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Experimental as well as theoretical studies have been
carried out with the aim of elucidating the mechanism
of the Atom Transfer Radical Addition (ATRA) of
styrene and carbon tetrachloride with a Tp*Cu(NCMe)
complex as the catalyst precursor (Tp* =
hydrotrispyrazolyl-borate ligand). The studies shown
herein demonstrate the effect of different variables in
the Kkinetic behavior. A mechanistic proposal
consistent with theoretical and experimental data is
presented.

Introduction

The addition of a polyhalogenated saturated hydrocarbon
to an olefin, namely the Kharasch reaction, constitutes an
efficient way to generate carbon-carbon bonds (Scheme
la).! This reaction may occur in the presence of either a

Scheme 1. (a) The Kharasch reaction. (b-d) Commonly proposed
mechanism for the metal-mediated Atom Transfer Radical Addition
(ATRA) reaction
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free-radical precursor as the halogen transfer agent or of a
transition metal complex as the catalyst. In the latter case,
so-called Atom Transfer Radical Addition (ATRA)
reaction,” the transformation has been explained in terms of
three steps, two of which are metal-mediated. The first step
proceeds via a metal-induced homolytic cleavage of the
carbon-halogen bond, affording a metal-halide complex and
a carbon-centred radical (activation step). Subsequently, the
latter species interacts with the olefin to form a second
radical species which induces the abstraction of halogen
from the above metal-halide complex (deactivation step).
Therefore, the metal center undergoes a reversible
oxidation-reduction process, changing its oxidation state on
one unit.

Several metals have been described to catalyze this
transformation, that has been described in both the inter-
and intramolecular versions.? Early work focused in
ruthenium-® or nickel-based* catalysts showed very high
activities for the intermolecular case, whereas the use of
copper was restricted to the intramolecular Atom Transfer
Radical Cyclization (ATRC) reaction.”* However, in the
last decade the use of copper complexes as catalysts in the
intermolecular reactions has emerged with excellent
results.?? Thus, Pintauer and co-workers have reported the
efficient ATRA of polyhalogenated alkanes to olefins such
as 1-hexene or 1-octene (with TONs as high as 160000 with
5 ppm of catalyst loading).> Our group has recently
described that copper-homoscorpionate complexes catalyze
the atom transfer radical addition of polyhalogenated
alkanes to terminal olefins® or to a,m-dienes,’ affording in
the latter case five-membered carbocycles by a concurrent
intramolecular radical process. Although the overall
mechanism of this transformation has been accepted as that
shown in Scheme 1, the intimate nature of the different



steps as well as the effect of the different variables have not
yet been fully described. In our first contribution in this
area,® we proposed a plausible mechanism for these ATRA

Scheme 2. Previous mechanistic proposal for ATRA reactions
catalyzed by Tp*Cu complexes
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reactions (Scheme 2) catalyzed by complexes Tp*Cu (Tp* =
hydrotrispyrazolylborate ligand) on the basis of kinetic data
obtained. Since the knowledge of the mechanism would
afford the design of more active catalysts, we have decided
to carry out a complete mechanistic study on an ATRA
model reaction, including experimental as well as
theoretical calculations, using Tp®“MeCu(NCMe) as the

Scheme 3. Synthesis of the catalyst precursor TptBu:MeCu(NCMe)
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catalyst (1, Scheme 3). A complete mechanistic picture is
now proposed, that explains not only the route leading to
the formation of the addition product but also the important
role of all the reagents in the control of the catalyst
precursor and therefore in the well-known persistent radical
effect equilibrium,?® that is crucial for this transformation.

Results and discussion

The catalyst precursor: structure and behavior in
solution. The complex TpB-MeCu(NCMe) (1) was prepared
by direct reaction of the thallium salt of the corresponding
Tp®BeMe ligand and copper chloride in acetonitrile as the
solvent (Scheme 3). Spectroscopic and data were in
agreement with the proposed formula. Since the catalytic
system studied in this contribution is markedly influenced
by the copper species that exists in the reaction mixture, we
have carried out X-ray diffraction studies to unambiguously
assign the nature of the catalyst precursor. As shown in
Figure 1, complex 1 displays a structure that corresponds to
a distorted tetrahedron around the metal center with the N-
C-Me group slightly displaced from the ideal B-Cu axis.
This feature, as well as distances and angles, are quite

Figure 1. Molecular structure of TptBuMeCu(NCMe) (1) (30%
displacement ellipsoids, hydrogen atoms have been omitted except
for that bound to the boron atom).

similar to other already reported Tp*Cu(NCMe)? complexes
and deserve no additional comments.

Once established the nature of the precatalyst, we studied
its behavior in solution. Complex 1 was dissolved in C¢Ds
and the solution was investigated by 'H NMR. In addition
to that of 1, a second set of resonances corresponding to
[TpBwMeCu],® (2) was observed, growing with time
although at a very low rate. Figure 2 shows the kinetic of
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Figure 2. Kinetics of dissociation of acetonitrile from
TpBuMeCu(NCMe) in CeDe.

this process, in which acetonitrile dissociates from the
copper center with a kobs, init = 1.43 x 10 M-ls"L, In order to
ascertain if an equilibrium between these acetonitrile
adducts and the dimeric [Tp*Cu], could exist in solution,
one equiv of MeCN (referred to Cu) was added to a
solution of previously prepared [Tp®B“-MeCu], (2). After 100
h at room temperature, the relative concentrations of 1 and
2 were measured by integrating the peaks corresponding to
the ‘Bu, leading to Ko, = 3.2 x 102 (eq 1). It seems

- CHCN

1/2[TpBuMecy], (1)
+ CH5CN 2

Keq = 3.2 X102

TpBUMeCu(NCMe)
1



reasonable to assume that these transformations occur
through the intermediacy of the coordinatively unsaturated
species TpB*MeCu (Scheme 4). In fact, we have recently

Scheme 4. Solution equilibria involving the catalyst precursor
TptBu-MeCu(NCMe) (1) and styrene
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demonstrated that the olefin exchange processes in
Tp*Cu(olefin) complexes take place by means of a
dissociative mechanism, that involves such Tp*Cu
intermediates.!'® The addition of a ten-fold excess of styrene
to a solution of complex 1 did not induce the formation of
any olefin adduct in detectable amounts in the NMR
detection limit. A similar experiment using the dinuclear
complex 2 and styrene showed the formation of
TpBuMeCu(styrene) (3) to some extend. The existing
equilibria in solution when complex 1 is dissolved in a
styrene solution seem to be those shown in Scheme 4. Slow
dissociation of the MeCN takes place to generate
TpBu-MeCu that is also in equilibrium with the dinuclear and
the styrene complexes 2 and 3, respectively. In spite of such
equilibria, it should be pointed out that this system is quite
simple compared with other already described systems for
this transformation, in which a copper (I) source and the
corresponding ligand are mixed in situ. A very elegant work
from Matyjaszewki’s group have recently shown'! that a
number of different species with distint metal-to-ligand
ratios are present in solution, therefore affecting the
catalytic behavior. In our system, there Tp*Cu unit remains
as a core along the reaction time, only one coordination site
being available for the catalytic process to occur.

Reaction of the copper catalyst precursor 1 with
CCls. We have chosen the ATRA reaction of styrene and
CCly as the model for this study (eq 2). This is the probe
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reaction commonly employed to test the validity of a given
complex as catalyst for this transformation. However,
synthetic application using this polyhalomethane reagent in
radical addition reactions have been also described.'? Once
established the pre-equilibria existing in solutions of
complex 1 and styrene (Scheme 4), the reaction with CCly
was studied. The stoichiometric [1]:[CCls] in benzene-ds at
30 °C (in the absence of styrene) did not provide any
information: after 24 h most of the initial
TpB-MeCu(NCMe) remained unreacted. But the use of a
1:200 ratio , e. g., a large excess of CCls simulating the
catalytic transformation, led to the formation of the Cu(II)
complex Tp®B*MeCuCl® (5) as well as the stoichiometric
amount of hexachloroethane, the product resulting from the
homocoupling of two eCCl; radicals (Scheme 5) after 4 h.

Scheme 5. The equilibria affecting the formation of Cu(Il) species
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Interestingly, a second experiment carried out adding 20
equiv of acetonitrile with respect to the catalyst precursor
induced a significant decrease in the reaction rate of the
formation of complex 5. Therefore, all these pieces of
information seems to favour the existence of an equilibrium
between the unsaturated species Tp®B»MeCu (U) and the
CCly adduct TpB=-MeCuCICCl; previously to the formation
of the copper (II) chloride complex 5. The latter step
supposes the formation of the #CCl; radical that undegoes
the homocoupling step. It is interesting to note that when
styrene is added, i. e., under catalytic conditions,
hexachloroethane is not observed in the NMR detection
limit. The effect of the added acetonitrile is explained by
the control exerted in the dissociation equilibrium from the
catalyst precursor 1.

A well-known feature of Atom Transfer Radical
Reactions is the persistent radical effect. The equilibrium
between Cu(l) and Cu(Il) species is crucial to control the
amount of radicals delivered into the reaction medium and
therefore to avoid side, undesired reactions. When the
concentration of radicals is maintained at low wvalues,
radical-to-radical coupling is minimized and therefore the
selectivity toward the desired products (addition of CCl4 to
the C=C bond) is maximized. In our case, the concentration
of the Cu(II) species 5, and subsequently the concentration
of eCCl;, are controlled by the concentration of the
unsaturated intermediate U. As explained above, loss of
acetonitrile from complex 1 is slow, and because of its
dissociative nature, it can be directed with the addition of

ky
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free MeCN. Overall, in our system the persistent radical
effect equilibrium could be written as in equation 3. Due to
the equilibria shown in Schemes 4 and 5, the concentration
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Figure 3. Electronic spectrum of TptBuMeCuCl (3) in toluene.
Identical wavelengths were observed in the presence as well as in
the absence of CH3CN [398 nm (1532) and 875 nm (68)] [A nm (¢
M- eml)].



of 5 in solution is very low in comparison with that of 1,
particularly when free MeCN is added for such purpose.

In our previous proposal (Scheme 2), we assumed that
the Cu(Il) complex Tp®B*MeCuCl (5) could be trapped by
either the olefin or an added donor, acetonitrile in this case,
to give TpBMeCuCl(NCMe), and that this would be the
crucial species to initiate the deactivation step. To test this,
we have now studied the solution behavior of complex 5 in
the presence and absence of acetonitrile, using toluene as
the solvent. Figure 3 shows the UV-Vis spectrum of this
complex in toluene that did not vary when excess of
acetonitrile was added. Therefore, our previous assumption
that the pentacoordinated complex Tp®B¥MeCuCI(NCMe)
was formed is no longer valid.

The effect of the variables in the catalytic reaction.
We have carried out kinetic experiments to study the effect
that a variation in [catalyst], [styrene] and [CCl4] induce in
the catalytic reaction. In the first case, as shown in Figure 4,
a linear dependence of kobs Vs [1]o was observed ([1]o
corresponds to the total concentration of copper species in
solution, [Cu]w). A second set of experiments in which
styrene concentration was varied indicated (Figure 5) an
inhibitory effect of the olefin, as inferred from the decrease
of kos (rate constant for product formation) when
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Figure 4. Dependence of kops with the concentration of the catalyst
precursor 1, for the ATRA reaction of styrene and CCla.
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Figure 5. Dependence of kons for product formation with the olefin
concentration for the ATRA reaction of styrene and CCly catalyzed
by 1. Conditions: [cat] = 4.6 mM; solvent, benzene-de.

increasing [styrene]. Finally, the effect of [CCls] led to a
saturation curve (Figure 6). We have also analyzed the
dependence of the rate on the reaction temperature to
estimate the activation parameters for the ATRA reaction of
styrene and CCly catalyzed by complex 1. Figure 7 contains
the data collected as an Eyring plot. Good linear correlation
analysis, when fitted to the standard Eyring equation, has
provided the activation parameters: AH* = 29.6(3) kcal/mol
and AS* = 19.3(2) cal/mol K, for AG* = 23.8(5) kcal/mol.
Therefore, any mechanistic proposal should explain the
experimental observations, that are: (i) linear dependence
with catalyst concentration, (ii) inhibitory effect of
acetonitrile, (iii) inhibitory effect of [styrene], (iv)
saturation effect of [CCls] and (v) AS* >0. The inhibitory
effects of both acetonitrile and olefin could be readily
explained by the equilibria shown in Scheme 4, the higher
the amounts of MeCN and/or styrene in the reaction
mixture, the lower the concentration of Tp®B*MeCu (U) to
react with CCls. The saturation effect when increasing
[CCl4] was already observed by Van Koten and co-
workers* with nickel-based catalysts, an explanation is yet
to be done. The positive value of the activation entropy
could be in agreement with the dissociation of acetonitrile
from 1 as the rate determining step. In other cases, it has
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Figure 6. Dependence of kobs with the CCls concentration for the
ATRA reaction of styrene and CCls catalyzed by 1. Conditions:
[cat] = 4.6 mM; solvent, benzene-ds.
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Figure 7. Eyring plot for the ATRA reaction of styrene and CCl4
catalyzed by 1. Conditions [1]:[styrene]:[CCls] = 1:300:1200; [cat]
= 1.5 mM; solvent, benzene-de.



been proposed the activation step, that leading to the
fomation of 5 and the #CCl; radical, as the rate determining
step, through the intermediacy of an adduct-radical.’> But
the formation of the such adduct radical would involve an
early transition state more ordered than the reactants, in
contrast with that positive entropy parameter.

There is one major issue yet to be evaluated. It is well-
known that in these catalytic systems the bimolecular
radical coupling originates a secondary effect, the
accumulation of Cu(Il) species that cannot return to the
lower oxidation state. In this manner, the catalyst
deactivates with time and conversions are lowered. In order
to evaluate such effect, we have monitored by UV-Vis the
accumulation of Cu(Il), in our case, the presence of
Tp®BeMeCuCl (5), in solution during the catalytic reaction.
The initial [1] was 1.4 x 102 M, and after 3 min at 20 °C,
[5] was estimated as 2.0 x 10* M. The values at 2.5 h and
14 h were 2.3 x 10* M, indicating that the Cu(I)-Cu(II)
equilibrium is reached in the first stages of the catalytic
reaction and that no accumulation takes place (see
Supporting Information). The explanation for this behavior
should invoke a highly favorable deactivation step in which
5 and the corresponding radical would collapse easily.

The rate law. Based on the collected data, Scheme 6
shows the different reactions that should be taken into
account to explain this transformation. Styrene
consumption would be given by

- d[jtty] —k,[eCCL][sty] (4

The variation of the concentration of the CCl; with time
would be
[ ]
- ACELT ka1 K f511sCCL] -k EoCCL st
At this stage, and in order to simplify the kinetic
calculations, we propose a first approximation: since the
concentration of 5 remains constant along the reaction time,
we have assumed steady state conditions for it as well as for
oCCls. Therefore, we assume that
_d[«CCl,] _ 0
dt
ky[4] — k,[¢CCl,][sty] >>—k ,[5][¢CCl,]

From which the value of [¢CCl;] is calculated as
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And substituting above we end that
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Scheme 6. The different steps in the ATRA reaction of styrene and
CCls using complex 1 as the catalyst precursor
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This equation needs to be written as a function of the
total Cu concentration, that is the initial concentration of
the catalyst precursor 1. At this stage, we introduce a
second assumption: to account for the total concentration of
copper species in solution, only the acetonitrile, styrene and
CClsy adducts as well as the unsaturated intermediate
TpBwMeCy (U) will be considered. The already mentioned
steady-state condition for 5 and the experimental data
previously commented showing that in the presence of
acetonitrile or olefin, the dinuclear species 2 does not exist
in solution support this second approximation. We could
employ the experimental data collected for [S] as a fraction
of initial [1], but will stand on our initial assumption.

[Culipe = [ +[3] +[4]+[V]

Again, from different equilibria we obtain [1], [3] and [4]
as a function of [U]:

« - IUIMECN] _ .\ [U][MeCN]
[l Ky

B g
Ko = Uitsyy =~ B oV IIsY]
R
¢ =uiicery W= Kelulicell

The value for [Cu] is therefore given by:
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and

U] [Cul
w +1+ Ko [sty] + Kc[CCL]

L

Substitution in the equation for styrene consumption
provides
_dlsty] _ kK [CCI,][Culy (%)

e IMENT 14 kts+ Kelccl]

L

Equation 5 shows the rate law obtained under the
mechanistic picture shown in Scheme 6 and with the
discussed approximations, their validity being now
depending of its use to explain the experimental results. In
this sense, this equation is in very good agreement with all
the experimental data available. Thus, the linear
dependence  with  catalyst  concentration  comes
straightforward from such equation. Similarly, the
inhibition of the process in acetonitrile as the solvent as
well as the observation of lower reaction rates with added
acetonitrile come from an inverse dependence with
[MeCN]. At large [MeCN], and given the low value of Ky,
[MeCN]/ K is quite large leading to no conversion
experiments. The same inhibitory effect could be applied to
the olefin, since an increase in [sty] would imply a decrease
in olefin consumption.

The saturation effect observed at high [CCl4]
could can now be explained in a simple manner: at large
values of [CCl,] we can assume that

[MeCN]

L
and hence

_dlsty] _ k1K [CCI,][Cu],, _
dt [M}iic’\‘h“ K, [sty]+ K [CCL]

L

kK [CCL][Cul,,
Kc[CClL,]

+1+ K, [sty]+ K. [CCl,] = K.[CCI,]

= kz [Cu]lot

At the saturation limit, kobs = k2[Cu]iwt, and ki can be
obtained from the flat region of the curve in Figure 6 an
estimation of the value of ki as 2.4 x 10* s has been
obtained.

In a separate experiment similar to that described by
Matyjaszewski and co-workers,* 1 was reacted with CCl4
in the presence of TEMPO (as excess radical trapping
agent) to directly obtain the value of k;, that was found to
be as 2.0 x 10 st in good agreement with the above. We
believe that this cross-check experiment assesses the
validity of the kinetic study, from which the following
mechanistic proposal can be also proposed.

Mechanistic proposal. On the basis of the previous and
new experimental data, Scheme 7 displays a mechanistic
proposal for complex 1 as the catalyst precursor. The first
step would be the dissociation of the acetonitrile molecule,
the presence of added acetonitrile being crucial to regulate
the amount of the real catalytic species, Tp®“MeCu, and,

subsequently, the concentration of radicals in the reaction
mixture. The next step would consist of the interaction of
Tp®uMeCu with CCl, in the so-called activation step, that
would provide an adduct radical prior to the generation of
Tp®u“MeCuCl (5) and ¢CCls. At this stage, in the non-metal
mediated route, eCClz and styrene would react to give
another radical that further reacts with 5 in the final,
deactivation step.

Although the above mechanistic proposal is in agreement
with all data collected, we decided to carry out theoretical
calculations that provide additional information about the
overall mechanistic picture, with particular emphasis in two
issues: (a) the rate determining step, that we have located in
the dissociation of acetonitrile from complex 1 and (b)the
deactivation step. In the latter case, an alternative
explanation would invoke the existence of a
pentacoordinated intermediate of composition
Tp®u“MeCu(NCMe)Cl due to the trapping of 5 with

Scheme 7. Mechanistic proposal for the ATRA reaction catalyzed

by Tp*Cu(NCMe)
Tp'BUMeCy(sty)
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CCly — ~ccl
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acetonitrile. Such pentacoordinated intermediate would
collapse with the carbon-centred radical PhCHCH,CCl; to
afford the final product as well as complex 1 to restart the
catalytic cycle.

Theoretical studies. We first carried out a series of DFT
and DFT/MM calculations. We modeled the ATRA of CCl,4
to C;H4 catalyzed by Tp®u“MeCu(NCMe) in the presence of
MeCN. The resulting potential energy profiles are
presented in Figures 8 and 9. The first profile, Figure 8,
deals with the equilibria related to ligand exchange at the
copper center prior to the C-Cl bond cleavage. In the
presence of three potential ligands, as MeCN, C,;Ha, and
CCla, there is an equilibrium between four Cu(l) species:
the three-coordinate complex Tp®“MeCu (U) , and the four-
coordinate species Tp®BuMeCy(NCMe) 1),
Tp®BUMeCu(C,H,) and Tp®Bu“MeCu(CCly) (4). The acetonitrile
adduct 1 produces the most stable species in this context,
and will be used as origin of energies for all compounds
discussed. This Tp®“MeCu(NCMe) species is followed in
stability by the complexes with C,H, and CCls, 9.8 and
14.1 kcal mol?! above, respectively. The highest energy
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corresponds to the three-coordinate complex Tpt®BuMeCy,
21.5 kcal mol! above the MeCN complex. All these
complexes hold fully occupied metal d orbitals (d).
Therefore, the four-coordinate complexes are 18-electron
species, and all ligand exchange reactions proceed likely by
a dissociative mechanism, going through Tp®uMeCu, This is
in agreement with previous experimental and theoretical
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complexes.® The relatively high energy of Tp®uMeCu, 21.5
kcal mol! above the Tp®uMeCu(NCMe), is the first barrier
that must be overcome for the catalytic cycle to proceed. It
is worth mentioning that the Tp®MeCu(CCls) complex, the
one that will open the reaction channel for the ATRA
process, is less stable than the MeCN and C;H4
counterparts. This is in agreement with the experimental
observation that an increase in either acetonitrile or olefin
can slow down the overall process.

The second computed profile, Figure 9, shows the
reaction from the Tp®“MeCu(CCls) complex to the final
products. This starting species may be seen as a
Tp®uMeCuCI-CCl; adduct, because only one of the chlorine
atoms of CCl, is interacting with copper. The Cu-Cl
distance is quite long, 2.609 A. Homolytic cleavage of the
C-ClI bond produces the species [Tp®“MeCuCl]...[eCCls], a
Cu(ll) complex at the C-Cl bond dissociation limit, which is
about 7.0 kcal mol! above the Tp®“MeCuCI-CCls
intermediate. At the beginning of the C-Cl bond cleavage,
the spin density on each atomic center is zero but spin
localization develops as the homolytic cleavage advances
towards the two separate doublet systems. The dissociated
oCCl; radical can attack the olefin with a low barrier of 5.7
kcal mol! and an exothermicity of -17.8 kcal mol* (not
shown in the profile). The resulting ¢CH,CH,CCl; radical
rejoins then the energy profile in Figure 9 to yield the
product. We have considered two possibilities: this new
radical can either attack directly the Tp®uMeCuCl
intermediate or attack a pentacoordinate
Tp®u-MeCuCI(NCMe) species that may be formed in

A
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-CH,CH,CCly 2354
+ 2064 2.017 \.
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Figure 9. Potential energy diagram for the ATRA of CClsa to C2Ha by TptBu:-MeCu(I) complex. (energy values are in kcal mol-! and spin densities at

selected atoms are shown in italics).

studies from these laboratories with Tp*Cu(olefin)

solution, as a bifurcation shown in the profile. The direct



reaction between the radical and the four-coordinate Cu(ll)
intermediate is barrierless in terms of potential energy,
while the reaction through the five-coordinate intermediate
goes through an additional barrier of 6.4 kcal mol™.
Therefore, the five-coordinate species with chloride and
acetonitrile simultaneously bonded to a copper (lI) center
should not be formed, in good agreement with the UV-Vis
studies. The reaction will therefore proceed through attack
of the organic radical on the Tp®“MeCuCl complex, in a
exothermic step by 30.1 kcal moltThe slightly
endothermic (10.3 kcal mol-t) separation of the product will
then yield the Tp®“MeCu complex, which can reinitiate the
catalytic cycle upon carbon tetrachloride coordination, or it
can coordinate again acetonitrile or olefin and re-enter the
equilibria described in Figure 8.

The computed energy profiles confirm the validity of the
mechanistic proposal in Scheme 7, and add further details
on the catalytic cycle. The three-coordinate Tp®BuMeCu(l)
intermediate is the species with the highest energy in the
whole process, and its formation is the key for the reaction
rate. The presence in excess of coordinating agents such as
acetonitrile or olefin will reduce the concentration of this
high energy intermediate, and can thus slow down the
reaction. The Tp®UMeCu(I1)Cl intermediate will necessarily
have a low concentration, because it reacts without barrier
with the coexisting radical species in solution, thus
confirming the validity of the rate law presented above.

Conclusions

A complete mechanistic proposal for the model Atom
Transfer Radical Addition of CCls to styrene using
Tp®BuMeCu(NCMe) as the catalyst precursor has been made.
The importance of several equilibria between Cu(l) species
to control the amount of the real catalytic species has been
established. This seems crucial since that concentration
directly affects the concentration of radicals in solution and,
when in the appropriate range, allows to direct the process
toward the desired product and, subsequently, avoids the
formation of other non-desired products derived from
radical coupling reactions.

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 was distilled, and styrene was
filtered on alumina columns prior to use. The homoscorpionate
ligand!>1® and the [Tp®B»MeCul»® (2) complex were prepared
according to literature methods. NMR experiments were run in a
Varian Mercury 400 MHz spectrometer. UV-Vis spectra were
recorded in a 1 cm quartz cuvette under nitrogen using a Cary 50
UV/vis spectrophotometer (Varian Scientific Instruments).

Synthesis of the complex TpB"MecCu(NCMe) (1). TITptBuMe
(0.81 mmol) and cuprous chloride, CuCl, (0.82 mmol) were
stirred in CH3CN (20 mL) for 1 h. The mixture was filtered, and
the colorless solution was concentrated under vacuum and cooled
at -20 °C to give white crystalline solid of composition

TpBuMeCy(NCMe) in 80% yield. '"H NMR (400 MHz, C¢Ds) & =
0.86 (brs, 3 H), 1.59 (s, 2 H), 2.35 (s, 9 H), 5.85 ppm (s, 3H); 13C
NMR (100 MHz, CeDs) 6 = 2.5, 12.4, 31.2, 103.2, 144.5, 163.5
ppm. IR (Nujol) v(CN) = 2206, v(B-H) = 2369 cm’'. For
crystallographic data of 1 see supporting information.

Reaction of 1 with CCls. A toluene solution (30 mL) of
complex 1 (0.13 mmol) and CCls (200 mmol) was stirred for 4 h.
A red brown solution was obtained. The volatiles were removed
under vacuum, and the residue was extracted with diethyl ether.
The resulting solution was concentrated under reduced pressure.
Crystallization at -30 °C afforded a red crystalline solid, for which
the IR, NMR, and analytical data were identical to those reported
for TptBu-MeCuCl.?

Kinetic study of the dissociation of acetonitrile from 1. 2.01
x 102 mmol of 1 were dissolved in C¢Ds. (0.6 mL), transferred
into a pressure NMR tube and sealed with a Teflon screw cap.
The relative concentrations of 1 and 2 were monitored by 'H
NMR at 298 K with time using the resonances corresponding to
the ‘Bu.

Equilibrium constant measurement. To solution of 15 mg
(1.50 x 10-2 mmol) of 2 in C¢Ds (0.6 mL), 1 equiv of CH3CN and
1 equiv of biphenyl, as internal standard, were added. The mixture
was transferred into a pressure NMR tube and sealed with a
Teflon screw cap. The relative concentrations of 1 and 2 were
measured by integrations of the resonances corresponding to the
Bu protons of each compound, after 100 h, when the equilibrium
was reached.

Kinetics of ATRA of CCls to styrene at different
temperatures. A mixture of styrene (0.84 mmol), complex 1 (2.8
x 103 mmol from a stock solution), and CCls (9.3 mmol) was
dissolved in the required amount of CsDs to a total volume of
1.86 mL; [catalyst] = 1.5 mM. 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. The
temperature was controlled in the range 10—50 °C (0.1 °C). The
conversions were monitored by '"H NMR spectroscopy at the
desired times. The Eyring plot for the reactions are given in
Figure 7. Activation parameters were calculated over the
temperature range from the least-squares fit of values of In(k/T) to
1/T, according to the equation:

Ky _ jnkey . AS? _ AHY
In(?) = In(F) + R + RT

Kinetics of the reaction of CCls to styrene at different CCls
concentrations. Complex 1 (4.1 x 103 mmol from a stock
solution), styrene (300 equiv, 1.23 mmol), and the desired amount
of CCls (10, 60, 300, 600 and 1200 equiv, respectively) were
dissolved in the required amount of C¢De to reach a total volume
of 900 pL. These five solutions were transferred into pressure
NMR tubes and sealed with Teflon screw caps. The conversions
were monitored by 'H NMR spectroscopy.

Kinetics of the reaction of CCls to styrene at different olefin
concentrations. Complex 1 (4.1 x 103 mmol from a stock
solution), CCls (3000 equiv, 12.3 mmol), and the desired amount
of styrene (100, 200, 300, 600 and 1200 equiv with respect to
catalyst) were dissolved in the required amount of CsDs to reach a
total volume of 900 pL. The solutions were transferred into five
pressure NMR tubes and sealed with Teflon screw caps. The
conversions were monitored by "H NMR spectroscopy.



Kinetics of the reaction of CCls to styrene at different
catalyst concentrations. Complex 1 (33, 66, 100, 150 and 200
puL from a 0.05 M stock solution), styrene (1.23 mmol), and CCl4
(4.92 mmol) were dissolved in the required amount of C¢Ds to
complete a total volume of 900 puL. The solutions were transferred
into five pressure NMR tubes and sealed with Teflon screw caps.
The conversions were monitored by 'H NMR spectroscopy.

Alternative determination of k1 using TEMPQO. Complex 1
(2,76 x 102 mmol) and TEMPO (3.6 x 10-2 mmol) were dissolved
in 5 mL of deoxygenated toluene in a Schlenk flask. After stirring
for 30 min at 30 °C, 1 mL of deoxygenated CCls (6 x 10 mmol)
and biphenyl (6 x 104 mmol) toluene stock solution were added to
the Schlenk flask via a degassed syringe. A sample was taken
immediately for the reference, and other samples were taken at
timed intervals to measure kinetics. The samples were passed
through alumina in order to remove the catalyst. The composition
of the samples was analyzed by gas chromatography with a Varian
GC-3900 chromatograph with a flame ionization detector.

Computational Details. Gas phase optimisations were carried
out using the ONIOM(QM:MM) approach!’ as implemented in
the Gaussian03 package.! In the ONIOM approach, the full
system is divided into two different regions; the electronically
sophisticated environment, Cu centre, and TpH, is treated with
density functional theory (DFT), while the the —‘Bu and —Me
substituents of TpBu-Me are treated with the MM approach. For the
QM part, the PBE1PBE functional was applied.!® The SDD basis
set and associated effective core potential with a single f
polarization function was used for Cu,2 TZVP basis set was
considered for all atoms bonded to Cu, and TZV was used for
other atoms.?! UFF?? was employed in the MM region. All
geometry optimisations were full with no restrictions and
vibrational frequency calculations were also performed in order to
establish that the stationary points were minima or transition
states. All energies presented are potential energies.

X Ray Crystal Structure Analysis of 1. A single crystal of 1
of suitable size was mounted on a glass fiber using
perfluoropolyether oil (FOMBLIN® 140/13, Aldrich) in the cold
N2 stream of a low-temperature device attachment. Full
crystallographic data and structure refinement are given in the
Supporting Information section. Intensity data were performed on
a Bruker-AXS X8 Kappa diffractometer equipped with an Apex-
I CCD area detector, using a graphite monochromator Mo Ka1 (A
= 0.71073 A) and a Bruker Cryo-Flex low-temperature device.
The data collection strategy used in all instance was phi and
omega scans with narrow frames. Instrument and crystal stability
were evaluated from the measurement of equivalent reflections at
different measuring times and no decay was observed. The data
were reduced (SAINT)?? and corrected for Lorentz and
polarization effects, and a semiempirical absorption correction
was applied (SADABS).?* The structure was solved by direct
methods (SIR-2002)% and refined against all F?> data by full-
matrix least-squares techniques (SHELXTL-6.14)? minimizing
w[Fo?-Fc?]2. All the non-hydrogen atoms were refined with
anisotropic displacement parameters. The hydrogen atoms were
introduced into the geometrically calculated positions and refined
riding on the corresponding parent atoms.

Crystal data for 1. CasH46BCuNs, Mw = 569.08, colorless
prism crystal of dimensions: 0.50 x 0.39 x 0.32 mm?, monoclinic,
space group P2i/c, a = 25.0527(14) A, b = 15.5161(9) A, ¢ =

17.9635(9) A, a.=90°, = 110.9970(10)°, y = 90°, V = 6519.1(6)
A, T=1732) K, Z =8, D = 1.160 Mg/m3, p = 0.699 mm-L,
F(000) = 2432; 134670 reflections measured, of which 19771
were unique (Rt = 0.0618). 769 Refined parameters, final R =
0.0598 for reflections with I > 26(I), wR2 = 0.1521 (all data),
GOF = 1.084. Final largest diffraction peak and hole: 1.590 and -
1.029 eA3. CCDC 775708 contains the supplementary
crystallographic data for the compounds described in this paper.
These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html ~ (or  from  the
Cambridge Crystallographic Data Centre, 12 Union Road,
CB21EZ, UK; fax: +44 1223-336-033; or
deposit@ccdc.cam.ac.uk).
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SYNOPSIS TOC

A complete mechanistic proposal for the model Atom Transfer Radical Addition of CCls to styrene using
TpBuMeCyNCMe) as the catalyst precursor has been made on the basis of kinetic studies and theoretical calculations.
The nature of the catalytic species and the effect of the different actors in this transformation is addessed.
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