7. Model Reaction and the Rate Equation for kyg
Measurement
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and Cl™ occurs to a (%reater extent. The ratio of kiomc(Cu(H)—
(TPMA)CL) /korse( Cu™ (PMDETA) Cly) /e Cu™ (bpy) .Cl,) =
8.6/1.3/1.0 was observed.

Halogen Exchange. The rate constants of overall halogen
exchange, denoted kg, were measured by following the decrease
of the concentration of the alkyl bromide and increase of the
concentration of alkyl chloride. In these experiments, alkyl
bromides were reacted with 1 equiv of cu(L)Cl (L = bpy,
PMDETA, TPMA) (Scheme 7), and the reaction was monitored
using "H NMR spectra. The slope of the second-order kinetic
plots provides the value for kyyg. A specific example of determin-
ing the kyyp for reaction between Cum(bpy)zCl and MBrA is
shown in Figure 7. All other details of the measurements of kyg
can be found in the Supporting Information (Figures SI 41—61).

The values of halogen exchange rate constants, kyg,
were largest with Cu(l)(TPMA)Cl, followed by Cu(l)(PMD-
ETA)C], and the kyp with Cu(I)(bpy)ZCl were the smallest
(Figure 8). This trend is similar to that reported for the
activation rate constants, k,., and can be correlated with
ATRP activity. However, the trend for the same catalysts
(Cu®(@PMDETA)CI, Cu'”(bpy),Cl) are somehow different
than that for k,., indicating some contributions of ionic
pathway.

A more comprehensive analysis of the trend for overall kyg
was performed by overlapping the kyg and k,. for the same
catalyst with the value of k. for NBu‘SCI (Figures 9—11). In the
halogen exchange reaction of Cu(bpy),Cl complex with
different initiators, the kyg of secondary and tertiary initiators
show a similar trend to that of k,, but the trend for ki with
primary initiators is similar to that for ki (Figure 9). This
observation indicates that the halogen exchange of Cu-
(bpy),Cl with secondary and tertiary initiators is dominated by
the radical pathway, while the ionic pathway dominates the
overall halogen exchange with primary initiators. The switch of
dominant pathways for the halogen exchange process is due to

dx.doi.org/10.1021/ma201035u [Macromolecules 2011, 44, 7546-7557
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Figure 7. Measurement of rate constants of halogen exchange (ki) with Cu(I)(bpy)ZCI (1.98 x 107> M) and MBrA (1.98 x 10">M) in MeCN-d; at
27°C: (A) time evolution the H NMR spectra showing the conversion from MBrA to MCIA; (B) second-order kinetic plots used to calculate the ki of
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Figure 8. Rate constants for halogen exchange (kyp) in MeCN at
27 °C. The values for ki are shown in Tables 2—4, and the conditions
are shown in the Supporting Information (Figures SI 41—61).
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Figure 10. Plots of kyg and k, for Cu®(PMDETA)CI overlapped
with kjgpic for NBuyCl in MeCN at 27 °C. The values of kg, kionic, and
ket are shown in Tables 2—4.
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Figure 9. Plots of kg and k, for cu® (bpy),Cl overlapped with kigpic
for reaction with NBu,Cl in MeCN at 27 °C. The values of ki, kionic
and k,. are shown in Tables 2—4.

the large difference between k, and ki for primary initiators

(klonlc >> kaCt)
In the halogen exchange reaction using Cu(PMDETA)CI

(Figure 10) and cu"’(TPMA)CI (Figure 11), the contribu-
tion from the radical pathway becomes larger due to an
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Figure 11. Plots of kyg and k, for Cu®(TPMA)CI with different
initiators overlapped with kiynic for NBuyCl in MeCN at 27 °C. The
values of ki, kionic and k.. are shown in Tables 2—4.

increased k,., the ionic pathway becomes less significant.
Consequently, the trend for kyg is similar to that for k,., with
all initiators, with the exception of BrAN. The kyg of BrAN is
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Table 2. Summary of kyg and k, for cu? (bpy)»Cl and k;y ;. for NBu,Cl in MeCN at 27 °C with the Linear Combination of
kyg = a(I)Lkionic + ﬁ(I)Lkact

kHE = a(l)bpykionic + ﬂ(l)bpykact

Cu®(bpy),Cl
initiator kpg a(l)bpy Kionic(N(Bu)4Cl)
MBrA 1L1x 1072 19%x 102 58x10"
BnBr 30x107° 19%x 1072 13x107"
BrAN 80x 107° 1.9x 1072 1.7x 107"
MBrP 28x107° 19 x 1072 87x 1072
PEBr 1.8x 1073 1.9 x 1072 26x10°°
BrPN 49x1072 19%x1072 12x107°
MBriB 22% 1072 19%x 1072 9.7 x10°

%

%

ﬂ(l)bpy“ Kace jonic” radical®
32x10°" 49x10°* 98.60 1.40
43x107" 13x107° 81.03 18.97
43 %1072 1L1x107" 39.74 60.26
39%x10°! 6.7 x 102 5.81 94.19
64 x10" 28x10°3 2.70 97.30
1.7x 107" 29%x10" 0.05 99.95
3.0 x 107" 72 % 107> 0.01> >99.99

“ Average (3 value with cu® (bpy),Clis 4.2 x 107! excluding 3 values of BrAN and BrPN. ® 9% ionic = o L X kionic(NBuyCl) /kyg. © % radical = 3 ® L X koo/kizg-

Table 3.( )Summary o(f )kHE and k, for Cu(I)(PMDETA) Cl and k;qp;c for NBu,Clin MeCN at 27 °C with the Linear Combination of
kHE =a ! Lkionic + ﬁ ! Lkact

kHE = a(I)PMDETAkiOniC + ﬁ(I)PMDETAkact
cu®(PMDETA)CI % %
initiator kue a®oyETa Kionic(N(Bu),Cl) BOormETa” Kact ionic” radical®
MBrA 22 %1072 2.6 % 107> 5.8x107" 38 x107" 1.8 x 1072 68.55 31.45
BnBr 42 x 1072 26x 1072 13x10* 57x107" 6.8 x 1072 8.05 91.95
BrAN 3.0 x 1072 26 %1072 1.7x 107" 5.1x107° 5.1 1473 85.27
MBrP 1.6 x 107* 26x107* 87x107° 85x107" 19x 107" 0.14 99.86
PEBr 48 x 102 2.6 x 10> 2.6 %102 3.5x107" 14 x 107" 0.14 99.86
BrPN 1.8 2.6x 102 12x 1073 7.0 x 1072 2.6 x 10" 0.01> >99.99
MBriB 63 x 10" 2.6 x 10> 9.7 x107° 2.1 x107" 3.1 0.01> >99.99

“ Average [3 value with Cu®(PMDETA)Clis 4.7 x 10~ excluding /3 values of BrAN and BrPN. Y9 jonic = P x Kionic(NBu,Cl) /kyyg. € % radical =

B <I)L X kact/kyie-

Table 4. Summary of kyg and k, for Cu(I)(TPMA)CI and k;pic for NBu,Cl in MeCN at 27 °C with the Linear Combination of
kHE = a(I)Lkionic + ﬂ(I)Lkact

kg = a(I)TPMAkionic + ﬂ(I)TPMAkact
Cu"(TPMA)CI % %
initiator ker D oaia Kionic(N(Bu),Cl) [J’(I)TPMA“ Kact ionic” radical®
MBrA 1.8 x 107" 1.5x10" 5.8x10°" 2.0 x 107" 46 x 107" 4833 51.67
BnBr 12 1.5x 107" 13x10°" 7.5 x 107" 1.6 1.63 98.38
BrAN 39x 107" 1.5x 107" 1.7x10°" 34 x10°° 1.1 x 10* 6.54 93.46
MBrP 3.6 1.5x 107" 87 %107 72 %x10°" 5.0 0.04 99.96
PEBr 1.7 1.5x 107" 26x% 1072 6.5x 107" 2.6 0.02 99.98
BrPN 3.3 x 10" 1L.5x 107" 12x 103 9.3 %102 3.6 x 10* 0.01> >99.99
MBriB 2.3 x 10! 1.5x 107" 9.7x107°¢ 5.8x 107! 3.9 x 10 0.01> >99.99

“ Average 3 value with Cu® (TPMA)Clis 5.8 x 10~ excluding 3 values of BrAN and BrPN. b % jonic = aV; x Kionic(NBu,Cl) / kigg. © % radical = 5 O % ke ke

surprisingly smaller than k,., in comparison to other initia-
tors. This is possibly caused by either the reduction of radical
to carbanion or radical termination reactions. In addition, the
difference between kyg and k,. progressively decreases from
Cu(I)(bpy)ZCl to Cu(]?)(PMDETA)Cl and to Cu(I)(TPMA)Cl,
indicating that the efliciency of halogen exchange can be
improved by using more active catalysts.

The contributions of both the radical atom transfer and ionic
halide exchange to the overall halogen exchange were evaluated

7552

using a linear combination equation: kyg = a® Lionic + ,3(1) Lkaco
since the observed halogen exchange should be the sum of
contributions from these two independent pathways. The super-
script (I) refers to Cu® species. The values & and 3 show how
much the halide exchange in the presence of cuPcl species is
slower in comparison with NBuyCl and how much halogen
exchange is slower that a pure activation step, respectively. The
results are listed in Tables 2, 3, and 4 for cul? (bpy)»Cl, Cu®-
(PMDETA)CI, and Cu”(TPMA)C], respectively.
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Table S. Summary of ki, ;. for Cu(H)(L) Cl, (L = TPMA, PMDETA, bpy) and NBu,Cl with Different Initiators in MeCN at 27 °C*

initiator NBu,Cl Cu(TPMA)Cl, Cu(PMDETA)Cl,
MBrA 58x10" 55x10°" 5.6 % 10>
BnBr 13x10°" 9.3 x10 > 12 x 102
BrAN 1.7 x 107" 1.6x 107" 1.6 X 1072
MBrP 87 %102 6.1x10° 79 x10°*
PEBr 26x%10°° 22x1073 5.8 x10*
BrPN 12x10°3 8.0x10* 1.0 x 10 *
MBriB 9.7x10°° 81 x107° 14 x107°¢

Cu(bpy),Cl, a(H)TPMA a(H)PMDETA a(H)bpyb
51x1072 9.5x 107" 9.7 x 10> 8.8 x 1072
12x1072 72x107" 92 x 10> 92x107%
1.5x 1072 94x107" 9.4 x 107> 88 x10 2
64 x 10" 7.0x 107" 9.1 x10* 7.4x107%
3.6x107* 85x 10" 22x10°" 14x10"
88x107° 67x107" 83 x 102 73 %1072
9.9x 1077 84x 107" 14 x 107" 1.0x107"

“ Conditions are in Figures SI 13—40. " Because Cu(L)Cl, does not activate the alkyl halide, k, for Cu(L)Cl, should be zero, and thus kyg; = kionic(L) =

(H Lklonlc(NBu4C1) + ﬂkact -

( )Lkmmc Therefore) (H)L - mnlc(L)/kmmc(NBu4C1)
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Figure 12. Time-dependent [BrPN] and [CIPN] to estimate the equi-
librium constant of halogen exchan e (K.) with Cu(I)(PMDETA) Cl and
BrPN in MeCN-d; at 27 °C. [Cu (PMDETA)CI]O =63 x 10°M;
[BrPN] = 6.3 x 10> M; [CIPN].q =52 x 10> M; [BrPN] = LI x
107> M; K., = 56.

The values of ¢V} and ﬁ( ) were estimated by using the
following prlncrples (1) both &V} and 8V, should be larger
than 0 and smaller than 1; (2) the value of all L should be
identical for all initiators with the same Cu'" species because
the extent of dissociation of chloride from Cu I)SL)CI is not
affected by the nature of the initiators; (3) the al 1, value was
calculated from the kinetic data for MBrA (kyg, kact, Kionic)
because it has the smallest k., and largest ki p;c, i 1ncreasmg the
accuracy of the value of all ﬁL’ (4) the value ofﬂ 1 was then
obtained from the equation ofﬁ L= (kyg — a Lklo )/ kact
once @'V} was determined. The values of a'”; and ﬂ L were
further used to determine the contribution of ionic pathway
(% ionic in Tables 2—4) and radical pathway (% radical in
Tables 2—4) to the halogen exchan%e by % ionic = = o x

Omc(N(Bu24CI) /kizg and % radical = ,3 L X kaet/ ke, respectively.

The Cu" (bpy)zCl system is discussed as an example. Slnce
the value of k,. for MBrA is quite small (4.9 x 1074 M 'sTh
and the contrlbutlon of the radical pathway, ﬂ bpyKa y is also
small, the value of a )bpy can be estimated from ki = o bpyKionic
as 1.90 x 10~ The range for the value of al )bpy was found to
be 190 x 1072 y > 1.83 X 10~ % in order to obtain a
ﬂ bpy Value w1th1n the range of 0< ﬂ( )bpy <1.The medlan value
for o' )bpy, 1.87 x 10”7, was used to calculate the ﬁ bpy Values
for each alkyl halide (Table 2). The range of values for
aPprmera with Cu® (PMDETA)CI was 3.8 x 1072 >
aWorpera > 14 % 1072 which was larger than that of the
cu® (bpy)2C1 system. The median number for a )pMDETA,
2.6 X 10~ 7, was used to calculate the ﬁ pmDETA Values for

Scheme 8. Model Reactions and Kinetic Parameters for
Predici Simulation of Halogen Exchange

k Br
RBr + Cu(L)Cl ‘%t—m; R + Cu(L)BrCI

deact

Activation, deactivation

k Br
RBr + Cu(L)Br ‘—"‘LB} R + Cu(L)Br2 Activation, deactivation

Kdeact

k Br
Cu(L)BrClI ‘%—CI‘ Cu(L)CIBr Halogen interchange
ex

k. Cl
RCI + Cu(L)Cl =—=== R + Cu(L)CI2
deact

Activation, deactivation

k 'C|
RCI + Cu(L)Br <=——==== R + Cu(L)CIBr
kdeact

Activation, deactivation

Kt

R+R — RR Termination

RBr = MBrP; Cu(L)CI = Cu(PMTEDA)CI; [RBr], = 5x10™ M; [Cu(L)Cl], = 5x10° M
Koot = 1.7 x 10" M 7; Kgeaet™ = 4.3x 10" M 57!

kaet™' = 7.8 x 10° M s kgeae™ = 2.4 x 10" M1 s
ke =1.0x10% s ke, = 1.8 x 10° s ky = 1.0x 10° M 5"

Cu(I)(PMDETA)CI (Table 3). The range of a®; values for
cu® (TPMA)CI was even larger (3 x 10~ ' OL( ema > 0)
since ko is 10 times larger than ki, causing difficulties in
distinguishing the 1nﬂuence of o TRMA In this case the median
number, 1.5 X 10™", was used forﬂ Tpma estimation (Table 4).
Fortunately, the accuracy of ,3 TpMa IS not significantly affected
by the less precise oD ppya values because the contribution of
the ionic pathway is relatively small.

a Values. The linear combination equation provides infor-
mation on the relative contribution of the ionic pathway
(OL(I Lkionic/krig) and the radical pathway (ﬁ ) ke kye) to the
halogen exchange. Since k;qp;, measured with NBu,Cl, should
correspond to the halide exchange rate constant for a fully
dissociated chloride, the ol )L value could be correlated with
the degree of dissociation of a chlorlde ion from the Cu¥ (L)cl
catalysts. The ratio of a() /a )PMDETA/O(( )bpy 1.5 X
107'/2.6 x 107%/1.87 x lO % indicates that the chloride is
weakly associated mth [Cu(I)(TPMA)] but interacts much
stronger with [Cu® (bpy) . The association between Cl™
and Cu” (PMDETA)+ is s1m11ar to that for Cl~ and
[Cu® (bpy).]". This trend is similar to that observed in the
Kionic measurements using cu™ (L)Cl, as a chloride provider
(Figure 6 and Table S).

The trend o™ rpnia/d ™ eniprra/d ™y, = 8.1 x 1071/
12 x 1071/9.4 x 1072 = 8.6/1.3/1.0 is similar to that for
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A roma/ 0N prprra/a My, = 1.5 x 1071/2.6 x 107%/1.9 %
107% = 8.0/1.4/1.0. Recent speciation studies, evaluating the
stability constants (K) for copper complexes used as catalysts in
ATRP, also support these observations.

f Values. The ﬂ(I)L values define the efficiency of the halogen
exchange process via atom transfer. It should be equal to 1.0 for
the ideal case when every ATRP activation converts an alkyl
bromide to an alkyl chloride. However, due to the reverse reactions
(back deactivation to an alkyl bromide and activation of a product
alkyl chloride), termination, and side reactions, most of the initiators
show ﬁ(I)L values smaller than 1. Values of /3 for BrAN are much
smaller and indicate side reactions, as discussed previously.

Although the ﬂ(I)L values for the five benzyl and ester
initiators fluctuate, a discernible trend exists. The average
BYL value of Cu™®(TPMA)CI is the highest (5.8 x 10~
Table 4), followed by those of Cu(l)(PMDETA)Cl (4.7 %
107", Table 3) and last by Cu(l)(bpy)ZCI (42 x 107,
Table 2). The small increase of the averageﬁ(I)L value from
Ccu®(bpy),Cl to Cu(PMDETA)CI to Cu”(TPMA)CI in-
dicates the efficiency of halogen exchange can be improved by
using more active ATRP catalysts.

The contributions of ionic pathway (a(I)Lkionic/ kye) and
radical pathway (ﬁ(I)Lkact/kHE) show a more clear trend:
with the same initiators, the contribution of radical pathway
increases for more active catalysts (Cu(l)(TPMA)CI > cuW-
(PMDETA)CI > Cu® (bpy),Cl); with the same catalysts, the
contribution of radical pathway follows the trend: tertiary alkyl
halides > secondary alkyl halides > primary alkyl halides
(Tables 2—4, % radical). Radical pathway has the smallest
contribution when MBrA was used but more than 95% con-
tribution with secondary and tertiary alkyl halides, which indi-
cates that more active catalysts and secondary or tertiary
initiators are better substrates for the halogen exchange process.

k., effect with MBrP
1.0E+01 T - r
1 1
1 1
1.0E+00 ===== *—--'--4--'----*----.-4
B 1.0E-01
°
1.0E-02
1.0E-03
1.0E-03 1.0E+00 1.0E+03 1.0E+06 1.0E+09
log K.y

Figure 13. Influence of k" on 3 values simulated with kinetic
parameters for Cu®(PMDETA)Br and MBrP using the model in
Scheme 8. k., was varied as well to keep K., constant.

Kox Values. Equilibrium constant of halogen interchange at
Cu™ center (K.,) was estimated by using the [RBr]., and
[RCl]q in the halogen exchange process together with the
reported values of Kyrgp for Br and Cl systems (eqs 1—3).%"
Since the radical species (R") is not involved in the halogen
exchange on Cu'™(L)*, K., should be the same for each
initiator. Thus, the halogen exchange of Cu(l)(PMDETA)Cl
and BrPN was used to estimate K, of Cu™(PMDETA)BrCl
(Figure 12), since this system reached equilibrium very quicklg.
Using eq 3 with Karp " = 5.9 X 1077, Karrp" = 1.7 X 1077,
[CIPN].q =52 x 10> M, and [BrPN]q = 1.1 x 10> M, K.,
was calculated as 5.6. Similar values were obtained for other
systems. The value K., = 5.6 indicates that Cu"/L species has
small preference for bonding with Cl stronger than with Br anion,
also in agreement with speciation results.>

Karee®™ Kex .
CuCl + RBr=R"’ + (Cu—Br)Cl=—=R

+ (Cu—Cl)Br CuBr + RCI (1)
Karrp™
2
KHE _ [RCl]eq[CuBr]eq _ [RC”eq —_ KATRPBrKex (2)
[RBr]eq [CuCl]eq [RBI'} q2 I{ATRPCI
Karrp®'[RCI,° G)
B e 3
I<ATRpBr [RBI‘} eq2

Kinetic Modeling. The influence of activation, deactivation,
and termination on /3 values was evaluated computationally using
Predici.>” Simulations were performed using rate constants for
Cu®(PMDETA)CI and MBtP available in the literature and
comparing them with those obtained in the study. The model
reactions and kinetic parameters for halogen exchange are shown
in Scheme 8. The following procedure was used to better
understand how different parameters affect /3 values: (1) time-
dependent [RBr] and [RCI] were obtained by Predici using
various kinetic parameters; (2) conversion was calculated as
[RBr]/([RBr] + [RCI]); (3) second-order kinetic plots of
1/[RBr] — 1/[RB], = (1/[RBr]y) X ((1/conversion) — 1) =
ke X t provided the values of kyg; (4) 5 values were calculated
as ﬁ = kHE/kactBr'

Initially, in the simulations, the ionic pathway (halide ex-
change) was neglected to simplify the system because its con-
tribution to overall halogen exchange is very small (0.14% in
Table 3). Initial concentrations of Cu(L)Cl and RBr were equal

(A)

k Br
RBr + Cu(L)Cl —2%—»= R + Cu(L)BrCl

k Br
Cu(L)BrCl -L;—; Cu(L)CIBr
ex

Cl
R + Cu(L)CIBr —%eae 3 RCI + Gu(L)Br

(B)

[A]-1/[A],
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2=1.00

6.0E+01 -
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Figure 14. (A) Model in Predici simulation for halogen exchange including only the forward reactions. (B) Second-order kinetic plots of [MBrP]
performed by Predici simulation of halogen exchange including only the forward reactions to estimate /3 value.
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Figure 15. (A) Model in Predici simulation for halogen exchange including only atom transfer mechanism. (B) Second-order kinetic plots of [MBrP]
performed by Predici simulation of halogen exchange including only atom transfer mechanism to estimate (3 value.
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Figure 16. (A) Second-order kinetic plots of [MBrP] performed by Predici simulation of halogen exchange using the model in Scheme 8 to estimate
p value. (B) Simulated /3 values given by different model reactions for the halogen exchange.
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Figure 17. Influence of (A) Kdeact, (B) kgeact™y (C) kaee™, and (D) k to f3 value simulated with kinetic parameters for MBrP and model shown in
Scheme 8. When one parameter was varied, all other parameters were constant.

to 5 X 107> M. The reported activation and deactivation rate
constants (ko™ ket kdeact, and kgeacr") in MeCN at 22 °C>!
were used. The experimental 3 values were recalculated using

k,.2at22°Cto compare with the simulated ones. A termination

rate constant of 1 x 10° M ™' s ! was used. The rate constants of
halide interchange at Cu™(PMDETA)*>* were unknown
although their ratio was experimentally determined (cf. previous
section) as Koy = koo /ke e = 5.6. These rate constants were
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initially assumed as ko B'=1.0x10°s" " and kexc1 =18x10°s"!
and then subsequently varied to evaluate their influence on .

The value of k.*" was varied from 10® to 1072 s~ with a
constant value K., = 5.6 in the simulation using kinetic para-
meters of MBrP. The 3 value stayed constant for kB> 1s ' but
decreased to 32 x 1072 only for k2 =1 x 1072 5!
(Figure 13). The speciation studies® indicate the dissociation
constants of halides from X—Cu™/L species in the range Kg; ca.
10°—10° M. Assuming that association proceeds with the
diffusion controlled rate k, = 10° M~' s, the dissociation
should occur with the rate constant kg, = 10° to 10* s™*. Of
course, the halide exchange at Cu'™ center may occur faster,
without full halide dissociation. Regardless, it seems that values of
B < 1 are not caused by slow halide exchange but rather by some
other reactions.

The simulations were started from the simplest model in
which only the forward reactions of halogen exchange were
concerned (Figure 14A). In this case, 8 value is equal to 1
(Figure 14B), indicating that each activation converts one alkyl
bromide to one alkyl chloride irreversibly. However, when the
reverse reactions were added (Figure 15A), the [ value was
decreased from 1 to 0.76 as shown in Figure 15B. Finally, radical
termination was included in the simulation (Scheme 8) and
caused no further difference to 3 value (Figure 16A). Simulated
B values given by different model reactions are summarized in
Figure 16B and are slightly smaller than the experimental value of
p = 0.85 (Table 3). The small difference may also be due to a
limited accuracy of previously measured k,.; and kg., values.

However, some (3 values in Tables 1—3 are smaller than 0.76,
and it was of interest to evaluate how various kinetic parameters
can affect 3. Therefore, the values of kgeace ket kaer") and k,
were varied one at a time to study the influence of deactivation,
activation, and termination on /3 value (Figure 17). The following
trends were observed: (1) the larger Kieact ", the smaller f value
(Figure 17A); (2) the larger kge,", which contributes to the
generation of alkyl chlorides, gives a larger 3 value (Figure 17B);
(3) the larger kactCI, which regenerates radical from alkyl chlor-
ides, the smaller 3 value (Figure 17C); (4) k. has essentially no
effect on the 3 values in a reasonable range of k; values. However,
when radical termination is significant (e.g., in systems with high
Karrp), B could be affected by termination (Figure 17D); gS) p
value is more sensitive to the changes of kje.ci” and kgeacr” and
less sensitive to the change of k... ~ and k..

These simulations indicate that the 3 value is mainly affected
by Kdeact” and kgeac". The larger kdeaci" and the smaller kgooci™"
provide a f3 closer to 1. The values of k..B" have no effect on B, if

they are larger than 15~ .

B SUMMARY

The contributions of a radical pathway (atom transfer) and an
ionic pathway (Sn2 reaction) to halogen exchange in ATRP were
quantitatively studied for seven alkyl halides and three Cu-
(L)Cl complexes. Radical pathway dominates the HE process for
3° and 2° alkyl bromides with more active complexes such as
Cu(D(TPMA)CL Ionic pathway, however, becomes important
for 1° alkyl bromides and less active complexes. These studies
also revealed that the dissociation of halide anion from Cu‘” (L)X
and Cu™ (L)X, complexes is affected by the structure of copper
complexes. In addition, the reverse reactions such as deactivation
of alkyl bromides and activation of alkyl chlorides in the radical
pathway reduce the efficiency of halogen exchange.

Il ASSOCIATED CONTENT

© Supporting Information. Experimental section, 'H
NMR spectrum of all alkyl halides, and kinetic plots used to
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