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Highly efficient atom transfer radical addition of polyhalogenated Scheme 1. Proposed Mechanism for Copper-Catalyzed ATRA
i Ka,
cgmpouqu to aIkene; cgtalyzed by copper(l/ll).compl.exes with Cul, + RX ——= L X, + Re
tris(2-pyridylmethyl)amine in the presence of a radical initiator [2,2'- dt ) . . .
azobis(2-methylpropionitrile)] was reported. R- RHo=CH, —2 o g~ Rl g '
(2-methylpropionitrile)] p + . R i p@n
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The addition of halogenated compounds to carbcarbon ~ ° o n')V + Culm

double (or triple) bonds through a radical process is one of ~===== = pemrmrororeeemrme e
the fundamental reactions in organic chemistitywas first R+ R —’_RR R

reported in the early 1940s in which the halogenated g AR+ >N K, R R

methanes were directly added to olefinic boAd&ie process otc. R

was initiated by small amounts of diacyl peroxides or by
light. This reaction became known as the Kharasch addition x- (t:]gll?dpel,\egrm;?sggzgdhallde
or atom transfer radical addition (ATRA)However, soon
after its discovery, it was realized that the use of the Kharaschthe copper(ll) complex. The key to increasing the chemose-
addition reaction was rather limited because of radical lectivity of the monoadduct lies in the radical-generating step.
radical Coup"ngs to form alkanes and repeating radical In order to achieve h|gh SE|ectiVity, the fO”OWing guidelines
addition to alkene to generate oligomers and polymers. Theneed to be met: (a) the radical concentration must be low
research was thus shifted in a direction of finding a means in order to suppress radical termination reactions [rate
to selectively control the product distribution. This was constant of activationk; and k;7) < rate constant of
achieved by utilizing transition-metal complexes, which are deactivation Kq1 and ky2)], (b) further activation of the
much more effective halogen transfer agents than alkyl monoadduct should be avoidel. { > k,2), and (c) the
halides. A number of species were found to be particularly formation of oligomers/polymers should be suppressed [rate
effective, and they included the complexes of ruthenium, Of transfer ks Cu''LmX]) > rate of propagatiorkf[alkene])].
iron, copper, and nickér.’ Although transition-metal-catalyzed ATRA can be applied
It is genera”y accepted that the mechanism of copper- to a Variety of halogenated substrates and alkenes, the
catalyzed ATRA involves free-radical intermediates (Scheme Principal drawback of this useful synthetic tool is the large
1) 89 Homolytic cleavage of the alkyl halide bond {iX) amount of catalyst required to achieve high selectivity toward
by the copper(l) complex generates an alkyl radicahid the monoadduct. In copper-catalyzed ATRA, the amount of
the corresponding copper(ll) complex. The radicabRds  catalyst typically ranges from 10 to 30 mol % relative to
across the double bond of an olefin, terminates by radical @lkene and/or a halogenated compotinks a result, the

Coup"ng or disproportionation, or abstracts the ha|ogen from Separation of the Catalyst from the reaction mixture is often
tedious and difficult.
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utilizes copper(ll) complexes that are continuously reduced Table 1. ATRA of Polychlorinated Compounds to Alkenes Catalyzed
to copper(l) complexes in the presence of phenols, glucose 2y CU(TPMACI in the Presence of AIBN
hydrazine, and radical initiators. With ICAR ATRP, con- entry alkene RCI  [alkeng[Culo vyield (%) TON

trolled synthesis of poly(styrene) and poly(methyl methacry- 1 1-hexene cal 10000:1 72 7200
late) can be implemented with a catalyst concentration g Lot cal 588861_1 23 gggg
between 10 and 50 ppm. This technique has recently been ; %" 5000:1 8y 4350
utilized with great success in ATRA reactions catalyzed by 5  styrene cal 1000:1 42 420
the [Cp*RU" Cl(PPh)] complex!3 However, to the best of ? gggfi gg gzg
our knowledge, it has never been applied to copper-mediated g ethyiacrylate  Cal 1000:1 60 600
ATRA. 9  1-hexene CHGI 1000:1 56 560
; ; At ; 10 1-octene CHGI 500:1 49 245

In Fhls article, vxlle report or|1 the characterlzatllon apd high 11 styrene CHGI 1000:1 58 580
activity of the CUCI and CUCl, complexes with tris(2- 12 methyl acrylate CHGI 1000:1 63 630

py”dylmethyl)amme (TPMA) In ATRA reactions of p?ly- a All reactions were performed in toluene at 8D for 24 h with [R-CI}/
halogenated compounds to alkenes in the presence 'ef 2,2 [alkene}, = 4.0. The yield is based on the formation of a monoadduct and

azobis(2-methylpropionitrile) (AIBN). was determined byH NMR using toluene as the internal standard or column
. . chromatography. The conversion of alkene for all substrates ranged from
Tetradentate nitrogen-based ligand TPMA was chosen for gs 14 1009%.

this study because its complexation to'’)XX (X = Br or Cl)
results in the formation of one of the most active catalysts |n the case when the starting catalyst is'Cl/ TPMA, the
in copper-mediated ATRP: ¢ Despite the fact thatthe Gu  process can be termed reverse ATRA, in analogy with the

CI/TPMA complex is a highly active catalyst in ATRP, the = well-known reverse ATRP developed by Xia and Matyjas-
conversion of only 2% was observed after 24 h af@0n zewskill18

ATRA of CCl, to 1-hexene when the ratio of the catalystto T test the applicability of this new methodology for
olefin was 1:10000. This result is not surprising because the copper(l) regeneration in ATRA, additional experiments were
low catalyst-to-CCj ratio resulted in complete deactivation conducted using other alkenes as well as alkyl halides.
of the catalyst. In other words, because of the irreversible Relatively high yields of monoadduct were obtained in
radical coupling reactions (Scheme 1), the'@TPMA ATRA of CCl, to styrene (entries-57) and methy! acrylate
complex was converted to €Tl/TPMA. In the absence of (entry 8) but with much higher catalyst loadings. At a'Cu
CUCI/TPMA, 3% conversion of 1-hexene was observed, CI/TPMA-to-styrene ratio of 1:250 (entry 7), complete
resulting in the formation of oligomers/polymers. conversion of styrene was observed after 24 h and monoad-
This situation can be changed by the addition of an duct was obtained in 85% yield. A further increase in the
external radical source such as AIBN. The slow decomposi- ratio of styrene to CCI/TPMA (entries 5 and 6) still resulted
tion of AIBN provides a constant source of radicals, which in quantitative conversion of styrene; however, a more
continuously reduce the €GIl/TPMA complex to CLCI/ pronounced decrease in the yield of monoadduct was
TPMA (Supporting Information)? Indeed, when the above  observed. The decrease in the yield of monoadduct was
reaction was conducted in the presence of 5.0 mol % AIBN mostly due to the formation of oligomers/polymers. Similar
(relative to the olefin), 88% conversion of 1-hexene was results were also obtained for methyl acrylate. The experi-
observed after 24 h, with the main product being the desiredments with a less active CHglsubstrate also worked
monoadduct (yiele= 72%, entry 1, Table 1). Increasing the reasonably well. Relatively high yields were obtained for
catalyst concentration (entry 2), under the same reactionall alkenes investigated at [alkepéd-[CU], ratios between
conditions, resulted in a complete conversion of 1-hexene 500 and 1000 (entries-912).
and an increase in the yield of monoadduct (98%). Similar ~ The catalytic activity of the CCI/TPMA complex in
results were also obtained with 1-octene (entries 3 and 4). AIBN-mediated ATRA reported in this study is lower than
The turnover numbers (TONSs) in these experiments rangedthe activity of recently reported ruthenium(ll) and ruthenium-
between 4900 and 7200 (1-hexene) and between 4350 andlll) complexes, which were capable of catalyzing ATRA
6700 (1-octene) and are the highest so far obtained forreactions of CGlto olefins with TONs as high as 44 509.
copper-catalyzed ATRA of Cglto olefins. Previously = However, despite the superiority of ruthenium in intermo-

reported TONs ranged between 0.1 and-10The efficient lecular ATRA reactiond®1%2°we believe that the success
regeneration of the copper(l) complex by AIBN suggests that of this new methodology for catalyst regeneration can be
ATRA reactions can also be conducted using thé @ applied to atom-transfer radical cyclization (ATRC) reactions,
TPMA complex, which we have confirmed experimentally. which are predominantly conducted using copper(l) com-
plexes’
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Figure 1. Molecular structure of CGTPMA)CI, shown with 30%
probability displacement ellipsoids. H atoms have been omitted for clarity.

fully understooc?? Typically, TPMA coordinates to the
copper(l) complex in a tetradentate fashtérsimilarly to
structurally related tris[2N,N-dimethylamino)ethyllamine
(MesTREN). However, the role of the halide counterion in
these complexes is also very unclear. For example, in the
case of the CBr/MesTREN complex, extended X-ray
absorption fine structure studies have indicated several
possible structures in the solution, which included'[@les-
TREN)][Br], [CU'(MesTREN)][CUBr,], and [CU(MesTREN)-

Br] (MesTREN denotes a tricoordinated NMEREN)2%23
These structures were based on the validated assumption th
the maximum coordination number of copper(l) should no
exceed fouf?

Shown in Figure 1 is the molecular structure of theé-Cu
(TPMA)CI complex, which was obtained by slow crystal-
lization of CUCITPMA from THF/EtOH at —35 °C.
Surprisingly, the geometry of the complex is distorte
trigonal-bipyramidal. The Cuon is coordinated by four N
atoms with bond lengths of 2.0704(11), 2.0833(11), and
2.0888(11) A for the equatorial GtN bond and 2.4366-
(11) A for the axial Cu-N bond and a Cl atom with a bond
length of 2.3976(4) A. Furthermore, the 'Giiom lies 0.534-
(6) A below the least-squares plane derived from N1, N3,
and N4, toward the Clion.

The corresponding deactivator [GTIPMA)CI][CI] can be
synthesized from C\Cl, and TPMA, or alternatively Cu
(TPMA)CI and a large excess of a halogenated compoun
(CCly, CHCE, etc.). In [CU(TPMA)CI][CI] (Figure 2), the
Cu' atom is coordinated by four N atoms [CtNeq =
2.0759(8) A and Ctr—N, = 2.0481(14) A] from the TPMA
ligand and a Cl atom [CuCl = 2.2369(4) A]. The overall
geometry of the complex is distorted trigonal bipyramidal,
and the Cli atom is positioned 0.335(3) A below the least-
squares plane derived from the equatorial N atoms in TPMA.
The molecule possesses crystallographic 3-fold symmetry
with respect to the CuClI1 or Cu—N1 vector. The structures

d
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Figure 2. Molecular structure of [CY{TPMA)CI]|[CI], shown with 30%
probability displacement ellipsoids. H atoms have been omitted for clarity.

of CU(TPMA)CI and [CU(TPMA)CI][CI], from the point

of view of TPMA coordination, are very similar. In the Cu
(TPMA)CI complex, the average CuNeq bond length is
approximately 0.0050 A longer than that in [GTPMA)-
CI[CI]. The angles in the plane /N-Cu—Ngyx are slightly
smaller in CY(TPMA)(CI) [111.13(4)-116.60(4}] than in
[CU(TPMA)CI[CI] [117.447(12)], while the Ny—Cu—Neq
angles are very similar. The only more pronounced difference
in the TPMA coordination to the copper center can be seen
in the shortening of the CtN,« bond length on going from
CU(TPMA)CI [2.4366(11) A] to [CU(TPMA)CI][CI] [2.0481-

a(114) A]. From the structural point of view, we believe that
¢ the high activity of the TPMA ligand in ATRA/ATRP can

be explained by the fact that the minimum entropic rear-
rangement is required when the 'PMA)CI complex
homolytically cleaves the RCl bond to generate the
corresponding [CUTPMA)CI][CI] complex. At the present
moment, it is unclear what the role of Ctoordination to
the [CU(TPMA)]* cation [CU—CI = 2.3976(4) A] is. The
most reasonable explanation is that activation in the ATRA/
ATRP process proceeds with either prior dissociation of Cl
from the CYW(TPMA)CI complex or dissociation of Clfrom

the corresponding CGTPMA)CI; to generate the deactivator
[CU'(TPMA)CI][CI]. Both possibilities are currently under
investigation.

In summary, the characterization and high activity of the
CUuCl and CUCl, complexes with TPMA in ATRA of
polyhalogenated compounds to alkenes were reported. This
methodology utilized AIBN, which provided an external
source of radicals for continuous regeneration of the copper-
(I) complex. The TONs for 1-hexene (7200) and 1-octene
(6700) are the highest so far reported for copper-catalyzed
ATRA of CCl, to olefins. The outlined procedure can
potentially be used to decrease the amount of copper catalyst
in other ATRA and ATRC reactions.
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