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Kinetic parameters for the reduction of copper(ll) complexes in atom transfer radical addition (ATRA) in the presence
of free-radical diazo initiator (AIBN) were determined using both experimental and kinetic modeling techniques.
The rate constant of decomposition of AIBN (k) in various solvents was determined at 60 °C using UV—vis spectro-
scopy. Rate constants of deactivation (K 4an) of [Cu'(TPMA)CI|[CI] (TPMA =tris(2-pyridylmethyl)amine), [Cu''(Meg-
TREN)CI][CI] (MegTREN = tris[2-(N,N-dimethylamino)ethyl]amine), [Cu"(PMDETA)Cl,] (PMDETA = N,N,N',N"/,N''-
pentamethyldiethylenetriamine), and [Cu'"(bpy)-CIJ[CI] (bpy =2,2"-bipyridine) complexes by radicals generated from
the decomposition of AIBN were measured using the TEMPO-trapping method in a competitive clock reaction.
Activation rate constants (k, aisn) Were finally estimated from kinetic modeling utilizing the experimentally determined
rate constants of decomposition of AIBN and deactivation. The effect of k, aisn, Ka.aisn, Kae @nd initial AIBN concen-
tration on the overall copper(l) and copper(ll) concentrations in the initiation step of the ATRA process was also

evaluated through kinetic modeling.

Introduction and Background

Transition metal catalyzed atom transfer radical addition
(TMC ATRA) is a very useful synthetic tool for carbon—
carbon bond formation utilizing alkyl halides and alkenes.' ™’
The reaction can be conducted in both inter- and intra-
molecular fashion (also commonly known as atom transfer
radical cyclization or ATRC), and it is typically catalyzed by
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copper,* ! ruthenium, "> '® iron,*!”~?° and nicke com-

plexes. Until recently, the major drawback of this versatile
tool remained the large amount of metal catalysts required to
achieve quantitative yields and high selectivity toward the
desired monoadduct."**7*2*72" The principal reason for
high catalyst loading was the inevitable accumulation of the
higher-oxidation-state metal complex as a result of unavoidable
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Scheme 1. Proposed Mechanism for Copper(I) Regeneration in ATRA
in the Presence of Free Radical Diazo Initiator AIBN
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radical—radical termination reactions. Recent research in this
area has been geared toward finding alternative methods
for making TMC ATRA more economically and environ-
mentally friendly process. One such methodology, originally
developed for mechanistically similar atom transfer radical
polymerization (ATRP),? involves a catalyst regeneration in
the presence of reducing agents such as free radical diazo
initiators.”® As indicated in Scheme 1 for copper catalyzed
ATRA, homolytic cleavage of an alkyl halide bond by a
copper(I) complex generates a radical and the corresponding
copper(Il) complex. Although the latter is needed to com-
plete the catalytic cycle by deactivating the radical formed in
the first addition to alkene, every termination step in the reac-
tion (which is often diffusion controlled, k, ~ 10° M~ s™")
will result in its accumulation. To compensate for this s1de
reaction, a reducing agent such as free radical diazo initiator
AIBN (2,2'-azobis(2-methylpropionitrile)) is added to the reac-
tion mixture. The radicals generated from thermal decom-
position of AIBN constantly reduce copper(II) to the copper-
(I) complex. As a result, ATRA reactions can be conducted
using significantly lower amounts of metal catalysts which
in some cases approach parts per million levels.*¢7-30734
Since the seminal reports by our,*” and the research group
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Scheme 2. Initiation, Propagation, and Termination Steps in Copper
Catalyzed ATRA in the Presence of Free Radical Diazo Initiator AIBN
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of Severin,* this method of catalyst regeneration in ATRA
has attracted considerable academic interest.”*>~> This is a
visible indicator that this methodology is on a potential trajec-
tory to become a “greener” alternative to currently available
synthetic processes for such organic transformations.*®’

In our previous report, the rate law for copper cataly-
zed ATRA in the presence of AIBN as a reducing agent was
derived taking into account the reaction steps involving
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Scheme 3. Structures of Nitrogen Based Ligands Commonly Used in
Copper Catalyzed ATRA
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decomposition of AIBN (k,.), the reduction of Cu' to Cu' in
the presence of radicals generated from AIBN (k, 45y and
Ka 418N)s and the AIBN-initiated free radical polymerization
(kp.4 1sv). These steps are shown in Scheme 2. The rate of
alkene consumption was found to depend on the initial
concentration of the radical initiator and its decomposition
(k4e) and termination (k,) rate constants, but not on the con-
centrations of either Cu' or Cu'' complex, which was contrary
to the derived rate law for copper-catalyzed ATRA in the
absence of a reducing agent.” Further kinetic experiments
have confirmed that the observed rate constant for ATRA
(k,ps) was indeed not dependent on the concentration of the
catalyst. However, product selectivity was found to be highly
reliant on the nature of the catalyst, that is, active catalysts
with higher equilibrium constants (Krra = kar.rx/kar.rx
Scheme 2) such as [Cu"(MegTREN)CI][CI] (Me,TREN =
tris[2-(N,N-dimethylamino)ethylJamine) and [Cu'(TPMA)-

CI][CI] (TPMA = tris(2-pyridylmethyl)amine) produced higher
yields of the monoadduct compared to the less active catalyst
such as [Cu"(PMDETA)CL,] (PMDETA = N,N,N'.N',N''-
pentamethyldiethylenetriamine) and [Cu"(bpy),CIJ[C]] (bpy =
2,2'-bipyridine, Scheme 3).

Results from UV—vis experiments of model reaction sys-
tems containing only AIBN and a Cu"' complex also revealed
that the amount of Cu'" was governed by deactivation (ky 4/zy)
and activation (k, 4;py) rate constants, and that the highly
active catalysts [CuH(TPMA)Cl][Cl] and [Cu"(Me,TREN)-
CIJ[C]] had higher overall Cu" concentrations at the equili-
brium than the less active [Cu'(bpy),CIJ[C]] and [Cu'-
(PMDETA)CI,]. Determination of the kinetic parameters for
the reduction of the deactivator species in copper-catalyzed
ATRA in the presence of AIBN is therefore highly crucial
in the quantification of the efficiency of various copper(Il)
complexes in ATRA systems. Several research groups have
extensively studied and measured activation (k,) and deacti-
vation (k,) rate constants for a number of Cu'/Cu'" com-
plexes and alkyl halides using different techniques and
methods.”” However, to the best of our knowledge, k, and
k4 values for copper-catalyzed ATRA systems containing
highly active alkyl halides (e.g., 2-chloro-2-methylpropane-
nitrile or chlorine trapped radical generated from the decom-
position of AIBN) have not yet been determined. In this
article, we report on the kinetic studies of the initiation step in
copper catalyzed ATRA in the presence of free radical diazo
initiators as reducing agents using a combination of spectro-
scopic and kinetic modeling techniques.
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Experimental Section

General Procedures. All reagents were obtained from com-
mercial sources. 2,2'-Azobis(2-methylpropionitrile) (AIBN) was
recrystallized from cold methanol and dried at room tem-
perature under vacuum. Solvents (acetonitrile and methanol)
were degassed and deoxygenated using Innovative Technology
solvent purifier. Tris(2-pyridylmethyl)amine (TPMA),’® tris-
[2-(N,N-dimethylamino)ethyljamine (MecTREN),* and copper(II)
com}:)lexes [Cu™(TPMA)CI[CI],* [Cu"(Me,TREN)CI][CI],*"
[Cu(PMDETA)CL]® (PMDETA = N,N,N',N'", N -pentamethyl-
diethylenetriamine), and [CuH(bpy)2C1][Cl]62 (bpy = 2,2/-bipyri-
dine) were synthesized according to published procedures. All
other reagents were used as received. Manipulations were per-
formed under argonin a drybox (< 1.0 ppm of O, and <0.5 ppm of
H,0) or using standard Schlenk line techniques. 'H NMR
spectra were obtained at room temperature on a Bruker Avance
400 MHz spectrometer with chemical shifts given in parts per
million relative to the residual solvent peak (CDCl3, 7.26 ppm).
UV—vis spectra were recorded using Beckman DU-530 spectro-
meter. Kinetic modeling was performed using the Chemical
Kinetics Simulator CKS (IBM’s Almaden Research Center).%

Measurement of the Rate of Decomposition of 2,2'-Azobis(2-
methylpropionitrile) (AIBN). 2,2'-Azobis(2-methylpropionitrile)
(AIBN) solutions (0.08 M) were prepared by dissolving AIBN
(39.5 mg, 0.24 mmol) in 3.0 mL of acetonitrile or methanol.
Deuterated solvents were used for 'H NMR measurements with
anisole (26 4L, 0.24 mmol) and/or p-methoxybenzene (33.0 mg,
0.24 mmol) as internal standards. The solutions were then placed
in an airtight 10 mm quartz cell (UV—vis) or a Schlenk flask ("H
NMR), purged with argon, capped, and heated at 60 °C in an oil
bath. Samples were taken at timed intervals, and the absorbance
of AIBN at 4. = 345 nm or the '"H NMR peak at 1.65 ppm
monitored. The concentration of AIBN in the case of UV—vis
measurements was determined using the extinction coefficient
value calculated from Beer—Lambert’s law (¢ = 11.9 Lmol 'em ™).

Deactivation Rate Constant Measurements. A stock solution
of AIBN (17.0 mg, 0.10 mmol) and 2,2,6,6-tetramethylpiper-
idine-1-oxyl (TEMPO) (47.6 mg, 0.3 mmol) was prepared in
methanol. Copper(Il) catalyst solutions (0.025 M) were pre-
pared in situ by dissolving the appropriate ligand and CuCl, in
methanol. The desired amount of copper(II) catalyst was then
added to 0.15 mL of the AIBN/TEMPO stock solution, and the
reaction mixture was stirred at 40 °C for 5 days. The amounts of
2-chloro-2-methylpropanenitrile (chlorine trapped radical gene-
rated from the decomposition of AIBN, CIMPN) and 2-methyl-
2-(2,2,6,6-tetramethylpiperidin-1-yloxy)propanenitrile (TEMPO
trapped radical generated from the decomposition of AIBN,
(CH3),C(CN)-TEMPO) were monitored using '"H NMR. 'H
NMR (CDCls, 400 MHz, RT): 61.72 (s, CIMPN adduct) and
01.52 (s, (CH3),C(CN)-TEMPO adduct).

Reduction of Copper(II) Complexes in the Presence of AIBN.
Copper(II) solutions were prepared with the following initial
concentrations using methanol as solvent: [Cu"(MesTREN)-
CI[CI], = 0.0028 M, [Cu“(TPMA)Cl]]l[Cl]O = 0.0045 M, [Cu"-
(PMDETA)CL]y = 0 0045 M and [Cu (bpy)ZCI][Cl]o 0 01 M.
Catalyst solution (3 mL) and AIBN (10 equiv relative to copper-
(IT) complex) were placed in an airtight 10 mm quartz cell. The
reaction mixture was heated at 60 °C for 3 h, and the absorbance
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Scheme 4. Model Reactions for Determination of the Deactivation Rate Constant (k, _475x)
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at Amax ([Cu"(MegTREN)CIJ[CI] = 938 nm, [Cu'(TPMA)-
CIJ[C]] = 967 nm, Cu"(PMDETA)Cl, = 698 nm, and [Cu'l-
(bpy)-CIJ[CI] = 736 nm) monitored at timed intervals. The
concentration of Cu' was determined using extinction coefficient
values at Amax calculated from Beer—Lambert’s law: &([Cu''-
(MegTREN)CIJ[CI]) = 413.9 Lmol 'em ™', &([Cu"(TPMA)CI]-
[CI]) = 192.1 Lmol ' ecm ™', &(Cu"(PMDETA)Cl,) = 2143 L
mol ' em ™" and &([Cu"(bpy),CIJ[CI]) = 179.0 L mol ' cm ™'

Results and Discussion

Kinetic Studies. The initiation step in copper catalyzed
ATRA in the presence of AIBN is a very important part
of the reaction mechanism because it regulates the
amounts of copper(I) and copper(Il) complexes present
in the reaction mixture (Scheme 2). In this step, radicals
generated from thermal decomposition of AIBN (k,.)
reduce copper(Il) to the corresponding copper(I) com-
plex. The equilibrium between copper(Il) complex/
2-methylpropanenitrile radicals and copper(I) complex/
2-chloro-2-methylpropanenitrile is governed by the deac-
tivation (k, 4;pn) and activation (k, 4;px) rate constants,
which are in turn strongly dependent on the complexing
ligand. Thermal decomposition of AIBN in various sol-
vents has been widely studied, and it usually follows first
order kinetics.®* % Furthermore, the rate of AIBN de-
composition at a given temperature depends on the
nature of the reaction medium because of the cage
effect.®” In this study, the rate of decomposition of AIBN
(kg4.) at 60 °C was determined using acetonitrile and
methanol as solvents, and also in the presence of additives
such as anisole and p-methoxybenzene (commonly used
internal standards for ATRA reactions). The consump-
tion of AIBN was monitored using '"H NMR or UV—vis
spectroscopy, and the rates were determined from first
order kinetic plots. The rates of decomposition of AIBN
in acetonitrile and methanol were determined to be 3.8 x
107% s7" and 2.7 x 107°, respectively. This is in good
agreement with other literature values which range from
2.0 x 107% to 1.0 x 107> s~ "% Addition of additives
such as anisole (k. = 1.2 x 107> s ") or p-methoxybenzene
(kge = 1.2 x 107> s~ 1) slightly increased the decomposition
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801.
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(CH3),C(CN)-TEMPO

rate constant of AIBN, which could be attributed to the
disruption of the solvent cage.

Deactivation rate constants in copper catalyzed ATRA
and mechanistically similar ATRP (atom transfer radical
polymerization) are difficult to measure directly because
they are typically very fast (on the order of 10 M ~'s™1).%7
One of the methods includes a clock reaction in which the
generated radicals are simultaneously trapped with TEM-
PO and the deactivator or copper(II) complex.”>”" Model
reactions for determination of k, 4y are illustrated in
Scheme 4. Thermal decomposition of AIBN generates
tertiary 2-methylpropanenitrile radicals, which are either
trapped by TEMPO or copper(IT) complex. Dissociation
rate constants of TEMPO adducts are typically very low
(107*=10"" s~ 17 compared to the combination rate
constants (~10° M~ ' s7') but, nevertheless, an excess of
TEMPO (3 equiv relative to AIBN) was used to shift the
equilibrium toward the formation of 2-methyl-2-(2,2,6,6-
tetramethylpiperidin-1-yloxy)propanenitrile (TEMPO trap-
ped radical generated from the decomposition of AIBN,
(CH3),C(CN)-TEMPO). Similarly, excess of copper(II)
complex (6—10 equiv relative to AIBN) was utilized.
Furthermore, to minimize the possibility for the consum-
ption of 2-chloro-2-methylpropanenitrile (chlorine trap-
ped radical generated from the decomposition of AIBN,
CIMPN) by the activation process, reactions were per-
formed in the presence of air to continuously oxidize
copper(I) complex. By determining the ratio of CIMPN
and (CHj3),C(CN)-TEMPO adducts produced at various
copper(II)/ TEMPO ratios, the rate constant can be cal-
culated using the combination rate constant k,,,,, = 4.0 x
105 M " s71 of a similar O-substituted hydroxylamine
(1-(2’-cyano-2/-propoxy)-4-oxo-2,2,6,6-tetramethylpiperi-
dine).” The equation indicated in Scheme 4 does not take
into account any potential side reactions occurring in the
system. In particular, of concerns are the presence of
oxygen, as well as dissociation of the (CH3),C(CN)-
TEMPO adduct. Oxygen is well-known to react with free
radicals, which would result in lower yield of (CHj3),C-
(CN)-TEMPO if the dissociation occurs to a significant
extent. Alternatively, even in the absence of oxygen,
the same dissociation would give rise to an increase in
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molecules 2001, 34, 430-440.

(72) Fukuda, T.; Terauchi, T.; Goto, A.; Ohno, K.; Tsuji, J.; Miyamoto,
T. Macromolecules 1996, 29, 6393-6398.

(73) Grattan, D. W.; Carlsson, D. J.; Howard, J. A.; Wiles, D. M. Can. J.
Chem. 1979, 57, 2834-2842.
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Figure 1. Plots of mole ratio of [CIMPN]/[(CH;),C(CN)-TEMPO]
adducts versus initial [Cu"]o/[TEMPO], ratio at 40 °C in methanol for a
series of copper(Il) complexes with neutral nitrogen based ligands.

Table 1. Rate Constants of Deactivation of 2-Methylpropanenitrile Radicals by
Various [Cu''(L)CIJ[CI] Complexes”

ligand (L) ka,aren (M_I s
MesTREN 5.3 x 107
TPMA 5.4 % 107
PMDETA 7.3 x 107
bpy” 1.1 x 108

“[AIBN], = 0.05 M, [AIBN]o/[TEMPO], = 1:3, solvent = MeOH,
T = 40 °C. ® Two equivalents relative to Cu''Cl, were used.

[CIMPN]/[(CH3),C(CN)-TEMPOQO] ratio over time. How-
ever, the ratio of [CIMPN]/[(CH3),C(CN)-TEMPO] re-
mained nearly constant for all complexes investigated
over a period of 12 h at 40 °C, indicating that oxygen and/
or (CHj3),C(CN)-TEMPO dissociation had negligible
effect on the reaction kinetics. This was not observed in
a related study of trapping of 1-phenylethyl radical at 75 °C
in the absence of oxygen, in which case the relative amounts
of the two products did not remain constant after pro-
longed reaction times (as a result of TEMPO adduct
dissociation and additional formation of styrene via pro-
ton abstraction).”™”! The plots of [CIMPN]/[(CH3)>C(CN)-
TEMPO)] at various copper(II)/ TEMPO ratios for [Cu"'-
(TPMA)CI][CI] (TPMA = tris(2-pyridylmethyl)amine),
[Cu"(Me,TREN)CI][CI] (MecTREN = tris[2-( N, N-dimeth-
ylamino)ethylJamine), [Cu"(PMDETA)CL,] (PMDETA =
N,N,N',N" N"-pentamethyldiethylenetriamine), and [Cu"'-
(bpy),CI][C]] (bpy = 2,2/-bipyridine) complexes are shown
in Figure 1 and the results summarized in Table 1. The
deactivation rate constants (k,_4;zy) Were found to de-
crease in the order bpy > PMDETA > TPMA ~ MesTREN,
which was similar to 1-phenylethyl radical determined
previously.”®”! Furthermore, as expected, ka arsn values
were in the range 10’—10° M~ ' s™!, which was also consis-
tent with earlier studies on the deactivation rate constant
measurements for 5-hexenyl and cyclopropylmethyl radi-
cals by simple copper(II) salts.”*~’¢

So far, we have successfully determined kinetic para-
meters for thermal decomposition of AIBN (k,.) and de-
activation (k, 4;pn) of generated radicals by a series of
copper(Il) complexes with neutral nitrogen based ligands.

(74) Jenkins, C. L.; Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 856-865.
(75) Jenkins, C. L.; Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 843-855.
(76) Kochi,J. K. Free Radicals; John Wiley & Sons: New York, 1973; Vol. 1.

Balili and Pintauer

The only parameter that remains in the initiation step of
copper catalyzed ATRA is the activation rate constant
(ko 418nv)- The activation step in atom transfer radical
processes is known to be controlled by a number of
factors, such as the structure of the radical initiator or
alkyl halide, nature of the complexing ligand, reaction
temperature, and so forth. The k, values for primary,
secondary, and tertiary alk_yl halides are known to follow
the order of 3° > 2° > 1°.77"7% Alkyl bromides are gene-
rally more active than alkyl chlorides because the C—Br
bond is much weaker than the C—Cl bond.”””® The
general order of activities for copper complexes with
neutral nitrogen based ligands is as follows: tetradentate
(cyclic-bridged) > tetradentate (branched) > tetradentate
(cyclic) > tridentate > tetradentate (linear) > bidentate
ligands.”” Also, the nature of the nitrogen atoms pre-
sent in the ligand is important and usually follows the
order alkylamine ~ pyridine > alkylimine > arylimine >
arylamine.®® Activation rate constants are typically de-
termined from model studies in which the activation
process is kinetically isolated from the deactivation step
by trapping the generated radical with a radical scavenger
such as TEMPO. This method has been widely used in
determination of activation rate constants for various radi-
cal initiators and cog?er(l) complexes commonly emp-
loyed in ATRP.”*#! % However, the method is limited in
measuring fast activation rate constants with the maxi-
mum upper limit of approximately 2 M~' s™'. Other
methods, such as the stopped-flow technique, were also
successfully employed for measuring activation rate con-
stants as high as 10> M~ s~ %! 2-Chloro-2-methylpro-
panenitrile (chlorine trapped radical generated from
thermal decomposition of AIBN) is a highly active alkyl
halide, and we were unable to accurately measure the
activation rate constant under pseudo-first order condi-
tions using either excess copper(l) complex or alkyl halide.
Therefore, we reverted to kinetic modeling.

Kinetic modeling is a widely popular alternative meth-
od for examining very fast and complicated chemical
reactions. In particular, it has been extensivelgf used to
model radical reactions, including ATRP.**"*¢ In our
previous report, we performed UV—vis experiments at
60 °C for model ATRA systems containing only copper(I1I)
catalyst and AIBN.* The amount of copper(Il) in the
reaction was found to be governed by k,, 4;5v and ky_418n,
and was strongly dependent on the complexing ligand.
By using previously obtained data, in conjunction with
experimentally determined values of the deactivation
(k4 arsn> Table 1) and AIBN decomposition (k,.) rate

(77) Tang, W.; Kwak, Y.; Braunecker, W.; Tsarevsky, N. V.; Coote,
M. L.; Matyjaszewski, K. J. Am. Chem. Soc. 2008, 130, 10702-10713.

(78) Tang, W.; Matyjaszewski, K. Macromolecules 2007, 40, 1858-1863.

(79) Gillies, M. B.; Matyjaszewski, K.; Norrby, P.-O.; Pintauer, T.; Poli,
R.; Richard, P. A. Macromolecules 2003, 36, 8551-8559.

(80) Braunecker, W. A.; Matyjaszewski, K. Prog. Polym. Sci. 2007, 32,
93-146.

(81) Pintauer, T.; Braunecker, W.; Collange, E.; Poli, R.; Matyjaszewski,
K. Macromolecules 2004, 37, 2679-2682.

(82) Goto, A.; Fukuda, T. Macromol. Rapid Commun. 1999, 20, 633-636.

(83) Nanda, A. K.; Matyjaszewski, K. Macromolecules 2003, 36, 8222—
8224,

(84) Kwark, Y.-J.; Novak, B. M. Macromolecules 2004, 37, 9395-9401.

(85) Shipp, D. A.; Matyjaszewski, K. Macromolecules 1999, 32, 2948—
2955.

(86) Tang, W.; Matyjaszewski, K. Macromol. Theory Simul. 2008, 17,
359-375.
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Figure 2. Reduction of copper(Il) complexes with MegTREN (a), TPMA (b), PMDETA (c), and bpy (d) ligands in the presence of AIBN as a reducing
agent in CH;OH at 60 °C. Data points for Cu'" (@) and Cu' (W) complexes show experimental concentrations from UV—vis data, and solid lines are plotted

from kinetic modeling. [Cu'"]o/[AIBN], = 1:10.

constants, kinetic modeling can be used to estimate the
activation rate constants (k, _4;pn). Kinetic simulations
of the initiation step in copper catalyzed ATRA in the
presence of AIBN (Scheme 2) were performed using the
Chemical Kinetics Simulator CKS (IBM’s Almaden Re-
search Center).®® In addition to initiation steps (radical
decomposition, activation, and deactivation), radical ter-
mination reactions were also taken into account and assu-
med to be diffusion controlled (k, = 2.0 x 109 M~ ! s™1).
Simulations were done systematically by varying the acti-
vation rate constants (k, _4;py) for a particular complex-
ing ligand until the reasonable fit to the experimental data
was obtained. The relative errors in conducting such opti-
mizations could not be obtained using the CKS chemical
kinetics simulator. However, such parameters are easily
accessible using programs with more advanced algo-
rithms, which are currently being pursued in our labora-
tories. The results are shown in Figure 2, and the acti-
vation rate constants, as well as equilibrium constants for
ATRA, are summarized in Table 2. As expected, the
activation rate constants for 2-chloro-2-methylpropane-
nitrile estimated from kinetic modeling were very high
and ranged between 3.0 x 10> M ' s~1 ([Cu'(bpy),Cl]-
[CI]) and 6.0 x 10* M~! 57! ([Cu"(MesTREN)CIJ[CI)).
Furthermore, the values for k, 4,3y and K 47z 4 increased
in the order [Cu"'(bpy),CI][C]] < [Cu"(PMDETA)Cl,] <
[Cu™(TPMA)CI][C]] ~ [Cu" (Me,TREN)CI]J[CI], which

(87) Tang, W.; Matyjaszewski, K. Macromolecules 2006, 39, 4953-4959.
(88) Tang, W.; Tsarevsky, N. V.; Matyjaszewski, K. J. Am. Chem. Soc.
2006, 128, 1598-1604.

Table 2. Activation Rate Constants for 2-Chloro-2-methylpropanenitrile

Cu'! complex” kaarsy M™'s™h Karra
[Cu"(Mec TREN)CIJ[CI] 6.0 x 10* 1.1 x 1073
[Cu'(TPMA)CI][CI] 5.8 x 10* 1.0 x 1073
[Cu"(PMDETA)CL] 5.0 x 10° 6.8 x 107°
[Cu"(bpy),CH[C1}* 3.0 x 102 27 %1076

4[Cu'Mo/[AIBN], = 1:10, T'= 60 °C. ® Determined from kinetic model-
ing. “Kyrra = ka a1sn/ka 418> Ka a15n values were taken from Table 1.
9Decomposition rate constant for AIBN of 4.5 x 107° s~ ! was used in
kinetic simulations.

was in good agreement with that in previously reported
studies.”” "7 Interestingly, the value for Katra on going
from less active 2,2'-bipyridine to most active MegTREN
ligand increased approximately 400 times. The increase
of nearly 40000 times was observed in the case of ethyl-
2-bromoisobutyrate, which is a common initiator for cop-
per catalyzed ATRP of (meth)acrylates.®®

Kinetic Modeling. In the previous section, we have suc-
cessfully demonstrated that kinetic modeling can be used
to estimate very fast activation rate constants in copper
catalyzed ATRA in the presence of free radicals as redu-
cing agents. To further understand the role of free radical
diazo initiator in copper-catalyzed ATRA, additional
modeling for the reduction of copper(Il) to copper(l) in
the presence of free radicals generated by thermal decom-
position of AIBN was performed. In particular, the effect
of the activation (k, 4;5n), deactivation (k; 478n), and
AIBN decomposition (k,.) rate constants, as well as the
initial concentration of AIBN in the system, was inves-
tigated. The corresponding plots for the effect of AIBN
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Figure 3. Kinetic modeling of the effect ofdecomposition rate constant
(k4e) of free radical diazo initiator on the reductron of Cu'" to Cu' com-
plexes, k[h values range from 3 5t06.5 x 107% s with kaamy = 1.0 X
10°M ™! (d)dnleX 107 "M s (b). k,,A,M 1.O0x 10°M 1s7!,
k,=2.0 x 10° M~ 's7!, [Cu']y = 0.01 M, [AIBN], = 0.1 M.

decomposition rate constant (k4.), which was varied from
3.5t06.5x 107 ®s™!, are shown in Figures 3a and 3b for
catalysts with two different activation rate constants
(kyarsy=1.0x10*M s tand 1.0x 107" M ~'s™", res-
pectively). It is evident from the kinetic plots presented in
Figure 3 that the decomposition rate constant of AIBN
does not have an effect on the extent of copper(I) regen-
eration, and hence does not control the concentrations of
copper(l) and copper(II) at the equilibrium k, _4;z7[Cu']-
[RX]= MIBV[Cu "[Re]). However, the rate of decomposition
of AIBN controls the time at which the ATRA equili-
brium is being established. Increasing the decomposition
rate constant by a factor of 2 reduced the time to establish
equilibrium by approximately half.

Kinetic simulations of the effect of radical initiator
concentration on the initiation step in copper catalyzed
ATRA are shown in Figure 4. Concentrations of AIBN
were ranged from 5 to 20 equiv relative to copper(Il) com-
plex (corresponding to 5—20 mol % if the reaction
mixture contained 1 M alkene). For the catalyst with smal-
ler activation rate constant (k, 475y = 1.0 X 10°M ™!
Figure 4a), increasing the AIBN concentration allowed
for the equilibrium between copper(I) and copper(Il)
to be established in a shorter period of time. Also, the
equilibrium concentrations of copper complexes were
different. With 20 equiv of AIBN, approximately 98%
of copper(Il) was reduced to copper(I) in 10000 s (2.7 h).
The corresponding number decreased to 60% with 5 equiv
of AIBN, and the time required to reach equilibrium in-
creased to nearly 40000 s (11 h). However, the concentration

Balili and Pintauer
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Figure 4. Kinetic modeling of the effect of AIBN concentration on the
regeneration of Cu' from Cu" complexes, AIBN concentrations range
from 0 05100.20 M (5.0-20 equrv relative to Cu') wrth ka sy =1.0 x 10
M s !(a)and 1.0 x 10*M (b) kae=3.0x10"%s"1 kyamy=1.0x
10"M ! ‘k—20x10"M ! [Cu'ly = 001M[AIBN]0:0.1M.

of AIBN did not significantly affect the extent of copper-
(I) regeneration when the kinetic parameters for more
active catalyst (ka sy =10x10*M"'s 'and ka AIBN =
1.0x 108 M~ 's™!, Figure 4b) were used. Whlle 1ncreasrng
the relative concentratlon of AIBN from 5 to 20 equiv
(relative to copper(Il) complex) still decreased the time
span for the equilibrium to be established, the concentra-
tions of copper(I) and copper(Il) remained very similar.
These simulation results indicate that the extent of copper(I)
regeneration in ATRA systems can be controlled by the
initiator concentration for less active catalysts such as
[Cu"(bpy),CI][CI], but its effect is not as significant for
highly active catalysts (e.g., [Cu' (TPMA)CI][CI]). Also,
caution needs to be exercised when increasing free radical
initiator concentration relative to copper(Il) complex
because of the occurrence of free radical polymerization,
which will compete with monoadduct formation.

Lastly, the effect of k, 4y (Figure 5a) and kg 485
(Figure 5b) on the copper(I) and copper(Il) concentra-
tions in the initiation step of ATRA was evaluated. For
catalysts with smaller activation rate constants, a signifi-
cant reduction of copper(Il) to copper(l) was observed.
For example, when k, 45y = 1.0 M s nearly quanti-
tative conversion of copper(Il) was achreved. The extent
of copper(I) regeneration decreased by increasing the
activation rate constant and reached approximately
10% when k, 4785 = 1.0 X 10* M~ !s™!. The deactivation
rate constant (k, 4;5y) Was also found to affect the con-
centrations of copper(I) and copper(Il) at the equilibrium.
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As shown in Figure 5b, decreasing the deactivation rate
constant significantly lowers the amount of copper(I)
generated from copper(Il). Deactivation rate constant
of 1.0 x 10° M~ s~ ! allowed for nearly complete regene-
ration of the copper(I). Lowering the rate constant to
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1.0 x 10° M~ "' 57! resulted in the reduction of only less
than 5% of copper(II). The results of kinetic simulations
presented in Figures 4 and 5 indicate that the reduction of
copper(Il) to copper(I) in the initiation step of ATRA
process greatly depend on the activation and deactivation
rate constants, which can be controlled through ligand
design and the choice of the radical initiator.

Conclusions

In summary, kinetic studies of the initiation step in copper
catalyzed ATRA in the presence of free radical diazo initi-
ators as reducing agents were reported using a combination
of spectroscopic and kinetic modeling techniques. The de-
composition rate constant of AIBN at 60 °C was determined
to be approximately 3.0 x 10°° s~!. Deactivation rate con-
stants (ky_45v) Were successfully measured for copper(Il)
complexes with bpy (1.1 x 10 M~' s™!), PMDETA (7.3 x
10 M~ 's7!), TPMA (5.4 x 10’ M~ ' s71), and Me,TREN
(5.3 % 10 M~ s7 ") ligands using TEMPO-trapping method
along with "H NMR spectroscopy. Kinetic modeling was
used to estimate the activation rate constants (k,_4;zy), Which
were found to range between 3.0 x 10> M~ s~ ([Cu"(bpy).-
CIJ[CI]) and 6.0 x 10* M~" 57" ([Cu"(MecTREN)CIJ[CI]).
Simulation results indicated that the extent of copper(I)
regeneration in the initiation step of ATRA process increased
by decreasing the activation or increasing the deactivation
rate constant. Furthermore, the rate of AIBN decomposition
only controlled the time to establish equilibrium, but it did
not affect the concentrations of copper(I) and copper(II).
ATRA equilibrium was reached faster at higher mol % of
AIBN relative to copper(II) complexes; however, the copper-
(I) and copper(II) concentrations at the equilibrium were
greatly affected only when a less active catalyst (lower k,_4;5x)
was used.
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