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ABSTRACT. Synthesis, characterization, electrochemical studiel ATRA activity of copper
complexes with N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)gdnd in the
presence of ascorbic acid as a reducing agent vegrerted. [CU(TPEN’)Br][Br] (TPEN’
denotes tetracoordinated ligand) catalyst showsdra low activity in ATRA of CBj to 1-
octene, methyl methacrylate, methyl acrylate agcese in methanol, which is a typical solvent
used for ATRA reactions employing ascorbic acid. n @e contrary, the vyields and
stereoselectivity towards monoadduct formation vageematically increased in slightly polar but
aprotic acetone. Based on molecular structuresisofated [CU(TPEN)][BPh] and
[Cu"(TPEN")BI][Br] complexes, as well as UV-Vis and digc voltammetry studies, an
equilibrium was proposed involving inactive [(fTIPEN)F* and ATRP active [C(TPEN")Br]*
cations The halidophilicity of the bromide-baseshctivating complex ([CYTPEN")Br][Br])
decreased approximately 750 times upon changingdivent from acetond<¢g, =3000£230) to
methanol Kg, =4.1+0.1), explaining poor catalytic activity in ethanol. In acetone,
[Cu"(TPEN")BI][Br] complex was nearly as active in ATR#&actions employing ascorbic acid
as previously reported [E(TPMA)Br][Br].



INTRODUCTION AND BACKGROUND

Over the past several decades, copper complexes dfracted a considerable interest as
catalysts for carbon-carbon bond forming reactiamgarticular atom transfer radical addition
(ATRA)™® and polymerization (ATRP)*? Mechanistically, in both processes, the copper(l)
complex homolytically cleaves a carbon halogen bdéman alkyl halide to generate the
corresponding radical and copper(ll) halide (SchémeThe radical then adds across a carbon-
carbon double bond of an alkene or monomer to géméine secondary radical, which is rapidly
trapped by copper(ll) halide to form the desirechoadduct (ATRA). This step also regenerates
the activator or copper(l) complex. ATRP is medsiaeally very similar to ATRA with the

[Insert Scheme 1]
exception that the activation-addition-deactivatoytles are repeated many times resulting in
polymers with well-defined molecular weights andrroev molecular weight distributions
(B=Mu/M,).

Recent advances in the area of catalyst regeneratitransition metal catalyzed ATRA and
ATRP reactions not only enable the approach of e@bailibrium from the right-hand side
(Scheme 1), but also a significant decrease in cétalyst concentration®®**2’ In such
processes, the activator (transition metal comildke lower oxidation state) that is responsible
for homolytic
cleavage of carbon-halogen bond is continuouslgmerated from the deactivator (transition
metal complex in the higher oxidation state) in gresence of reducing agents such as free-
radical diazo initiators, tin(ll) 2-ethylhexanoatgucose, phenols, ascorbic acid, magnesium and

metallic coppef:>©13%1:232829 Transition metal complexes in the higher oxidatgiates are



typically air stable and therefore their use suspasotherwise necessary deoxygenation
techniques.

Electrochemical measurements are commonly usetetbgb the activity of copper complexes
in atom transfer radical processes, namely ATRA ARMRP3*3" Generally, for a given alkyl
halide, the equilibrium constant for atom trangi€xrrp=k#/kq) can be directly correlated with
Ei, values provided that the halidophilicity of the pep complex

(X +[Cu"L, 0 [Cu"L X]", Kx, X=Br or Cl) remains constant. As a result, fapper

complexes with neutral nitrogen based ligands contynased in ATRA and ATRP, a linear
correlation between Ii(rre) and Ey, values is typically observed®2° Another method of
predicting the activity of copper catalysts in ATRRo directly compare the stability constants

of CU' and Clicomplexes with the particular ligand

m:%; m=lor Ill, n=1 or 2 [j

B
(8" andg, respectively, Eq [1]). Botf' and/ should be large in order to eliminate or suppress
possible concurrent reactions such as coordinatiomonomer and/or polymer, which are
typically present in large excess relative to thglyst. Generally, a copper complex with a low
reduction potential should be more stable in itgliaed form (i.e. Cli should be more stable
than CU) in order to achieve high catalytic activity’®

With the recent discovery indicating that the redgcagents can significantly reduce the
amount of copper complexes in ATRA and ATEPa significant effort has been devoted
towards development of more active catalysts tbhatdcbe used at even lower concentrations,

and potentially enable controlled radical polymatian ofa-olefins. The research in this area is

significantly focused on ligand design, which canused to tailor electronic properties of the



copper(l) center. Currently, tetradentate neutitiogen based ligands tris(2-pyridyl)methyl
amine (TPMA) and tris[2-(dimethylamino)ethyllami(MesTREN) are among the most active
[Insert Scheme 2]

ligands in copper catalyzed ATRA and ATRP (SchemeThey form very stable copper(l and
II) complexes and more importantly are very redgc{r0.25 mV<€;,<-0.30 mV, v.s. SCE,
Scheme 3j° Recently, a new class of multidentate nitrogeseddigands such a$,N,N’,N’-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) balkeen shown to be quite promising in
copper catalyzed ATRP of acrylic, methacrylic, astyrenic monomers at very low
concentrations and in the absence of a reducingtidyeFor example, CBr/TPEN catalyst
mediated ATRP at a catalyst/initiator molar ratfoOc005 and produced polymers with well-
controlled molecular weights and low polydispeesiti ATRP also occurred even at a
catalyst/initiator molar ratio as low as 0.001 wethpper concentration in the produced polymers
as low as 6-8 ppm (catalyst/ monomer molar ratk®2). Inspired by these results, we reverted
our attention to potential use of TPEN ligand iper catalyzed ATRA.

In this article, we report on the synthesis, chi@ration, electrochemical studies and ATRA
activity of copper complexes with TPEN ligand iretpresence of ascorbic acid as a reducing

agent.

EXPERIMENTAL SECTION

General. All chemicals were purchased from commercial sesir@and used as received unless
otherwise  stated. N,N,N N -tetrakis(2-pyridylmethyl)ethylenediamine  (TPEN) dan
[CU"(TPEN)BI][Br] were synthesized according to prewlyupublished literature procedur®s.
Cyclic voltammetry experiments were performed undegon. Copper(ll) complexes were

synthesized under ambient conditions.



Instrumentation and Equipment. *H NMR spectra were obtained using Bruker 400 MHz
spectrometer and chemical shifts are given in pplative to residual solvent peaks [CRCI
87.26 ppm; (CR)CO 62.05 ppm; CRCN 81.96 ppm]. IR spectra were recorded in the soatkst
using Nicolet Smart Orbit 380 FT-IR spectrometehdimo Electron Corporation). Elemental
analyses for C, H, and N were obtained from Robar#ficrolabs, NJ. UV-Vis spectra were
recorded using a Beckman DU-530 spectrometer ircth(ath-length airtight quartz cuvettes.
All cyclic voltammograms were measured at 25°C vdtiNuVant potentiostat. Solutions of
Cu'Br, and CU(BPh), complexes with TPEN ligand (1.0 mM) were preparethe mixture of
acetonitrile (4.9 mL) and DMF (0.1 mL) containinglOM NBwBr or NBwBPh, as the
supporting electrolyte. Measurements were carmgidunder argon atmosphere at a scanning
rate ¢) of 0.1 V$', using a platinum disk and platinum mesh as thekiwg and counter
electrode, respectively. An Ag|Aglteference electrode was used and potentials weasumned
relative to a ferrocenium/ferrocene couple, whi@swsed as an internal standard.

X-ray Crystal Structure Determination. The X-ray intensity data were collected at 150 K
using graphite-monochromated Mo-K radiation (0.73&J with a Bruker Smart Apex Il CCD
diffractometer. Data reduction included absorptonrections by the multi-scan method using
SADABS* Crystal data and experimental conditions arergiveTable 1. Structures were
solved

[Insert Table1]
by direct methods and refined by full matrix lesgtiares using SHELXTL 6.1 bundled software

packagée®?

The H-atoms were positioned geometrically (araen@H 0.93, methylene C-H
0.97, and methyl C-H 0.96) and treated as ridirgnat during subsequent refinement, with

Uiso(H) = 1.2Je(C) or 1.8Je((methyl C). The methyl groups were allowed to ®tabout their



local threefold axes. Crystal Maker 8.3 was usedyeoerate molecular graphics. CCDC-
1039735 (for [(CUBr,),TPEN]) and CCDC-1039736 [EG(TPEN)][BPh], contain the
supplementary crystallographic data for this pap€&hese data can be obtained free of charge
from the Cambridge Crystallographic Data Centremiav.ccdc.cam.ac.uk/ data_request/cif.

Synthesis of Copper Complexes.
[(Cu"'Br2),(TPEN)]. A solution of TPEN (724 mg, 1.7 mmol) in 2.0 mL dithloromethane
was added to a suspension of' Bu(763 mg, 3.4 mmol) in 1.0 mL of dichlorometharesulting
in the formation of a green solution. After stuigi for 5 min at ambient temperature,
[(Cu"Br,)o(TPEN)]was precipitated as green powder (yield=1.22 g,)8284ay quality crystals
were obtained by crystallization in DMF via slovifdsion of diethyl ether. FT-IR (solid):(cm
1 = 2944(m), 1600(m), 1570(s), 1466(m), 1461 (P6Um), 1262(m), 1062(s), 863(m),
670(m), 619(m). Anal. Calcd. for,gH2eBraCwNs (871.24): C, 34.84; H, 3.24; N, 9.65. Found:
C, 35.50; H, 3.31; N, 8.82.
[Cu"(TPEN)][BPh4],. [(CU'(TPEN")Br][Br] (131.0 mg, 0.203 mmol) was dissolvedsolution
of methanol and DMF (95/5), and NaBR138.0 mg, 0.406 mmol) was added. Green powder
which precipitated immediately was washed with ragti, collected by filtration, and dried
under vacuum to yield (139 mg, 61%) of [{(CTPEN)][BPh].. Crystals of
[Cu"(TPEN)][BPhy], suitable for X-ray analysis were obtained in ametby slow diffusion of
diethyl ether. FT-IR (solidyw (cm®) = 3054(s), 2998(s), 2923(s), 1694(m), 1580(mY,7l#),
1427 (m), 1398(m), 1291(m), 1062 (m), 733(s), 7RARE1(m). Anal. Calcd. for gHgsB2CuNg
(1126.53): C, 78.90; H, 6.08; N, 7.46. Found: C189H, 6.13; N, 7.99.

General Procedure for ATRA reactions. ATRA reactions were performed in 5.0 mm air

tight J. Young NMR tubes. In a typical experimeatkene (1.11 x I® mol, V(methyl



acrylate)=100uL, V(1-octene)=174uL, V(methyl methacrylate)=12QL and V(styrene)=127
uL) was dissolved in 40QL of methanol or acetone. Carbon tetrabromide (CBmas then
added to the solution (1.25 eq, 0.455 g), followgdddition of 0.2 mL of ascorbic acid solution
(0.25M) in methanol as a reducing agent and 1,4thioxybenzene as internal standard. After
the desired amount of copper(ll) was added (fod OV [Cu'(TPEN)BI][Br] in methanol or
mixture of acetone and methanol (9:1): 1000:1 (VgBp 5000:1 (V=16uL), 10000:1 (V=8.06
uL) and 20000:1 (V=4.04L)), the NMR tube was sealed and placed in anatih bhermostated
at 60 °C for 24 hours. The conversion of alkene toe percent yield of monoadduct were
determined usingH NMR spectroscopy.

Deter mination of Halidophilicity Constants (Kg,)
The equilibrium constantkg,) for association of Branions to [CU(TPEN)F* cations was
determined according to previously published litema procedurd® Solutions containing
[CU"(TPEN)][(OTf),], (2.5 mM, OTf = trifluoromethanesulfonate) were titrated witifetient
amounts of tetrabutylammonium bromide (TBABT) igigen solvent (several methanol-acetone
mixtures, as well as pure methanol and acetonpkct& of the original solution containing no
bromide anions and of solutions containimgquivalents of Brv.s. Cl were then collected.
TBABr was added to the solution until no furtheenbes in the spectra were observed (i.e. all of

[CU"(TPEN)][BPhy]. was converted to [C(TPEN)'Br][Br]).

[Insert Table1]

RESULTSAND DISCUSSION

Copper catalyzed ATRA reactions in the presenceanf-radical generating reducing agent
such as ascorbic acid are typically conducted largarotic and aprotic solvents such as MeOH,

EtOH and aceton&*’ The solubility of ascorbic acid in such solveigselatively high, as

8



opposed to conventional non-polar ATRA solvents kkisole or toluene. Shown in Table 2 are
the results for ATRA of CBrto various alkenes catalyzed by'®w/TPEN complex in the

presence of
[Insert Table 2]

ascorbic acid as a reducing agent. The resultpfeviously reported [C{TPMA)Br][Br]
complex are included for comparisthinterestingly, for all alkenes investigated, #wivity of
CU'Bry/TPEN was much lower than that of [QUPMA)Br][Br]l. The differences are
particularly noticeable for more active alkeneshsas methyl methacrylate and methyl acrylate.
It is important to observe that relatively high gersions were achieved for both alkenes at low
catalyst loadings. However, the yield of the maithact was dramatically decreased. This
clearly points to inefficient deactivation, which not consistent with previously conducted
ATRP studied? Hence, our attention shifted towards examiniregstiuctures of the deactivator
or CU'Bro/TPEN complex in both the solid state and solution.

In addition to [CU(TPEN’)Br][Br] (TPEN’ denotes tetracoordinated lig# which was
previously isolated directly from ATRP reaction muise, we were able to isolate and structurally
characterize two new complexes, namely [(Bw)(TPEN)] (Figure 1) and [CYTPEN)][BPhy]
(Figure 2). Both complexes indicated that TPENwigy can also coordinate to the copper(ll)
center

[Insert Figure 1]

[Insert Figure 2]
in a tridentate and hexadentate fashion, respégtive In previously characterized
[CUu"(TPEN")BI][Br]*° the molar ratio of CtBr, to TPEN was 1:1. The TPEN ligand was

coordinated to the copper(ll) center using fourntsfsix donor nitrogen atoms from pyridine



rings. The fifth nitrogen atom was only weekly odinated to the Cifiion (CU'-N=2.525(5) A),
resulting in a highly distorted octahedral geometife structure of the complex was similar to
previously characterized [G(TPEN)][CIOq], in which the metal center was also coordinated by
four nitrogen atoms with one pyridyl nitrogen at@molved only in partial coordinatioff. In
the molecular structure of [(EBry)o(TPEN)], the stoichiometric ratio between 'Bu, and
TPEN was found to be 2:1. The hexadentate TPEAhtignvas coordinated to two copper(ll)
centers through two sets of bis(2-pyridylmethylyamunits. The molecule also contained a
two-fold symmetry. Each copper(ll) cation was acboated by two nitrogen atoms from
pyridine rings (CU-N=1.979(2) A and 1.989(2) A), one tertiary aminéragen (CU-
N=1.979(2) A), and two bromide anions (CBr=2.4755(4) A and 2.4844(4) A) in a highly
distorted trigonal bipyramidal geometry=0.67; T values range between O (ideal square
pyramidal geometry) and 1 (ideal trigonal bipyraatidgeometry)). The structure of
[(Cu"Bro)o(TPEN)] shared many similar structural featureshwither ATRA/ATRP active
Cu'Br, complexes containing neutral tridentate nitrogeraseld ligand such as
CU'(PMDETA)Br,* (PMDETA=N,N,N’,N” ,N” -pentamethyldiethylenetriamine) or
Cu'(terpy)Br° (terpy=2,2":6’,2"-terpyridine). Lastly, crystatsf [CU'(TPEN)][BPhy], suitable
for X-ray analysis were obtained in acetone by sldifusion of diethylether. The
corresponding molecular structure is shown in Fegr The Cu(ll) center adopted distorted
octahedral geometry and was coordinated by siogem donor atoms from TPEN ligand. The
axial Cu-Ny bond distances (Cuz2.475(4) A and 2.210(3) A) were found to be lontem
the equatorial ones (average CuN2.050(6) A). In a structurally related [(GUPEN)][PR].
complex, the coordination sphere around Guation was occupied by only five nitrogen atoms

from TPEN ligand due to the dissociation of onetlo¢ pyridine arms (Cu-)=5.008A).
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Furthermore, contrary to the octahedral [@WPEN)][BPhy]. complex, the axial bond distances
in [CUu"(TPEN)][PR]2*® (Cu-N,=2.005A and 1.972A) were found to be shorter thhe t
equatorial ones (Cu-¥2.148A, 2.029A and 2.084A). Apart from [GWPEN)][BPh],,
hexacoordination of TPEN based ligands was alserebd in some Feand Z/ complexes’ >3
With these transition metals, TPEN appears to beerstvongly coordinating to the metal center
as indicated by shorter and nearly equaf-Mtbond distances (average"R¢=1.981 A and
Zn"-N=2.160 A).

So far, based on the isolation of copper(ll)/TPEMplexes discussed above, it appears that
the only two possible deactivators in the systentlugte [(CUBr.)(TPEN)] and
[Cu"(TPEN")BI][Br]. Hexacoordinated [CYTPEN)F" cation can be clearly ruled out since it
does not contain coordinated bromide anions. Eumbre, the presence of [((Rr,)(TPEN)]
can also be ruled out due to three important exparial observations. Firstly, the ratio of
Cu'Br, to TPEN in [(CUBr),(TPEN)] is 2:1, as opposed to 1:1, which was used
experimentally. Secondly, [(EBr,),(TPEN)] complex was virtually insoluble in solventsed
for ATRA studies, namely MeOH and acetone. It waly slightly soluble in DMSO and DMF.
Also, most importantly, based on cyclic voltammettydies, [(ClBr2)2(TPEN)] E12=-641 mV
v.s. Fc/F¢ couple, 4E,=124 mV, iydipe= 0.98) was found to be less reducing than
[Cu"(TPEN')Br][Br] (E1=-689 mV v.s. Fc/Fccouple,4E,=100 mV,ipdi,= 0.98). Hence, our
attention focused on the possibility for the existe of an equilibrium between inactive
[CUu"(TPEN)][Br], and active ATRA deactivator [G(TPEN")Br][Br]. The position of this
equilibrium should be very dependent on solvenagiy, with [CU'(TPEN)F* cations being

more favored in polar protic medium such as MeQlit t its ability to effectively stabilize Br
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anions via intermolecular interactions. To furtleamine this equilibrium, solution studies
were conducted using UV-Vis spectroscopy.

Shown in Figure 3 are UV-Vis spectra of [GUPEN)][OTf], complex in acetone and
methanol in the absence and presence of exteraddlgd tetrabutylammonium bromine (2.0 eq.
relative to Cll complex). In methanol and acetone, the UV-Viscapeof [CU (TPEN)][OTf],
are nearly identical, with strong absorption band ahoulder appearing at 684 and 960 nm,
respectively. The addition of 2.0 eq. of TBABranetone gives rise to a completely different
UV-Vis spectrum with an absorption band centerextiad 744 nm. Interestingly, only slight
changes were observed in methanol indicating tteeptedominant species in solution were still

[CU"(TPEN)F* cations.
[Insert Figure 3]

Furthermore, very small changes were also obsenvetthanol solution containing as much as
100 eq. of TBABr relative to starting [A{TPEN)][OTf], complex. This experimental results
clearly confirm that the predominant species in haebl include hexacoordinated
[CUu"(TPEN)F* cations. In acetone, on the other hand, bromidenarreadily displace one of
the coordinated pyridine arms to form active deastir or [CU(TPEN")Br]* species. The
equilibrium constant for association of ‘Banions to [CU(TPEN)F" cations was further
guantified in different mixtures of acetone and Ima@bl using UV-Vis spectroscopy. Data were
analyzed using previously published proceddfedhe halidophilicity Kg) values in different
MeOH/acetone mixtures are listed in Table 3. Thidbphilicity of the bromide-based
deactivating complex ([C'{TPEN’)Br][Br]) approximately decreased 750 timgson changing
the solvent from

[Insert Table 3]

12



acetone Kgr =3000£230) to methanolKg, =4.1+0.1), clearly indicating that a predominant
species in methanol were deactivation inactive' [TREN)F* cations, which clearly explains

very poor results for ATRA studies summarized ibl€al. The results in methanol could be
improved by externally adding the source of &8rions. However, as indicated in Table 3, under
normal ATRA conditions, as much as 2400 equivalewdsld be needed to insure quantitative
formation of the deactivator or [&(TPEN")Br][Br]. Alternatively, a much more useful

solution would be to conduct experiments in slightblar but aprotic acetone. Indeed, as
indicated in Table 4, a dramatic improvement iralygic performance was observed. For 1-

octene (entries 1 and 2), the

[Insert Table4]

desired monoadduct was formed in very high yieklagicatalyst loadings as low as 0.01 mol-%
(relative to alkene). Furthermore, at catalystliogs between 0.02 and 0.1 mol-% relative to
alkene high vyields of the monoadduct were also rveskein the case of more active methyl
methacrylate (entries 3 and 4), methyl acrylaterign 6 and 7) and styrene (entries 9 and 10).
The vyields slightly decreased at lower ratios &knk to copper catalyst (10000:1, entries 5, 8
and 11). What is even more important to noticeti@darly in the case of MMA, MA and
styrene, is that the stereoselectivity towards naddact formation was dramatically increased in
acetone when compared to methanol due to an irecieateactivation efficiency. Based on the
results presented in Table 4, the activity of [GUWPEN’)Br][Br] complex in ATRA reactions in
the presence of ascorbic acid as a reducing agest nearly as high as the one obtained

previously with [CU(TPMA)Br][Br]. **

CONCLUSIONS

13



In summary, synthesis, characterization, electnomited studies and ATRA activity of copper
complexes with TPEN ligand in the presence of d8cacid as a reducing agent were reported.
[CUu"(TPEN'Br][Br] (TPEN’ denotes tetracoordinated ligincatalyst showed a very poor
performance in ATRA of CBrto 1-octene, methyl methacrylate, methyl acrylatd styrene in
MeOH, which is a typical solvent used for ATRA regans employing ascorbic acid. On the
contrary, the yields and stereoselectivity towamsnoadduct formation were dramatically
increased in slightly polar but aprotic acetone.as& on molecular structures of isolated
[Cu"(TPEN)][BPh] and [CU(TPEN’)Br][Br] complexes, as well as UV-Vis and digc
voltammetry studies, an equilibrium was proposedoliving inactive [CU(TPEN)F* and
deactivation active [CYTPEN'Br]* cations The halidophilicity of the bromide-based
deactivating complex ([C'{TPEN’)Br][Br]) approximately decreased 750 timgson changing
the solvent from aceton&4, =3000+230) to methanoKg, =4.1+0.1), explaining poor catalytic
activity in methanol. In acetone, the activity f@u"(TPEN’)Br][Br] complex in ATRA
reactions that utilize ascorbic acid as a redueiggnt was nearly as high as the one obtained

previously with [CU(TPMA)BI][B].
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Captions for Schemes, Figures and Tables

Scheme 1. Proposed mechanism for copper catalyzed ATRAARP.
Scheme 2. Highly active ligands for copper catalyzed ATRAJaATRP.

Scheme 3. Proposed equilibrium between [(ETPEN)F* and [CUY(TPEN’]Br* species in

ATRA (TPEN’ denotes tetracoordinated ligand).

Figure 1. Molecular structure of [(CIBr,)(TPEN)] at 150 K shown with 30% probability
displacement ellipsoids. H-atoms have been omittedclarity. Symmetry codes used to
generate equivalent atoms: (1) -x+2,-y+1, -z$2lected bond distances [A] and ang®sGui-

N1 2.119(2), Cul-N2 1.979(2), Cul-N3 1.989(2), ®rl1-2.4755(4), Cul-Br2 2.4844(4), N1-
Cul-N2 82.16(8), N1-Cul-N3 81.42(9), N2-Cul-N3 1689), N2-Cul-Brl 94.73(6), N1-Cul-
Brl 118.43(6), N2-Cul-Brl 94.73(6), N3-Cul-Brl 9§A, N1-Cul-Br2 118.81(6), N2-Cul-

Br2 93.37(6), N3-Cul-Br2 91.22(6).

Figure 2. Molecular structure of [CYTPEN)][BPhy], at 150 K shown with 30% probability
displacement ellipsoids. H-atoms, counterion BRhd solvent molecule (acetone) have been
omitted for clarity. Selected bond distances [Adaangles §: Cul-N1 2.050(3), Cul-N2
2.024(3), Cul-N3 2.210(3), Cul-N4 2.063(3), Cul-N&75(4), Cul-N6 2.067(3), N1-Cul-N2
112.72(12), N1-Cul-N4 81.27(11), N1-Cul-N6 165.8)(IN2-Cul-N3 96.71(11), N2-Cul-
N4,159.08(12), N2-Cul-N5 87.48(12), N2-Cul-N5 87128, N3-Cul-N6 80.83(11), N4-Cul-

N6 85.36(11), N4-Cul-N5 78.00(11).
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Figure 3. UV-Vis spectra of [CI(TPEN)][OTf], complexes in acetone and methanol in the

absence and presence of externally added tetralbutybnium bromide (TBABT).

Table 1. Crystallographic data and experimental details f0EuU"Bry)x(TPEN)] and

[CU"(TPEN)][BPhy]2.

Table 2. ATRA of CBr; to alkenes catalyzed by [(XTPEN’)Br][Br] and [CU'(TPMA)BTr][Br]

complexes in methanol in the presence of ascodiicas a reducing ageht.

Table 3. Association constant¥g,) for [CU'(TPEN)F* with Br Anions in Acetone/Methanol

Solutions Determined Spectrophotometrically at AenbiTemperature.

Table4. ATRA of CBr, to alkenes catalyzed by [(XTPEN’)Br][Br] in acetone in the presence

of ascorbic acid as a reducing agént.
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Scheme 3. Proposed equilibrium between [(ETPEN)F* and [CU(TPEN’]Br* species in

ATRA (TPEN'’ denotes tetracoordinated ligand).
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Table 1. Crystallographic data and experimental details f¢Cu'Br)(TPEN)] and

[CU"(TPEN)][BPhy2.

Name

[(Cu"Bry)(TPEN)]

[Cu" (TPEN)][(BPhy]»

Formula

Color

Shape
Formula Weight
Crystal System
Space Group
Temp (K)

Cell Constants
a A

b, A

c, A

a, deg

P, deg

y, deg

v, A®

Formula units/unit cell
Dcal'd, gcn?

Absorption coefficient, mm
F(000)

Diffractometer

Radiation, graphite monochr.
Crystal size, mm

0 range, deg 2.36<27.4
Range of hk,l +12, £15, +18
Reflections collected/unique  17444/4815
Rint 0.02
Refinement Method multi-scan
Data/Restraints/Parameters 6513/0/219
GOF on F 0.9

Final R indices [I>3(1)] 0.034

R indices (all data) 0.132

Max. Resid. Peaks (e*A 1.26 and -1.10

GeH2eBraCuNe- o(CsH/NO)

Green
Cubic
1017.44
Triclinic

P-1

150

8.2417(1)
10.5925(1)
12.0617(1)
95.074(1)
107.344(1)
101.917(1)
970.68(2)
1

1.74
5.25

504

Bruker Smart Apexll
Mo KK =0.71073 A)
0.28 x 0.14 x 0.09

CoeH2¢CUNg: 2(CogH2cB) - (GsH6O)

Green

Cubic
1184.59

Triclinic
P-1

150

11.586(1)
13.581(1)
23.002(2)
75.197(2)
78.967(2)
67.586(2)
3217.2(6)

2
1.223
0.39

1564

Bruker Smart Atle
Mo K (£ =0.71073 A)

0.50 x 0.29180

0.99 <23.1

+12, #15, +25

22249/9092

0.04

multi-scan

9058/0/786

1.02
0.05

0.157

0.59 and -0.35
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Table 2. ATRA of CBr;, to alkenes catalyzed by [(XTPEN’)Br][Br] and [CU'(TPMA)Br][Br]

complexes in methanol in the presence of ascodiitas a reducing ageht.

Entry Ligand  Alkene [Alk]g:[Cu"]o Conv.[%]/Yield[%]° TON°®
Solvent=M ethanol

1 TPEN 1-octent 5000:] 45/4t 225(C
2 TPMA® 90/9( 450(
3 TPEN 10000:1 39/3¢ 390(¢
4 TPMA 85/8¢ 850(
5 TPEN MMA 1000:] 90/2¢ 29C

6 TPMA [100.L10C 100(
7 TPEN 5000:] 78/2¢ 140(
8 TPMA [100/8¢ 430(
9 TPEN 10000:: 67/32 320(C
10 TPMA 99/57 570(C
11 TPEN MA 1000:1 10015 15C

12 TPMA [100.L10C 100(
13 TPEN 5000:] 10012 60C

14 TPMA 98/8¢ 425(
15 TPEN 10000:: 10026 260(
16 TPMA 99/6¢ 640(
17 TPEN Styrent 1000:] 97/61 61C

18 TPEN 5000:] 90/6( 300(¢
19 TPEN 10000:: 76/1¢ 180(

®All reactions were performed in methanol 60 °C fh with [alkene]:[CBr4]o:[ascorbic
acid=1:1.25:0.07, [alkene]=1.34MPThe vield is based on the formation of monoadduct a
was determined usintH NMR spectroscopy (relative errors +10%JTONSs for all reactions
were calculated taking into account the percentldyief monoadduct. “Data for
[Cu"(TPMA)BI][Br] complex were taken from Ref’.
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Table 3. Association constant&g;) for [Cu'(TPEN)F* with Br Anions in Acetone/Methanol

Solutions Determined Spectrophotometrically at AenbiTemperature.

MeOH/ACTN. [MeOH] Kegr Equiv. of TBABr for complete
(% VIV) M) (99.999% ) association of Br-

0/100 0 30004230 (3) 33

20/80 4.9 450450 (6) 220

40/60 9.9 4518 (5) 2200

60/40 14.8 28+6 (5) 3600

80/20 19.8 16+2 (6) 6400

100/0 24.7 4.1+0.1 (5) 2400

®The number in parentheses after each valu€zpindicates the number of spectra used for the
calculation of the association constant (halidapity).
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Table4. ATRA of CBr, to alkenes catalyzed by [(XTPEN’)Br][Br] in acetone in the presence

of ascorbic acid as a reducing agént.

Entry  Alkene  [Alk]o:[CU"]o Conv.[%]/Yield[%]® TON°®
Solvent=Acetone

1 1-octent 5000:1 84/8¢ 420(
2 10000:1 73/7: 730C
3 MMA 1000:1 98/7: 73C

4 5000:! 71/62 310(
5 100(0:1 63/44 440(C
6 MA 1000: (100,.10C 100(
7 5000:! 98/8: 410(
8 10000:: 82/6¢ 640(
9 Styrent 100C:1 £100/87 87C

10 5000:! 10078 390(
11 10000:1 82/4 470(C

®All reactions were performed in acetone 60 °C fdh 2with [alkene]:[CBr4]o:[ascorbic
acid=1:1.25:0.07, [alkene]=1.34MPThe vield is based on the formation of monoadduct a
was determined usintH NMR spectroscopy (relative errors +10%JTONSs for all reactions
were calculated taking into account the percentlyoé monoadduct.
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Figure 1. Molecular structure of [(CIBry)(TPEN)] at 150 K shown with 30% probability
displacement ellipsoids. H-atoms have been omittedclarity. Symmetry codes used to
generate equivalent atoms: (1) -x+2,-y+1, -z$2lected bond distances [A] and angfsGui-

N1 2.119(2), Cul-N2 1.979(2), Cul-N3 1.989(2), Brl-2.4755(4), Cul-Br2 2.4844(4), N1-
Cul-N2 82.16(8), N1-Cul-N3 81.42(9), N2-Cul-N3 1689), N2-Cul-Brl 94.73(6), N1-Cul-
Brl 118.43(6), N2-Cul-Brl 94.73(6), N3-Cul-Brl 9§A, N1-Cul-Br2 118.81(6), N2-Cul-

Br2 93.37(6), N3-Cul-Br2 91.22(6).
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Figure 2. Molecular structure of [C{TPEN)][BPhy], at 150 K shown with 30% probability
displacement ellipsoids. H-atoms, counterion BRhd solvent molecule (acetone) have been
omitted for clarity. Selected bond distances [Adaangles 9: Cul-N1 2.050(3), Cul-N2
2.024(3), Cul-N3 2.210(3), Cul-N4 2.063(3), Cul-:N&75(4), Cul-N6 2.067(3), N1-Cul-N2
112.72(12), N1-Cul-N4 81.27(11), N1-Cul-N6 165.8)(IN2-Cul-N3 96.71(11), N2-Cul-
N4,159.08(12), N2-Cul-N5 87.48(12), N2-Cul-N5 87123, N3-Cul-N6 80.83(11), N4-Cul-

N6 85.36(11), N4-Cul-N5 78.00(11).
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Figure 3. UV-Vis spectra of [Cl(TPEN)][OTf], complex (2.5 mM) in acetone and methanol in

the absence and presence of externally added ugtfammonium bromide (TBABT).
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HIGHLIGHTS

Copper complexes with TPEN ligand were successtullized in ATRA reactions in the
presence of ascorbic acid as a reducing agent.

The yields of the monoadduct were significantlyé@ased in slightly polar but aprotic

solvent such as acetone.

The halidophilicity of the bromide-based deactingttcomplex, Ci(TPEN")Br][Br]

decreased approximately 750 times upon changingsbfrom acetone to methanol,
explaining poor catalytic activity in methanol.

Relevant copper(ll) species were successfully isdland characterized in the solid state and
solution.



