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Cu(I) complexes containing trispyrazolylborate ligands efficiently catalyze the atom transfer radical addition (ATRA)
of polyhalogenated alkanes to various olefins under mild conditions. The catalytic activity is enhanced when bulky
and electron donating Tpx ligands are employed. Kinetic data have allowed the proposal of a mechanistic interpretation
that includes a Cu(II) pentacoordinated species that regulates the catalytic cycle.

Introduction

Known for more than half a century, the Kharasch reaction
constitutes one effective method for the generation of
carbon-carbon bonds in a catalytic manner.1,2 This process
consists of the addition of a polyhalogenated saturated
hydrocarbon to an alkene (eq 1) and requires either a radical

initiator (original Kharasch reaction) or a transition metal
catalyst. It has not been until the mid-90s that the latter has
emerged due to its relevance with another process: atom-
mediated olefin radical polymerization. Early reports in this
area by Sawamoto3 and Matyjazewski4 showed the similari-
ties between both transformations in such a way that the

polymerization process was named atom transfer radical
polymerization (ATRP) following that of the metal-catalyzed
Kharasch reaction, the atom transfer radical addition (ATRA).5

ATRP is currently one of the areas of interest in polymer
chemistry,6 and it is well-established that knowledge from
ATRA can be directly applied to ATRP processes.

Scheme 1 displays the commonly accepted mechanism for
ATRA reactions.5 A metal center with accessible, consecutive
oxidation states is required. The cycle initiates with the metal-
induced homolytic cleavage of the carbon-halogen bond that
generates a metal-halide and a carbon-centered radical. The
latter species interacts with the olefin to afford another radical
that is more reactive than the former, inducing the abstraction
of the halogen from the metal-halide in a step in which the
metal is reduced to the initial oxidation state and the desired
addition product is formed. It seems clear that the choice of
the metal must be related to its capabilities to undergo the
reversible oxidation-reduction process. In addition, a subtle
balance in the relative concentrations of both oxidation states
present in the reaction mixture is also crucial: if one of them
is too stable, then it constitutes a thermodynamic sink from
which the cycle cannot restart. Several metals have been
described to catalyze this transformation that is known for
both the inter- and intramolecular versions. Among them,
ruthenium-7 and nickel-based8 catalysts have provided the
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best values for the intermolecular version, whereas the use
of copper has been mainly restricted to intramolecular atom
transfer radical cyclization (ATRC).9 Only a few examples
of its use in ATRA have been reported to date.10

In the past decade, we have been involved in the use of
polypyrazolylborate11-copper complexes as catalysts for the
transfer of carbene,12 nitrene,13 and oxo14 groups to hydro-
carbons. We have now turned our attention to the use of
this family of complexes of the general formulas TpxCu-
(NCMe) or TpxCu in ATRA processes. The availability of a
number of different Tpx ligands that exert distinct steric and
electronic effects in the metal center has provided an
excellent tool to tune these compounds toward its catalytic
activity in ATRA reactions. The results we report in this
Article show that these TpxCu catalysts (Table 1) display a
remarkable activity that surpasses those of other previous
Cu-based catalysts. Interesting mechanistic information has

also been collected, providing insight for the design of future,
more active catalysts.

Results and Discussion

Addition of CCl 4 and CHCl3 to Olefins Catalyzed by
TpxCu Complexes. In a typical procedure, a 4.6 mM
solution (C6D6) of the TpxCu complex, containing 300 equiv
of the olefin (styrene, methyl methacrylate, or 1-hexene) and
1200 equiv of CCl4, was maintained at 30°C for 24 h and
then was investigated by1H NMR. The final mixtures
contained the desired product (eq 2) as well as an excess of

CCl4 and olefin. As shown in Table 2, the conversions
observed after that time were clearly dependent on the
catalyst employed. The best conversions were obtained with
those catalysts containing the TptBu,Me and TpCy,4Br ligands,
whereas those with Tp* or TpMs provided low conversions.
On the other hand, the use of TpBr3Cu(NCMe) has proven
ineffective for this transformation even at temperatures as
high as 80°C. In the case of5 as the catalyst, the low
conversions observed at 30°C could be increased upon
heating at 70°C, being comparable to those with2 or 3 at
30 °C. In the experiment carried out with MMA and1 as
the catalyst, minor amounts of polymeric material were
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Scheme 1. General Mechanism for Atom Transfer Radical Addition
to Styrene

Table 1. Homoscorpionate Ligands Employed in This Work

Tpx R1 R2 R3

Tp* Me H Me
TptBu, Me Me H tBu
TpCy,4Br H Br C6H11

TpBr3 Br Br Br
TpMs H H C6H2Me3
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observed by NMR, accounting for the difference between
the conversion (olefin consumed) and yield (addition product
formed).

We have monitored the consumption of the olefin with
time for these catalysts, with the obvious exception of the
TpBr3-containing one. Figure 1 shows the decay of the
concentration of styrene in the reaction of this olefin with
CCl4 using TpCy,4BrCu(NCMe) as the catalyst. The initial
reaction rate could be estimated since the experimental data
could be fitted into a first-order kinetic equation. This
behavior was observed for the four catalysts and the three
olefins employed, leading to the set ofkobs values shown in
Table 3. The sequence for thekobs values is identical for the
three olefins studied: TptBu,MeCu > TpCy,4BrCu(NCMe) >
Tp*Cu > TpMsCu (the latter operates at 70°C).

Copper halides have been employed as catalysts for atom
transfer radical cyclization, i.e., the intramolecular version
of the ATRA reaction.9 However, the intermolecular trans-
formation finds very few examples of copper-based catalytic
systems. Hajek and co-workers reported10 the use of several
in situ generated Cu(I) complexes for the addition of
polyhalogenated substrates to olefins. The maximum conver-
sions were about 90%, but temperatures of 80°C or higher
were required. Another Cu(I) system, described by Zazybin
et al., requires heating at 120°C to add CCl4 to alkenes with
moderate yields.15a ATRA-based polymer grafting has also

been reported15b using Cu(I)-TREN catalysts in a process
carried out at 60°C. To the best of our knowledge, no reports
about the use of copper catalysts for ATRA at a temperature
as low as 30°C have been reported to date with the degrees
of conversions shown in Table 2. Moreover, the initial TOF
(turnover frequency) (5 min) calculated for TptBu,MeCu of 730
h-1 for MMA (methyl methacrylate) exceeds those reported
with Ni-based catalysts8b (400 h-1 at 25°C). In the case of
ruthenium, conversions of 1500 h-1 at 40 °C have been
reported for styrene, first by Demonceau and co-workers7e

and later by Severin and co-workers.7a Data in Tables 2 and
3 indicate that our copper catalysts display activities com-
parable to those known with nickel but not as much as those
based on ruthenium.

We have also employed chloroform as the halogenated
substrate with the three olefins (MMA, styrene, 1-hexene)
using the more efficient catalysts2 and3. Since CHCl3 is
less reactive than CCl4, the experiments were carried out at
65 °C to give the product formed by an ATRA mediated
reaction (eq 3). As shown in Table 4, complex2 induced
the best conversions affording the addition product in good
yields for MMA and styrene. However, these Cu-catalysts
are not as efficient as those based on ruthenium reported by
Severin,7b,c for which the reactions are performed at 40°C.
It is worth mentioning that the conversion/yield difference
is due to the formation of some PMMA (poly(methyl-
methacrylate)) with both2 and3 as the catalyst.
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Table 2. Conversions (%)/Yields (%) Observed for the Reactiona of Olefins and CCl4 in the Presence of TpxCu(I) as the Catalyst

olefin Tp*C (1) TptBu,MeCu (2) TpCy,4BrCu(NCMe) (3) TpBr3Cu(NCMe) (4) TpMsCub (5)

MMA 15/11 95/95 82/82 nrc 18 (95)/18 (68)
styrene 40/40 85/85 >99/>99 nrc 0 (>99)/0 (>99)
1-hexene 10/10 47/47 50/50 nrc 8 (75)/8 (75)

a [catalyst]/[olefin]/[CCl4] ) 1:300:1200; [catalyst]) 4.6 mM; solvent is benzene-d6; temp ) 30 °C. The conversions were determined by1H NMR
spectroscopy after 24 h.b Parentheses contain conversions and yields at 70°C. c No reaction observed at 30°C or at 70°C.

Figure 1. Consumption of styrene with time in the reaction with CCl4

using TpCy,4BrCu(NCMe) (3) as the catalyst. Inset: initial first-order kinetics
from which kobs is obtained.

Table 3. Values ofkobs (s-1) for the Reactiona of Olefins and CCl4 in
the Presence of TpxCu(I) as the Catalyst

olefin
Tp*Cu

(1)
TptBu,MeCu

(2)
TpCy,4BrCu(NCMe)

(3)
TpMsCub

(5)

MMA 1.9 × 10-5 72.1× 10-5 5.5× 10-5 21.2× 10-5

styrene 3.2× 10-5 24.2× 10-5 14.3× 10-5 5.8× 10-5

1-hexene ndc 16.7× 10-5 3.8× 10-5 2.9× 10-5

a [catalyst]/[olefin]/[CCl4] ) 1:300:1200; [catalyst]) 4.6 mM; solvent
is benzene-d6; temp ) 30 °C. b Reactions performed at 70°C. c Not
determined.

Table 4. Conversions (%)/Yields (%) Observed for the Reactiona of
Olefins and CHCl3 in the Presence of TpxCu(I) as the Catalyst

olefin TptBu,MeCu (2) TpCy,4BrCu(NCMe) (3)

MMA 77/55 32/15
styrene 73/70 11/11
1-hexene 23/23 5/5

a [catalyst]/[olefin]/[CHCl3] ) 1:100:400; [catalyst]) 13.8 mM; solvent
is benzene-d6; temp) 65 °C. The conversions were determined by1H NMR
spectroscopy after 24 h.

TpxCu Catalysts for ATRA Reactions
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Effect of the Tpx Ligand: Electronics vs Sterics.As
shown in Tables 2 and 3, the catalytic activity of this family
of complexes is strongly dependent on the homoscorpionate
Tpx ligand, the order of activity decreasing in the sense
TptBu,Me > TpCy,4Br > TpMs > Tp* . TpBr3. Demonceau and
co-workers have reported7e that for the ruthenium phosphine-
containing catalyst, the Ru(II) center is more easily oxidized
when electron rich ligands are coordinated to the metal
center. Such effect induces a higher activity of the catalysts
for the ATRA reaction. In the case of TpxCu complexes,
the electronic effects can be rationalized using theν(CO)
frequencies of the carbonyl adducts TpxCu(CO), shown in
Table 5. In good accord with the need of an electron rich
metal center, there is a clear correlation between the values
of the carbonyl stretching frequencies for2-5 and the above
order of catalytic activity: the higher is theν(CO), the lower
is the electron density at copper and, subsequently, the lower
is the catalytic activity. The case of Tp*Cu seems to be an
exception, since it presents the lowestν(CO) value and
therefore the highest density at the copper center, but its
catalytic activity is lower than expected if electronic effects
would explain per se the nature of this transformation.

The oxidation of Cu(I) to Cu(II) with hydrotrispyra-
zolylborate ligands may also lead to the formation of
compounds of the formula Tpx

2Cu (eq 4)11 that would
suppose a dead-end in the catalytic cycle. This deactivation
is only feasible with Tpx ligands with relatively small groups
at R3.20 When bulky groups occupy this position, as in the
case of TptBu,Me,TpCy,4Br, or TpMs, it has already been reported
the lack of formation of such Tpx2Cu compounds,11 and
therefore the TpxCuCl species is stable enough21 during
the catalytic cycle. The reaction of TptBu,MeCu with CCl4 at
30 °C (eq 5), in the absence of olefin, originates the already
reported TptBu,MeCuCl.22a In addition, the product derived
from the homocoupling of the radical•CCl3 is also detected
by 13C NMR (see Experimental Section).

As observed in Table 5, the values of the cone angles
reported for the Tpx ligands employed in this study correlate
with the catalytic activities: bulkier Tpx ligands stabilize the
TpxCuCl intermediate. The low activity of1 can be explained
in terms of the formation of Tp*2Cu, whereas that of5 is
related to the low electronic density at the metal induced by
the TpBr3 ligand. Therefore, a subtle balance between the

electronic density at copper as well as the steric hindrance
exerted by the subtituents at the Tpx ligand seems to govern
this transformation. The design of a more active catalyst of
this family of compounds must account for these two
factors: (a) the enhancement of the electronic donation and
(b) the avoiding of the formation of dinuclear Tpx

2Cu species.

Effect of Additives. Separate reports by Tolman23 and
Fujisawa24 described that copper(I)-acetonitrile complexes
of the formula TpxCu(NCMe), with hindered Tpx ligands,
exhibit a reversible redox behavior in solution after the
addition of some MeCN. Since such a property is greatly
desired in the case of ATRA catalytic cycles, we have
investigated the effect of added MeCN in the reaction of
styrene and CCl4 using the more active catalyst TptBu,MeCu
(2). Thus, the addition of 20 equiv of MeCN to the reaction
mixture induced the complete transformation of styrene at
30 °C (Table 6, entry 2) although the value ofkobs is about
50% of that without nitrile added (Table 6, entry 1). These
data are in accord with an easier Cu(I)/Cu(II) reversible
process in the presence of acetonitrile and also with the
existence of a MeCN dissociation pre-equilibrium. Accord-
ingly, when the reaction is carried out using CD3CN as the
solvent (instead of C6D6), no conversion is observed (Table
6, entry 3), since no significant amounts of the unsaturated,
16 e- TpxCu species are available in solution to react with
CCl4. The observance of an increase in the yields is not
restricted to the addition of MeCN. When ethyl acetate was
incorporated into the reaction mixture, quantitative conver-
sions were also observed, again a dramatic decrease in the
reaction rate constant being observed. The use of ethyl ben-
zoate did not induce any change in the conversion nor in
the reaction rate: it seems reasonable to assume that the
bulkiness of this additive prevents its coordination to the
metal center and, therefore, that the effect of the additives
must be related to its coordination to copper at any stage of
the catalytic cycle.

Influence of the CCl4 Concentration on the Reaction
Rates Using 2 as the Catalyst.The use of different CCl4

(20) Kitajima, N.; Fujisawa, K.; Moro-oka, Y.J. Am. Chem. Soc. 1990,
112, 3210.

(21) Chia, L. M. L.; Radojevic, S.; Scowen, I. J.; McPartlin, M.; Halcrow,
M. A. J. Chem. Soc., Dalton Trans.2000, 133.

(22) (a) Analytical and spectroscopic data were identical to those reported
in the reference 22b. (b) Yoon, K.; Parkin, G.Polyhedron1995, 14,
811.

(23) Carrier, S. M.; Ruggiero, C. E.; Houser, R. P.; Tolman, W. B.Inorg.
Chem.1993, 32, 4889.

(24) Fujisawa, K.; Ono, T.; Ishikawa, Y.; Amir, N.; Miyashita, Y.;
Okamoto, K.-i.; Lehnert, N.Inorg. Chem. 2006, 45, 1698.

Table 5. ν(CO) Values for TpxCu(CO) and Cone Angles for the Tpx

Ligands Employed in This Work

Tpx ν(CO) (cm-1) cone angle11

Tp* 205616 239
TptBu,Me 206117 243
TpCy,4Br 206818 273
TpMs 207919 nra

TpBr3 210712a 234

a Not reported.

Table 6. Effect of Added Donors in the ATRA of CCl4 to Styrene
Using 2 as the Catalysta

entry additive
conversion

(%)
yield
(%) kobs(s-1)

1 none 85 85 24.1× 10-5

2 20 equiv of MeCN >99 >99 14.1× 10-5

3 CD3CN as solvent 0 0 0
4 ethyl acetate (50 equiv) >99 >99 4.4× 10-5

5 ethyl benzoate (50 equiv) 83 83 23× 10-5

a [catalyst]/[olefin]/[CCl4] ) 1:300:1200; [catalyst]) 4.6 mM; solvent
is benzene-d6; temp) 30 °C. The conversions were determined by1H NMR
spectroscopy after 24 h.
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concentrations in a set of experiments in which the concen-
trations of 2 and styrene remained constant has provided
valuable information about the initiation step in the catalytic
cycle. Table 7 contains the values of conversions and of
kobs for five different [CCl4], and Figure 2 shows the plot
of the rate constants vs the concentration of CCl4. A typi-
cal saturation kinetic behavior is observed, in a similar
manner to that previously described by van Koten and
co-workers for a nickel-based catalyst,8b that attributed
such a curve to the formation of an adduct radical. In our
case, such an adduct would correspond to a species such as
[TpxCu-Cl]‚‚‚[•CXCl2], in good accord with the work by
Nondek et al.25 about the interaction of polyhalogenated
substrates with Cu(I) complexes that proposed the formation
of these types of adducts as the previous step in the
generation of free•CX3 radicals.

Mechanistic Proposal.Scheme 2 shows a mechanistic
proposal based on all the data collected. The real catalyst is
the species TpxCu that equilibrates with the 18 e- adduct
TpxCuL in the presence of a donor L (acetonitrile from the
initial complex, olefin, or added donors).26 This equilibrium
drives the available amounts of TpxCu in solution, therefore
controlling thekobsvalues.27 The rate determining step is the
oxidation of Cu(I) to Cu(II) and the concomitant formation
of TpxCuCl and•CCl3 through the already commented on
radical adduct (A). Species•CCl3 will interact with the olefin
forming a second, more reactive radical of the type Cl3CCH2-
(H)(R)C•. In the absence of olefin,•CCl3 undergoes homo-
coupling to yield C2Cl6.

The isolation of TptBu,MeCuCl by reaction of TptBu,MeCu
and CCl4 supports the participation of TpxCuCl (B) in the
catalytic cycle. We believe that this intermediate reacts with
a given L donor (olefin, acetonitrile, ester) affording a

pentacoordinated complex TpxCuX(L) (C). This is based on
the previous isolation,20,28 for hindered trispyrazolylborate
ligands, of such compounds. The formation of this species
could be crucial for this catalytic system. Fujisawa and co-
workers have established that these complexes are unable
to keep their tetrahedral geometry after oxidation to copper-
(II) and pentacoordination provides additional stability.
Besides, pentacoordinated complexes have been described
as intermediates in ATPR by Matyjaszewski.6 In our system,
the formation of the pentacoordinated intermediate would
favor the necessary reversible redox reaction for the ATRA
reaction. Collapse of such an intermediate with the Cl3CCH2-
(H)(R)C• radical provides the desired product and closes the
cycle.

Conclusions

We have found that TpxCu complexes efficiently catalyze
the atom transfer radical addition of CCl4 or CHCl3 to olefins
under mild conditions (30°C). The Tpx ligand exerts a strong
effect on the catalytic activity. The more active catalysts are
those with hindered as well as electron-donating Tpx ligands.
Particularly, the complex TptBu,MeCu (2) induces the highest
catalytic activity under mild conditions for any known
copper-based catalyst reported to date. A mechanistic
proposal has been presented on the basis of kinetic data,
where the participation of a pentacoordinated intermediate
seems to be relevant in the ATRA process. In view of these
findings and their good activity/cost ratio, the development
of more active copper-based catalysts and their application

(25) Nondek, L.; Hun, L.-G.; Wichterlova´, B.; Krupicka, S.J. Mol. Catal.
1987, 42, 51.

(26) Such equilibrium has already been proposed for TpxCu complexes:
see ref 12c. We have also synthesized the styrene adducts TpBr3Cu-
(CH2dCHPh) and TpMsCu(CH2dCHPh) by direct reaction of TpBr3-
Cu(NCMe) and TpMsCu with styrene, respectively.

(27) Addition of amounts of TptBu,MeCuCl should decrease the reaction rate.
In good accord with this, an experiment carried out as that in Table
6, entry 2, with 1 equiv of TptBu,MeCuCl added led to a decrease in
kobs from 14.1× 10-5 to 10.0× 10-5 s-1. In the absence of the Cu(I)
complex, TptBu,MeCuCl did not induce any ATRA reaction.

(28) Siemer, C. J.; Meece, F. A.; Armstrong, W. H.; Eichhorn, D. M.
Polyhedron2001, 20, 2637.

Table 7. Effect of [CCl4] in the Reaction with Styrene Using2 as the
Catalyst

[2]/[styrene]/[CCl4] conversion (%) yield (%) kobs(s-1)

1:300:10 >99 >99 0.5× 10-5

1:300:60 >99 >99 5× 10-5

1:300:300 85 85 17× 10-5

1:300:600 85 85 21× 10-5

1:300:1200 85 85 24× 10-5

Figure 2. Variation of the reaction rate constant with varying [CCl4] and
with [2] ) 4.6 mM in C6D6.

Scheme 2. Mechanistic Proposal for ATRA Reactions Catalyzed by
TpxCu Complexes
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in the ATRC and ATRP related process are now under
investigation.

Experimental Section

General Information. All preparations were carried out in a
glovebox, placed into a thick walled pressure NMR tube, and sealed
with a Teflon screw cap under nitrogen. Starting materials and
reagents were purchased from Aldrich and were purified as
follows: carbon tetrachloride and chloroform were distilled, and
olefins (styrene, methyl methacrylate, 1-hexene) were filtered on
alumina columns prior to use. The homoscorpionate ligands were
prepared according to literature methods as well as the complexes
TpxCu.11-14 NMR experiments were run in a Varian Mercury 400
MHz spectrometer.

General Procedure for the ATRA of CCl4 to Olefins. A
solution of the olefin (1.23 mmol), the corresponding TpxCu
complex (0.0410 mmol from a stock solution), and CCl4 (476µL)
was dissolved in the required amount of C6D6 to a total volume of
900µL. The final concentrations were [catalyst]) 4.6 mM, [olefin]
) 1.38 M, and [CCl4] ) 5.52 M. The solution was transferred into
a pressure NMR tube and sealed with a Teflon screw cap. The
tube was removed from the glovebox and placed in an oil bath at
30 °C. The conversions were monitored by1H NMR spectroscopy
at the desired times. The reactions with additives (acetonitrile, ethyl
acetate, or ethyl benzoate) were done in a similar manner, with the
appropriate amounts of the additive at the beginning of the reaction.

General Procedure for the ATRA of CHCl3 to Olefins. The
procedure was identical to that described above for CCl4. A solution
with a final volume of 745µL was prepared with 0.041 mmol of
the TpxCu complex, 1.03 mmol of the olefin, 330µL of CHCl3,
and C6D6 to reach the final volume. The final concentrations were

[catalyst]) 13.8 mM, [olefin]) 1.38 M, [CHCl3] ) 5.52 M. The
solution was transferred into a pressure NMR tube and sealed with
a Teflon screw cap. The tube was removed from the glovebox and
placed in an oil bath at 65°C. The conversions were monitored by
1H NMR spectroscopy at the desired times.

Reaction of 2 with CCl4. A toluene solution (30 mL) of complex
2 (0.13 mmol) and CCl4 (200 mmol) was stirred for 4 h. A red-
brown solution is obtained. The volatiles were removed under
vacuum, and the residue was extracted with diethyl ether. The
resulting solution was concentrated under reduced pressure. Crystal-
lization at-30 °C afforded a red crystalline solid, for which the
IR, NMR, and analytical data were identical to those reported for
TptBu,MeCuCl.22b

Reaction of 2 with CCl4 in C6D6. A solution of TptBu,MeCu (2)
(0.13 mmol) and CCl4 (200 mmol) in C6D6 was introduced into a
NMR tube and was analyzed by13C{1H} NMR spectroscopy. The
13C{1H} NMR spectrum showed a resonance at 104.8 ppm assigned
to Cl3CCCl3.
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