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The synthesis, reactivities, spectroscopic, electrochemical, and structural studies of copper(1), copper(ll), nickel(ll),
and cobalt(ll) complexes of 6,6'-bis(bromomethyl)-2,2'-bipyridine (bpy-Br,) and 6,6'-bis(chloromethyl)-2,2'-bipyridine
(bpy-Cl,) have been reported. The copper(l) complex [Cu'(bpy-Br,)2](CIO,) (1) has been obtained in two crystallographic
modifications, in which the coordination geometry of the metal center has the D,y Symmetry. The reaction between
CuCl,+2H,0 and bpy-Br, has been followed spectrophotometrically at 45 °C over a period of 7 h, and a mechanism
for the intramolecular halogen exchange and scrambling in the initially formed compound [Cu'(bpy-Br,)Cl;] (5) has
been proposed. Depending upon the reaction conditions, several halogen-exchanged products, namely [Cu''(bpy-
Br1.35C|0,14)(C|1lggBr0A11)] (2), [CUll(bpy-BT1A31C|0A19)(C|1,7OBI'0.30)(H20)] (3), and [Cu”(bpy-Br0,53CI1,37)(CI0,54Br1,45)] (4), have
been isolated in crystalline form. The reaction between bpy-Cl, and CuCl,+2H,0 provides [Cu'(bpy-Cl,)Cl,] (7) and
[Cu"(bpy-Cl,)Cly(H,0)] (8), whereas CoCl,*6H,0 and NiCl,+6H,0 on reaction with bpy-Br, under boiling condition
produce [Co"(bpy-BrosClys)(CIBr)] (11) and [Ni"(bpy-Bro4sClis4)(Clo73Brio7)(H20)] (12), respectively. The X-ray
structures determined for the 4-coordinate compounds 2, 4, and 7 show flattened tetrahedral geometry for the
metal center with the D, symmetry. Both 5-coordinate compounds 3 and 12 have square pyramidal geometry, and
whereas the nickel(ll) complex 12 has near-perfect geometry (z = 0.015), considerable distortion is observed for
the copper(Il) complex 3 (z = 0.25). Complexes [Cu"(bpy-Cly)Br,] (6) and [Cu'(bpy-Br,)Br,] under boiling condition
undergo photoreduction to produce the dimeric copper(l) complexes [{ Cu'(bpy-Cly 30Bro.70)(ee-Br)}2](9) and [{ Cu*
(bpy-Bra)(«-Br)} 5] (10), respectively. The fact that the photoreduction of [Cu'(bpy-Cl2)Br;] (6) and [Cu"(bpy-Br,)Bra]
do not take place in absence of light has been established by spectrophotometric measurements. The crystal
structures of 9 and 10 have been determined. The electrochemical behavior of all the copper complexes 1-10 has
been studied in acetonitrile and dichloromethane. The Ey, values for the Cu'/Cu'" redox couples show strong solvent
dependence and for a given system the Ej, value is more positive in dichloromethane relative to that in acetonitrile.
For the compounds [Cu'"(bpy-Br,—-,Cl,)(Clo—,Br,)] (x = 0-2, y = 0-2), the E;;, values become more positive with
the increase of y value.

Introduction exhibit diversity in stereochemistry, redox activity, photo-
As the archetype of polypyridine ligands, 2{pyridine  Physical, and other physicochemical propertieS The low-
(bpy), 1,10-phenanthroline (phen), and their derivatives lying r* antibonding orbitals of these ligands can accept d

provide a large pool of transition metal complexes that electron from the low-spin metal centers such as iron(ll),
ruthenium(ll), osmium(ll), rhenium(l), and copper(l) to
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(1) complex [Cu(dmp)t (dmp= 2,9-dimethyl-1,10-phenan-  center?®3%34 Accordingly, stereochemical change plays an
throline) exhibits luminescence at room temperature, while important role in determining the kinetics and thermodynam-
for the analogue [Cu(phes}}, no photoemission is observed ics of redox reactiorf8 involving the copper center of
even at 77 K has lédto extensive studié 23 to find out polypyridine complexes. Although stereoelectronic influences
the structural requirements for copper(l) complexes to exhibit on various physicochemical properties, including DNA
photoluminescence. It is now understood that bulky substit- intercalation and nuclease activi®have been extensively
uents in the 2- and 9- positions of the phenanthroline ring studied with 2,9- and other ring substituted derivatives
substantially increase quantum yield and lifetime of copper- of 1,10-phenanthroline copper complexes, similar studies

(I) complexes. The role of these substituents is to inhibit with sterically demanding 6'&lisubstituted 2,2bipyridine

flattening of tetrahedral geometfy?24in the excited-state

which, in turn, prevents quenching through solvent-coordi-

nated exciplex formatioff.?6In a broader context, correlation

system&3740 have not been carried out to the same extent.

The C-C coupling reactions mediated by copper are of
considerable use in organic synthesim particular, copper-

between structural parameters and physical properties in(j) pipyridine complexes have been used as catalysts for atom
copper(l) and copper(ll) complexes have been subjected t0yansfer reaction&4More recently, halogen atom transfer

close scrutiny by several methodologies such as, continuous g dical polymerization involving CX(bpy)/Cu'X»(bpy) re-

symmetry measuremefitsymmetry deformation coordinates
and principal component analygsand structural pathway
analysi*3°The redox potential of [C(N—N),]/[Cu"(N—

dox cycle has emerged as a major development in controlled
radical polymerization proceg$® In this process, the
homolytic cleavage of an alkyl halide-’X by a copper(l)

N)2]*" systems show strong dependence on the extent ofpinyridine complex produces the alkyl radicat, Rvhich
structural changes that takes place due to electron tra”Sfe‘bropagates by adding to the double bond of a monomer. The

and the coordinating ability of solvent to the copper(ll)
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reaction terminates through deactivation when the corre-
sponding copper(ll) complex is produced in sufficient
concentration. The mechanism of carbdralogen bond
activation by copper(l) and the formation of the halogen atom
transferred copper(Il) complex have been studied with model
systemg/s—48

In the present study, we are concerned with the structure,
stereochemistry, electrochemistry, and reactivities of copper-
() and copper(ll) complexes of the ligands Bkis(bro-
momethyl)-2,2-bipyridine (bpy-Bg) and 6,6-bis(chloro-
methyl)-2,2-bipyridine (bpy-Cj) in combination with chloride,
bromide, and perchlorate ions. Although exchange reactions
are common for the elements of groups—11Z*° and the
reactions involving halides of metallic and nonmetallic
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elements have been widely studf@dio our knowledge,
exchange reaction between carbdralogen and metal

red crystals and some greenish yellow crystals were obtained. The
red crystals were extracted with chloroform, filtered, and the filtrate

halogen bonds are quite uncommon. We report here that theon slow evaporation deposited diffraction quality crystals; yield:

tetracoordinate copper(ll) complex [bpy-Br)Cl,], un-
dergoes halogen exchange and scrambling to produce [Cu
(bpy-Br,_Cl,)Cl,—yBr,] complexes. Further, [Cibpy-Ch)-

Bry] undergoes photoreduction to produce the dimeric
copper(l) complex{Cu(bpy-Ch—_Br)(u-Br)}].

X = Br; bpy-Br,
X = Cl; bpy-Cl,

Experimental Section

Materials. Reagent grade chemicals obtained from commercial

0.25 g (60%). EStMS (acetonitrile): m'z = 746.3 (15%) [Cu-
(bpy-Br),]™; 404.6 (100%) [Cu(bpy-BJ]*. Anal. Calcd for GHoo
Br,CICuN,O4: C, 34.00; H, 2.36; N, 6.61. Found: C, 34.08; H,
2.33; N, 6.52. FT-IR (KBr, cml): 3443br, 3098w, 3038w, 2926w,
1596 m, 1572 m, 1462 m, 1430 m, 1206 m, 1087s, 844w, 805 m,
749 m, 631 m, 582w!H NMR (CDsCN): 8.42(d, 2H, Ar-H),
8.16(t, 2H, A—H), 7.76(d, 2H, ArH), 4.39(s, 4H, CH). UV—
ViS[CH.Cly, Amanm (/ M~1cm™1)]: 270(37 000), 310(44 000),
450(7 800).

The greenish yellow compound (0.1 g, 30% vyield) was charac-
terized as [Cu(bpy-BJ(H20)3](ClO,).. Anal. Calcd for GoH1¢Bro-
ClL,CuN,Oq1: C, 21.88; H, 2.43; N, 4.25. Found: C, 22.21; H, 2.57;
N, 4.16. FT-IR (KBr, cml): 3450br, 3260s, 3116w, 3048w,
2926w, 1598s, 1570s, 1461 m, 1432 m, 1245 m, 1194 m, 1090s,
802 m, 751 m, 630 m, 590w.

[Cu" (bpy-Br1.8¢Clo.149(Cl1.8Bro.11)] (2).To a solution of CuGk
2H,0 (0.171 g, 1 mmol) in methanol (10 mL) was added a

sources were used as received. Solvents were purified and driedchloroform solution (20 mL) of bpy-Br(0.342 g, 1 mmol). The

according to standard methotdss,6-bis(bromomethyl)-2,2bipy-

ridine (bpy-Bk)>2 and 6,6-bis(chloromethyl)-2,2bipyridine (bpy-

Cl,)%3 were prepared according to the literature methods.
Caution! The halomethyl bipyridines are highly lachrymatory

solution was filtered and allowed to stand at room temperature for
2 h. The red crystals that deposited during this period were filtered
and washed with diethyl ether; yield: 0.20 g (40%). Anal. Calcd
for CioH1gBri.9/ClhofCu No: C, 30.33; H, 2.11; N, 5.90. Found:

and care should be exercised to avoid contact with skin and nose.C, 29.96; H, 2.21; N, 5.79. FT-IR (KBr, cr): 3398br, 3020w,

All the perchlorate salts reported in this study are potentially
explosive and therefore should be handled with care.
Preparation of the Complexes. [Cli(bpy-Br2),](ClO ) (1a, 1b).
This compound was obtained in two different crystallographic
modifications by using the following two methods.
Method A. To a solution of bpy-Br (0.342 g, 1 mmol) in
chloroform (20 mL) a suspension of [Cu(@EN),](ClO,) (0.164
g, 0.5 mmol) in acetonitrile (5 mL) was added under nitrogen

2902w, 1597s, 1568s, 1462 m, 1431s, 1275 m, 1244 m, 1188 m,
1105 m, 1007w, 791 m, 748 m, 671 m, 588w. UWs[CH;CN,
Ama/nm (e/M~1cm™1)]: 255(14 200), 315(24 900), 440(870), 845-
(90), 990(75).

[Cu" (bpy-Br1.81Clo.19(Cl1 7Bro.20(H20)] (3). The filtrate after
the separation o2 on standing for overnight period deposited a
green crystalline compound. This was filtered and washed with
ethanol and diethyl ether; yield: 0.22 g (45%). Anal. Calcd for

atmosphere. The mixture was stirred at room temperature for 1 h, C12H12Br2.1:1Cli sCUNO: C, 28.92; H, 2.41; N, 5.62. Found: C,
during which time a clear deep red solution was obtained. On slow 28.76; H, 2.51; N, 5.54. FT-IR (KBr, cm): 3255 s, br, 3157w,
evaporation of the solution, bright red crystals that deposited were 3065 m, 2957 m, 1593s, 1572s, 1464 m, 1428s, 1268 m, 1243w,

collected by filtration and washed with ethanol and diethyl ether;
yield: 0.38 g (90%). EStMS (acetonitrile): m/z = 746.3 (15%)
[Cu(bpy-Br)2]*; 404.6 (100%) [Cu(bpy-B)]". Anal. Calcd for
Co4H20BrsCICUN,Oy: C, 34.00; H, 2.36; N, 6.61. Found: C, 33.96;
H, 2.48; N, 6.56. FT-IR (KBr, cmt): 3430br, 3101w, 3038w,

2933w, 1595 m, 1570 m, 1463 m, 1433 m, 1208w, 1089s, 801 m,

748 m, 629 m, 592wiH NMR (CDsCN): 8.42(d,J = 8.0 Hz, 2H,
Ar—H), 8.16(t,J = 7.9 Hz, 2H, Ar-H), 7.76(d,J = 7.7 Hz, 2H,
Ar—H), 4.39(s, 4H, CH). UV—Vis[CH,Cly, Ama/nm(e/M~1cm™1)]:
270(37 000), 310(44 000), 450(7 800).
Method B. To a solution of bpy-Br (0.342 g, 1 mmol) in
chloroform (20 mL) a methanol solution (10 mL) of Cu(G)@

1211 m, 1179 m, 1103w, 1008 m, 807s, 752 m, 609 m, 550w.
UV —Vis[CHZCN, Ama/nm (/M~1cm™b)]: 255(14 400), 315(25
100), 435(940), 845(100), 975(90).

[Cu" (bpy-Bro.6:Cl1.37)(ClosBrige] (4). A chloroform solution
(25 mL) of bpy-Bk (0.342 g, 1 mmol) and a methanol solution
(10 mL) CuCh+2H,0 (0.171 g, 1 mmol) were mixed together and
heated under reflux for 2 h. The solution was then concentrated to
~5 mL and kept in a closed container. After several hours the
maroon crystals that deposited were filtered and washed with
ethanol and diethyl ether; yield: 0.38 g (80%). Anal. Calcd for
CleloBr2A09C|191CuN2: C, 3000, H, 208, N, 5.83. Found: C,
29.74; H, 2.24; N, 5.69. FT-IR (KBr, cm}): 3257 br, 3145 m,

6H,0 (0.185 g, 0.5 mmol) was added and the mixture was stirred 3066 m, 2939w, 1591s, 1570 m, 1464s, 1427s, 1269 m, 1210w,
at room temperature for 1 h. The color of the solution changed 1180w, 1143w, 1008w, 805s, 755 m, 685 m, 645w, 605w.-UV

from green to greenish yellow and finally to orange red. On
evaporation of the solution, a mixture containing predominantly

(50) (a) Van Wazer, J. R.; Moedritzer, K. Am Chem Soc 1966 88,
547. (b) Riess, J. G; Elkaim, &C. Pace, S. Clnorg. Chem 1973
12, 2874. (c) Garralda, M.; Garcia, V.; Kretschmer, M.; Pregosin, P.
S.; Ruegger, HHel. Chim Acta 1981, 64, 1150. (d) Orvik, J. AJ.
Org. Chem 1996 61, 4933.

(51) Perrin, D. D.; Armarego, W. L.; Perrin, D. RRurification of
Laboratory Chemical2nd ed.; Pergamon Press: Oxford, 1980.

(52) Rodriguez-Ubis, J.-C.; Alpha, B.; Plancherel, D.; Lehn, J.Hél.
Chim Acta 1984 67, 2264.

(53) Newkome, G. R.; Puckett, W. E.; Kiefer, G. E.; Gupta, U. K.; Xia,
Y.; Coreil, M.; Hackney, M. AJ. Org. Chem1982 47, 4116.

ViS[CH3CN, Ama/nm (/M ~cm™1)]: 255(14 300), 315(25 000), 430-
(1000), 580(sh), 640(sh), 875(115), 1090(100).

[Cu" (bpy-Br,)Cl;] (5). A methanol solution (10 mL) of Cugl
2H,0 (0.171 g, 1 mmol) and a chloroform solution (20 mL) of
bpy-Br, (0.342 g, 1 mmol) were mixed together and the resulting
solution was immediately flash-evaporated to dryness at room
temperature. The residue was stirred with chloroform and filtered.
The solid remaining was then dissolved in dichloromethane and
filtered. The filtrate was quickly evaporated to dryness at room
temperature under vacuum; yield: 0.24 g (80%). Anal. Calcd for
C1oH10BroClb,CuN,: C, 30.22; H, 2.10; N, 5.88. Found: C, 30.12;
H, 2.19; N, 5.76. FT-IR (KBr, cm): 3265 br, 3068 m, 3026 m,
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1593s, 1571 m, 1462s, 1427 m, 1275 m, 1247 m, 1178 m, 1134w, Ar—H), 4.53(s, br, 4H, Ch). UV—ViS[CH,Cl,, Ama/nm (e/M~1-

1010 m, 802s, 750 m, 644 m, 607 m. BVis[CH3CN, Ama/nm
(e/M~tcm™1)]: 255(14 000), 315(24 000), 445(820), 850(95), 1000-
(75).

[Cu" (bpy-Cl)Br;] (6). This dark brown compound was prepared
in the same way a5, with the difference that a methanol solution
of CuBr, (0.23 g, 1 mmol) and a chloroform solution of bpy.ClI

cmY)]: 250(32 500), 315(58 000), 440(2 600).

[Co" (bpy-BrosCly5)(CIBr)] (11). To a chloroform solution (20
mL) of bpy-Br; (0.342 g, 1 mmol) was added an acetonitrile solution
(20 mL) of CoC}:6H,0 (0.24 g, 1 mmol) and the mixture was
heated under reflux for 2 h. The solution was filtered to remove
any suspended material and the filtrate was concentrated to a volume

(0.25 g, 1 mmol) were used as the reactants; yield: 0.24 g (80%). of ~10 mL when blue crystals dfl began to deposit. The product

Anal. Calcd for G,H10Bro Cl,CuN»: C, 30.22; H, 2.10; N, 5.88.
Found: C, 30.16; H, 2.18; N, 5.83. FT-IR (KBr, c#): 3463br,

was collected by filtration and washed with ethanol and diethyl
ether; yield: 0.38 g, (80%). Anal. Calcd for£1,0Br;.5Clo sCoNy:

3086 m, 2945 m, 1597s, 1568 m, 1463s, 1425 m, 1274 m, 1252 C, 32.04; H, 2.22; N, 6.23. Found: C, 31.90; H, 2.31; N, 6.15.

m, 1182 m, 1161 m, 1020 m, 802s, 754s, 706 m, 646 m—UV
ViS[CH3CN, Ama/nm (e/M~1cm™1)]: 255(14 500), 310(25 000), 425-
(1100), 570(sh), 630(sh), 880(125), 1080(100).
[Cu"(bpy-Cl,)Cly] (7) and [Cu" (bpy-Cl,)Clx(H,0)] (8). A
mixture of bpy-C} (0.25 g, 1 mmol) in chloroform (10 mL) and
CuCh:2H,0 (0.17 g, 1 mmol) in methanol (5 mL) was stirred for
0.5 h, after which the solution was kept undisturbed for 2 h. During

FT-IR (KBr, cm1): 3216br, 3082 m, 3015 m, 1597s, 1566 m,
1462s, 1433s, 1281 m, 1251w, 1180 m, 1111w, 1022 m, 926w,
905 m, 876w, 837 m, 800s, 754 m, 675 m, 648 m, 607 m, 434w.
UV —Vis[CH3CN, Ama/nm (/M~1cm™1)]: 240(11 800), 290(12
150), 320(sh), 575(180), 670(430), 1350(60).

[Ni" (bpy-Bro.4¢Cl1.59(Clo.78r1.27(H20)] (12). This compound
was obtained as olive green crystals in the same waylawith

this period, red crystals began to separate out from the solution. the difference that an acetonitrile solution (20 mL) of Ni6H,O
The product was collected by filtration and it was characterized as (0.24 g, 1 mmol) was used instead of Co6H,O; yield: 0.40 g
7. The filtrate was again kept undisturbed in a closed container (85%). Anal. Calcd for GH10Br; 74Cl »MN2NiO: C, 30.13; H, 2.51;

for several hours, during which period an additional crop of a
mixture of red and green crystals were deposited. After filtra-
tion, the filtrate was allowed to evaporate slowly when only the
green crystals deposited. The produ8j (vas filtered off and

washed with dichloromethane to remove any cocrystallized com-

pound?.

7: Anal. Calcd for GoH1oCl,CuN,: C, 37.15; H, 2.59; N, 7.22.
Found: C, 36.98; H, 2.65; N, 7.13. FT-IR (KBr, cA): 3252br,

N, 5.86. Found: C, 30.31; H, 2.67; N, 5.84. FT-IR (KBr, th
3263s,br, 3060 m, 1597s, 1470s, 1429s, 1327w, 1269s, 1213 m,
1180 m, 1143 m, 1103 m, 1020 m, 939w, 897w, 806s, 754 m, 707
m, 644 m, 613 m, 561 m, 448w. UWiS[CH3CN, Ama/nm (e/
M~tcm™1)]: 240(12 000), 300(11 600), 320(sh), 510(125), 610-
(sh), 860(30), 1000(60).

Isolation of the Demetalated Halogen-Exchanged Ligands.
The copper(ll) complexes [Gbpy-Bri g1Clo.19)(Cli.7dBro..30 (Hz0)]

3080w, 3016 m, 2949 m, 1597s, 1570 m, 1464s, 1441 m, 1427 m, (3) and [CU (bpy-Bro:Cl1.37)(Clos8Br1.4¢] (4) were demetalated by

1276 m, 1254w, 1184 m, 1163 m, 1112w, 835 m, 804s, 756 m,

707 m, 640 m. UV-ViS[CH3CN, Ana/nm (/M ~1cm™1)]: 250(10
800), 310(15 000), 440(750), 860(100), 1050(70).

8: Anal. Calcd for G,H1,.Cl,CuN,O: C, 35.51; H, 2.96; N, 6.90.
Found: C, 35.62; H, 3.04; N, 6.81. FT-IR (KBr, cA): 3254br,

dissolving the compounds in hot methanol and to which a solution
of sodium hydrosulfide in methanol was added in a dropwise
manner under vigorously stirred condition. When the precipitation
of black copper(ll) sulfide was complete, the mixture was allowed
to stand for a few minutes and was then filtered. The colorless

3169 m. 3069 m. 2951 m. 1595s. 1573s. 1466s. 1429s. 1269s 118ii|trate was evaporated to dryness on a rotary evaporator and from
m, 1148 m, 1107 m, 1026 m, 1009 m, 835 m, 808s, 758s, 7105'the residue the modified ligand was extracted with chloroform

648 m, 605w, 563w. UV-ViS[CH3CN, Ama/nm (/M ~Icm-1)]: 250-
(10 900), 310(15 100), 440(815), 850(75), 970(70).

[{ Cu'(bpy-Cly 3Bro.70(u-Br)}2](9). To a boiling chloroform
solution (20 mL) of bpy-Gl (0.25 g, 1 mmol) was added a methanol
solution (10 mL) of CuBy (0.23 g, 1 mmol). The resulting dark
red solution was refluxed for 4 h. On concentration of the solution
to ~10 mL, a light brown crystalline product was obtained, which
was filtered and washed with 1:1 ethanol/diethyl ether mixture;
yield: 0.18 g (42%). Anal. Calcd for GH,0Br3 4Clo.6dCUWLN,4: C,
33.67; H, 2.34; N, 6.55. Found: C, 33.46; H, 2.43; N, 6.42. FT-IR
(KBr, cm™1): 3462br, 1634 m, 1595s, 1458 m, 1424s, 1271 m,
1220 m, 1166 m, 1096 m, 1007 m, 775s, 746 m, 67 2HNMR
(CDsCN): 8.40(d,J = 8.1 Hz, 2H, ArH), 8.11(t,J = 8.0 Hz,
2H, Ar—H), 7.80(d,J = 7.7 Hz, 2H, ArH), 4.70(s, 4H, CH).

UV —Vis[CH3CN, Ama/nm (/M~1cm™1)]: 250(32 000), 315(57
500), 440(2 900).

[{ Cu'(bpy-Bry)(«-Br)},] (10). This compound was prepared in
the same way &3 by boiling a mixture of bpy-Br(0.34 g, 1 mmol)
in chloroform (15 mL) and CuBr(0.23 g, 1 mmol) in methanol
(10 mL) for 4 h; yield: 0.39 g (80%). Anal. Calcd for,§,0Brs-
CwNa: C, 29.66; H, 2.06; N, 5.77. Found: C, 29.61; H, 2.12; N,
5.72. FT-IR (KBr, cn1Y): 3464br, 3085 m,1641 m, 1595s, 1570

leaving behind the sodium halides as residue. On evaporation of
the solvent the product deposited as white crystalline solid. The
recovery of the modified ligands were almost quantitative.

The nickel(ll) complex [Ni(bpy-Bg.46Cl1.54(Clo 73Br1.27) (H20)]
(12), on boiling with methanol containing one drop of sulfuric acid
(M), liberated the ligand quantitatively. The white crystalline
product that deposited was collected by filtration after cooling the
mixture to room temperature.

bpy-Bl’l_glC|0_19' Anal. Calcd for GzHloBrl_glclo_ld\lg: C, 43.20;

H, 3.00; N, 8.40. Found: C, 42.94; H, 3.09; N, 8.28. ESI-MS {CH
Cly): m/z = 364.91 (40%) [GH10Bro N, + Nat]; 342.92 (65%)
[CleloBrz N, + H+]; 320.96 (100%) [cl:zHloBrC|N2 + Na*];
298.97 (96%) [GH10BrCIN, + H™]; 275.00 (60%) [G2H1oCl2 N>

+ Na']; 262.99 (39%) [GH10BrN; + H']; 253.03 (40%) [GH10-
Cl, N, + HT]; 219.07 (10%) [GoH10CIN, + HT].

IH NMR (CDCl): 8.40 (m, 2H, Ar-H); 7.85 (m, 2H, Ar-H);
7.50 (m, 2H, Ar-H); 4.75, 4.64 (s, 4H, CkCl : CH,Br = 0.4 :
3.6).

bpy-BroeLCl1.37 Anal. Calcd for GoH10BroefClisN2 : C, 51.28;

H, 3.56; N, 9.96. Found: C, 51.56; H, 4.58; N, 9.90. ESIS
(CHxClp): m/iz=364.91 (5%) [GH10Br> N> + Na']; 342.92 (23%)
[CleloBrz N, + H+], 320.96 (33%) [QzHloBrC|N2 + Na+]; 298.97

m, 1460 m, 1431s, 1273 m, 1213 m, 1176 m, 1006 m, 793s, 746 (95%) [Ci2H10BrCIN, + H*]; 275.00 (45%) [GH1,Clz N2 + Na'];

m, 639 m, 59 miH NMR (CDsCN): 8.40(d,J = 8.2 Hz, 2H,
Ar—H), 8.11(t,J = 8.0 Hz, 2H, AH), 7.80(d,J = 7.6 Hz, 2H,
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262.99 (5%) [G-H1oBrN, + H*]; 253.03 (100%) [GH1oCla N +
H*]; 219.07 (5%) [GzH1CIN, + H*]. IH NMR (CDCl): 8.40
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Table 1. Crystallographic Data for Complexdga andb), 2, 3, 4, 7, 9, 10 and 12

2

3

la 1b
empirical formula G4H20BrsCICu NsO4 Ca4H20BrsCICu N4O4
Fw 847.07 847.07
T,K 150(2) 150(2)
crystal syst, space group  monoclinR2:/n monoclinic,P2/c
a, 13.6503(7) 16.4933(6)
b, A 13.2877(7) 19.9905(8)
c, A 15.8870(9) 18.5600(7)
a, deg 90 20
p, deg 99.757(1) 109.560(1)
y, deg 90 90
vV, A3 2839.9(3) 5766.3(4)
Z, pcaled, Mg m—3 4,1.981 8,1.951
w, mmt 6.529 6.431
F(000) 1640 3280
crystal size, mm 0.450.250.20 0.400.20 0.04
no. of refins [> 20(1)] 18820 35469
no. of data/restraints/  5787/0/343 11645/58/702
params
GOF onF? 1.043 0.797

final Rindices [> 20(1)]
Rindices (all data)

CioH10Br1.066Cl2 .03LCUN,

CioH12Br2.11Cl1. gCUNO

474.70 497.87
150(2) 150(2)
monoclinic,P2/c monoclinic,P2y/n

7.4752(7) 9.7776(12)
15.6725(13) 7.5783(9)
12.6372(11) 20.600(3)

90 90
103.837(2) 92.811(2)

90 0

1437.5(2) 1524.5(3)
4,2.193 4,2.169

7.331 7.203

913 961
0.150.100.08 0.300.220.10

10825 9815
2942/0/176 3108/13/208

0.978 0.911

R12 = 0.0339, WR2? = 0.0765 R12=0.0452, WvR2° = 0.0702 R12= 0.0485, WR2" = 0.0649 R12= 0.0250, WR2° = 0.0484
R12=0.0479, iR2° = 0.0811 R12=0.1146, wR2" = 0.0810 R12=0.1094, wR2> = 0.0764 R12= 0.0321, viR2" = 0.0499

9

12

4 7
C12H10Br2.06Cl1.91C UNz C12H10Cl4CUN,
480.08 387.56
150(2) 150(2)
monoclinic,P2/c monoclinic,P2/c
7.2944(6) 7.2122(5)
17.1836(15) 16.7929(12)
11.8504(10) 11.5223(8)

90 90
95.701(2) 95.977(2)
920 920
1478.0(2) 1378.92(17)
4,2.157 4,1.855
7.445 2.327

922 772
0.400.120.04 0.210.04 0.03
15416 13837
3007/8/207 3301/0/173
0.880 0.915

R12 = 0.0310, wR2® = 0.0531 R12 = 0.0447, wR2> = 0.0832
R12 = 0.0496, WR2> = 0.0565 R12 = 0.1055, wR2> = 0.0948

AR1F) = Z[|Fol—|Fcll/ZIFol. PWR2(F?) = [EW(Fo? FA)2/Zw(Fe?)Z Y2

(m, 2H, Ar—H); 7.85 (m, 2H, ArH); 7.50 (m, 2H, AH); 4.75,
4.64 (s, 4H, CHCI : CH,Br = 2.7 : 1.3).

bpy-Bro.4¢Cl1s54 Anal. Caled for GoH10Bro4¢ClisiN» : C, 52.70;
H, 3.66; N, 10.24. Found: C, 52.48; H, 3.71; N, 10.17. EBIS
(CH.Cl): m/z = 364.91 (35%) [GH10Br> N, + Na']; 342.92
(40%) [CleloBrz N, + H+], 320.96 (100%) [@zHloBrclNz +
Na']; 298.97 (65%) [GH10BrCIN, + H*]; 275.00 (40%) [GH10-
Cl, N, + Na']; 262.99 (10%) [GoH10BrN, + H']; 253.03 (15%)
[C12H1oClz N + HT]. H NMR (CDClg): 8.39 (m, 2H, Ar-H);
7.85 (m, 2H, Ar-H); 7.49 (m, 2H, ArH); 4.75, 4.64 (s, 4H, CH
Cl: CHBr = 3:1).

bpy-Br,.52 ESI-MS (CH,Cl,): m/z = 364.92 (100%) [GH10-
Bry N, + Nat]; 342.97 (50%) [GH10Br2 N + H*]; 263.03 (50%)
[C12H10BrN, + H']. *H NMR (CDCl): 8.39 (d,J = 7.90 Hz, 2H,
Ar—H); 7.84 (t,J = 7.75 Hz, 2H, Ar-H); 7.48 (d,J = 7.65 Hz,
2H, Ar—H); 4.64 (s, 4H, CH).

bpy-Cl,.53 ESI-MS (CH,Cly): m/z = 274.99 (100%) [&H10-
C|2 N, + Na*]; 253.00 (40%) [Q2H10C|2 N, + H+]; 219.04 (5%)
[CleloclNz + H+] IH NMR (CDC|3) 8.40 (d,J = 8.0 Hz, 2H,
Ar—H); 7.85 (t,J = 7.7 Hz, 2H, Ar-H); 7.52 (d,J = 7.8 Hz, 2H,
Ar—H); 4.75 (s, 4H, CH).

Physical MeasurementsElemental (C, H, and N) analyses were
performed on a Perkin-Elmer 2400II elemental analyzer. IR spetra

Co4H20Br3 4dClo. sdC N4

C12H12Br1 7Cl2, 2N2NIO

855.38 477.66
120(2) 120(2)
triclinic, P1 monoclinic,P2/ n
8.2536(8) 9.8515(6)
9.5607(9) 7.6429(5)
9.8568(10) 20.6049(13)
67.604(2) 0
83.355(2) 93.806(1)
67.630(2) 920
664.63(11) 1548.00(17)
1,2.137 4,2.049
6.995 6.105
413 932
0.180.04 0.04 0.370.210.02
5982 12236
3147/4/184 3666/11/223
0.857 0.998

R12 = 0.0456, wR2> = 0.0976
R12 = 0.1041, wR2> = 0.1783

R12 = 0.0321, wR2® = 0.0836
R12 = 0.0399, WR2> = 0.0874

were recorded using KBr disks on a Shimadzu FTIR 8400S
spectrometer. The electronic absorption spectra were obtained with
a Perkin-Elmer 950 UV+vis-NIR spectrophotometer. The electro-
spray ionization mass spectra (E3lS) were measured on a
Micromass Qtof YA 263 mass spectrometer. TheNMR (300
MHz) spectra were recorded on a Bruker Avance DPX-300
spectrometer. The electrochemical measurements of complexes in
acetonitrile and dichloromethane were performed af@5under
nitrogen using a Bioanalytical Systems BAS 100B electrochemical
analyzer. The supporting electrolyte (0.1 M) was tetrabutylammo-
nium perchlorate (TBAP) and solutions were 3® in complexes.
Cyclic voltammetric (CV) and Osteryoung square wave voltam-
metric (OSWV) measurements were carried out with a three-
electrode assembly comprising either a platinum or glassy carbon
disk working electrode, platinum auxiliary electrode and an aqueous
Ag/AgCl reference electrode (290 mV vs NHE). IR compensation
was made automatically during each run. Under the experimental
conditions used, thE;;, value of the ferrocene/ ferrocenium couple
was 420 mV in acetonitrile and 440 mV in dichloromethane.
Crystal Structure Determination of 1(a and b) 2, 3, 4, 7, 9,
and 12. The crystals of the above-mentioned compounds were
mounted on glass fibers using perfluoropolyether oil. Intensity data
were collected on a Bruker AXS SMART APEX diffractometer at
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Scheme 1

150(2) K for1(a andb) 2, 3, 4, and7 and at 120(2) K for9 and has been obtained. The major fraction, obtained as red
12 using graphite-monochromated M&a. radiation ¢ = 0.71073 crystals, has been identified as the second crystallographic
A). Tr:_e data Wered prqgﬁsss:gAgStr% hSAlm’tand absorptilond modification of [Cu(bpy-Br,),](ClO.) (1b), while the minor
by rect and Fourir methods an refne by fll made loast “CloWStv-green fraction has been analyzed to have the
squares methods based@husing SHELX-97%° For the structure [CU”?bpy-Brz)z]2+ isp{he?moéyngamica‘;hz/. uns?ef)ble and in
solutions and refinements the SHELX-TL software packRagas solution autocatalytically reduces to [Cpy-Br),]*. Even

2)2] -

used. The disordered halogen positions of Cl and B; #y 9, and . e )
12 were refined with metathalogen and carberhalogen distances ~ [CU' (PPY-Br2)(H20)3]°" in- methanol solution undergoes

restrained (DFIX). Due to minor site occupation the CI(1), CI(2), ligand dissociation. The autocatalytic formationldf from
Br(3), and Br(4) positions ir8, the CI(3) position in4, and the @ 1:2 mixture of Cu(ClG),:6H,0 and bpy-Bj in methanol-
CI(1) position in12 were refined isotropically. Fa, the very low chloroform medium has been followed spectrophotometri-
occupation factors of 0.04 to 0.08 for the CI(1), Cl(2), Br(3) and cally (Figure 1). It may be noted that with the passage of
Br(4) positions allowed no independent refinement with distinct time a new band is developed at 450 nm due to the LMCT
Cl and Br positions, but positions and displacement parameters wereransition oflb, which grows in intensity as the concentration
constrained (EXYZ, EADP). Accordingly, the derived geometric o the reduced complex1b) increases. In contrast, the

pa::amdeter.s f(iz are le“SS m;]e.zlmitrllgﬂ::. ;’he non-?ydrO?en a(tjqfrps WET€ intensity of the relatively weak and broad-d band of
refined anisotropically, while the hydrogen atoms from difference copper(ll) at 750 nm decreases with time.

Fourier maps were placed at idealized positions with fixed thermal . ) .
parameters. Crystal data and details of structure determinations are | N€ réaction between Cut2H,0 and bpy-Bs in equimo-

summarized in Table 1. lar ratio leads to the formation of several complexes in which
the chlorine and bromine atoms are exchanged between the
Results and Discussion ligand and metal sites to different extents. The extent of

. . ) redistribution of the halogens depends upon time and
(”)Sygm;esfc;gr;ﬁ (Tlgn?:r?;g;gspriﬁél(gai(r%pqﬁgll)h’arlnocgk:rl; temperature of reaction. Thus, the product isolated soon after
' ' " reacting CuGr2H,0 with bpy-Br, and CuBs with bpy-C
exchanged products 6;Bis(halomethyl)-2,2bipyridine l:_)py- in metrgwano%chlozroform ar'zyroém tempefature Egvebthe
irzsiilé:':g“fﬁﬁeaggp%g'(gic(grﬁ;g':‘Egﬁzb;‘;fﬂ‘;‘g:ge)d compositions [Cl(bpy-Br)Cl;] (5) and [CU (bpy-Ch)Br]
" : s s (6), showing that no exchange have taken place under this
(i) hflj befen r|]§orl]at1edh|n tvl;/o crysttal_lorg];trfapmc S;Od'gfa_t'ogs condition. However, by extending the reaction time or by
E) a )t’_ 0 Vé ICC’ ?\l asClgen ?’trﬁ'r? I_orwgr_ 3{3 a};ne increasing the reaction temperature the following products
y reacting [CU(CHCN)|(CIO.) with the ligand in 1:2alio. - yaye peen isolated: [¢(bpy-BriaClo1d(Ch.sBro1n)] (2),

Alternatively, a mixture of Cu(Clg),-6H,O (1 equiv) and Cu'(bpv-Br «Cl Cl H.O) (3 d [Cl (bov-
bpy-Br; (2 equiv) in methanetchloroform solution gradually [Brgécﬁi)(réf;s 45'31(6)] 1(238[?-?]%( cél o)r] f)f) [Ca[.} (b[py-éri)xl-

changes color from green to yellow—green to orange-red, andCIx)(ClzfyBry)] compounds depend upon the values of x and
upon removal of the solvent, instead of the expected producty and they change in the order: red) (— green 8) —

[Cu(bpy-Br)2](ClO4)2, a mixture of two crystalline materials maroon §). Again, [CU (bpy-Br,)Cl] (5) is light red, [CU-

: : (bpy-Ch)Br;,] (6) is dark brown, and [Cl{(bpy-Ck)Cl;] (7)
64 3’;‘,’?52rEY%rv?;‘g?mZiﬂ?)éO%‘;'?ABs (version 2.03), Bruker AXS Inc., 5 range-red, whereas [(py-Ch)(H,0)Ch] (8), similar
(55) Sheldrick, G. M.; SHELXL-97Programfor the Refinement of crystal ~ to compound3, is green.

Structures, University of Gtingen, Gitingen, Germany, 1997. :
(56) SHELXTL (version 6.10), Bruker AXS Inc., Madison, Wisconsin, In sharp contrast to the formathn of [E(bpy-CIz)Brz]
2002. (6) at room temperature, if the reaction between bpya@t
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Figure 2. ORTEP representation of the cation of one of the polymorph

Wavelength / nm of [CU/(bpy-Br);](CIOs) (13) showing 50% probability displacement
Figure 1. Spectral changes recorded at various time intervals for a 1:2 ellipsoids.

mixture of Cu(ClQ),*6H,0 and bpy-Bs in methanot-chloroform (5 x

1072 M) at room temperature. Table 2. Selected Bond Distances (A) and Angles (deg) for Complexes
laandlb

CuBr is carried out under refluxing condition, the reduction 1a 1b

of the metal center as well as halogen exchange and c 20253 C 202

scrambling at the ligand site take place. The product isolated Cﬂg)tmgg 2:0228 038;“82 2:014118

is a brown dimeric copper(l) complex of composition Cu(1)-N(3) 2.025(3)  Cu(LyN(13) 2.016(5)

[{ CU (bpy-Ch.sBro.79(u-Br)}2] (9). Similarly, the reaction ~ CU=N@) 2.026(3) C%‘zgmg‘llg g'gggg

between bpy-Brand CuBg under refluxing condition has Cu(2)-N(22) 2:030(5)

led to the isolation of{{CU (bpy-Br)(u-Br)} 2] (10). Finally, Cu(2)-N(23) 2.016(5)

- . _ Cu(2-N(24) 2.019(5)
the halogen-exchanged compounds '"[®py-BrosClys) N()-Cu(L)-N@) 127.7510) NOZCUIYNA3) 1245()

(CIBr)] (11) and [Ni'(bpy-Bro.46Cl1.5)(H20)(Clo.78Br1.27)] (12) N()—Cu(1)-N(4) 123.34(11) N(12}Cu(1-N(14) 123.3(2)
have been obtained by reacting bpy-Bith the correspond- “Eii*gug)%_“g; gigg&ég “83%%(11?%’\:\(1&‘)1) gi-igg
. . .. . —Cu . -Cu .

ing hydrated metal chIondes_ under boiling condlltllon._ NGE)-CU(-N(2) 12477(11) N(13yCu(-N(1) 130.8(2)
It may be noted that the halide-exchanged modified ligands N(4)-cu(1-N(2) 124.71(10) N(14}Cu(1)-N(11)  121.6(2)

bpy-Br._«Cly thus formed can be easily isolated by demet- N(21)-Cu(2)-N(23)  128.65(19)
allating the metal complexes. For example, the copper(ll) mgg:g“(z)"\'(z“) 120.30(19)
. . . u2-N(24) 8112
complexes can be demetalated by treating with sodium NQ1-Cu(2)-N(22)  80.7(2)
hydrosulfide, while the nickel(ll) complex readily liberates N(23)-Cu(2)-N(22)  128.2(2)
the ligand when it is boiled with methanol in the presence N24)-Cu(2)-N(22)  124.0(2)

of sulfuric acid as a catalyst. due to the pyridine ring protons. Thus, while far the
Characterization. The characterization data for all of the doublet due to H(5), the triplet due to H(4), and the doublet
compounds are given in Experimental Section. The-ESI due to H(3) are observed at 8.42, 8.16, and 7.76 ppm,
MS of the copper(ll) complexe®—5 have been examined respectively, for bot® and 10, these resonances occur at
with their acetonitrile solutions. However, the spectral 8.40, 8.11, and 7.80 ppm. In contrast, the chemical shifts
features exhibited by all the four compounds turned out to due to the methylene protons for the three compounds, 4.39
be similar. The observed and simulated isotopic distribution (1), 4.70 @), and 4.53 10) ppm, differ substantially.
patterns of [Cli(bpy-Br)Cl,] (5), which is typical of the The characterization data for the modified ligands bpy-
series, is shown in Figure S1 of the Supporting Information. Br,—.Cly, have been compared with those of bpy-&nd bpy-
The positively charged species detected include, [Cu(bpy- Cl, in the Experimental Section. As may be noted, the-ESI
Bro)2* (miz = 746.34), [Cu(bpy-Bj(bpy-Bn]* (m/z = MS for bpy-Br 8:Clo 10, bPY-Bro.65Cl137 and bpy-Bé.4¢Cli s4
668.47), [Cu(bpy-B)]™ (m/z = 404.61), [Cu(bpy-BrCl)j do not provide peaks due to their molecular ion. Alterna-
(m/z = 360.69), [Cu(bpy-Br)f (mV z= 326.75), and [Cu- tively, in all of the cases, singly charged positive ions due
(bpy-CNJt (m/z = 280.64). It may be noted that under the to (bpy-Br + Na*), (bpy-Br, + H), (bpy-BrCl + Na'),
conditions used for ionization, reduction of copper(ll) to (bpy-BrCl+ H"), (bpy-Br+ HT), (bpy-Ck + Na*), (bpy-
copper(l), exchange of the halogen atoms, and fragmentationCl, + H™), and (bpy-Cl+ H™) have been observed, albeit
of the ligand unit took place. The mass spectra observed forwith differing intensity ratios.
the two forms of [Cl(bpy-Br),](CIO,) (1a/1b) are identical The 'H NMR spectral patterns for the aromatic protons
and they exhibit two peaks due to [Capy-Br),]* (15%; of bpy-Br, and bpy-C} are practically identical. However,
m/z = 746.34) and [Cl{bpy-Br)]" (100%;m/z = 404.61). the protons due to CH-Br and CH—CI occur at 4.68 and
The proton NMR spectra of the copper(l) complexes{Cu 4.75 ppm, respectively. As given in the Experimental Section,
(bpy-Br)](ClOy) (1), [{ Cu(bpy-Ch.3dBro70)(u-Br)} 2] (9), and for all of the bpy-Bg—xCly compounds, both of the singlets
[{Cu (bpy-Br)(u-Br)}2] (10) (Figure S2 of the Supporting  are observed at their expected positions, but with differing
Information) show only small differences in chemical shifts peak areas. The ratio of these two peaks are in agreement
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Table 3. Selected Bond Distances (A) and Angles (deg) for Compl&x&s 4, and 72

2 3 4 7

Cu(1)-N(1) 1.9905)  Cu(1)-O(1) 1.958(2)  Cu(BN(1) 2.011(3)  Cu(1yN(1) 2.015(4)
Cu(1)-N(2) 2.007(6)  Cu(1yN(1) 2.209(2)  Cu(1}N(2) 2.021(3)  Cu(1}N(2) 2.005(4)
Cu(1)-CI(3) 2.233(2)  Cu(1}N(2) 1.999(2)  Cu(1¥Br(3) 2.3379(8)  Cu(1)CI(3) 2.2279(14)
Cu(1)-Cl(4) 2.210(2)  Cu(1}CI(@3) 2.301(3)  Cu(1}Br(4) 2.342(3)  Cu(1}Cl(4) 2.2079(1 5)
Br(1)—C(1) 1.942(7)  Cu(1)yCl(4) 2.315(3)  CI(1)1C(1) 1.786(7)  CI(1)}C(1) 1.783(5)
Br(2)-C(12) 1.893(7)  Br(1y¥C() 1.944(3)  CI(2-C(12) 1.790(7)  CI(3rC(12) 1.783(5)

Br(2)-C(12) 1.950(3)
N(1)~Cu(1)-N(2) 82.4(2)  O(1}Cu(l)}-N(1)  104.25(9) N(I}Cu(l)-N(2)  82.42(12) N(IFCu(l)}-N(@2)  82.19(16)
N(1)-Cu(1)-CI(3) 106.31(17) O(I}Cu(1)-N(2)  174.28(9) N(I}Cu(l)-Br(3)  135.79(9) N(L}Cu(l)}- CI(3) 105.12(1 0)
N(1)-Cu(1)-Cl(4) 133.29(17) O(X}Cu(l}-CI(3) 87.15(17) N(1}Cu(l}-Br(4) 106.35(18) N(L}Cu(l)}- Cl(4) 138.05(1 2)
N(2)—Cu(1)-CI(3) 123.95(16) O(1}Cu(1)-CI(4) 89.54(11) N(2rCu(l}-Br(3)  102.02(9) N(2rCu(l)}- CI(3) 127.45(12)
N(2)—Cu(1)-Cl(4)  101.42(17) N(1}Cu(1)}-N(2) 79.30(8)  N(2)-Cu(1)-Br(4) 126.1(2)  N(2yCu(l)-Cl(4) 101.69(12)
CI3)-Cu(1)-Cl(4) 109.20(7) N(I}Cu(1)-Cl(3) 99.55(15) Br(3yCu(ly- Br(4) 105.79(17) CI(3}Cu(l)}- CI(4) 104.92(5)

N(1)-Cu(1)-Cl(4) 101.48(11)

N(@2)—-Cu(1)-CI(3) 87.82(17)

N(@2)—-Cu(l)-Cl(4) 94.17(11)

CI(3)—Cu(1)-Cl(4)  158.68( 16)

a0Only major positions of disordered halogen atoms are listed.

Table 4. Selected Bond Distances (A) and Angles (deg) for Complex ~ compared in Table 2. As may be noted, the-Gudistances

& in 1a(2.026(2) A) are more uniform relative to thoseld,
9 which lie in the range from 2.009(5) to 2.030(5) A. The
Cu(1)-N(1) 2.075(7) Cu(1)#£Br(1)—Cu(l)  84.25(5) dihedral anglesf]) between the two CulNplanes are 87.9-
gﬂgi)):gr(é)) 2242%((?)5) “éi;gj((ll))_—é\‘r((i)) 18109'255(32)) (1)° in 1a, and 86.4(1) and 87.8(1) in the two complex
Cu(l#L-Br(1)  2.4503(15) N} Cu(ly-Br(#1l  127.2(2) _un|ts oflb. The near orth_og_onallty of the MO bpy-Bigands
Cu(l)-Br(1)#1  2.4503(15) N(2yCu(1)-Br(1) 118.5(2) in the complex cations indicate almost ideal tetraheDgal
8:%388)2) 1-2%3%3)) gr(%gél)(—l?_r(égél) ;517731((52)) geometry for the copper(l) center. By comparison, the values
' 4 84.25(5) of 0 in [Cu(Mex-bpy)](ClO,) and [Cu(bpy)](ClO,) are

80.643%057 and 75.2,%8 respectively. The greater steric
interaction exerted by the bulkier GBrr substituents in bpy-
Br; relative to the methyl substituents in 6Me;bpy in their

a20nly major positions of disordered halogen atoms are listed.

Table 5. Selected Bond Distances (A) and Angles (deg) for Complex

1= corresponding copper(l) complexes is clearly evident. Aside

12 from the small differences in th@ values ofla and 1b,
Ni(1)—O(1) 1.998(2) Ni(13-Br(1) 2.4502(7) they also show some difference in the twist angles between
Ni(1)—N(1) 2.027(2) Ni(1}-Br(2) 2.481(13) then pyridine ring planes about 2,2—C bond, which are
Ni(1)—N(2) 2.033(3) CI(3y-C(1) 1.842(9) ; i

CId)-C(12) 1819(6) 13.5 and 2.4 in la 14.7 and 9.8 in molecule 1 oflb,
O(1)—Ni(1)—N(1) 164.17(11)  N(L)FNi(1)—Br(1) 93.48(7) and 17.2 and 5.8 in molecule 2 oflb.
883—%83—@(@) 1;2-52((%)1) l’\\ll((zlmlgg—gr% 13;-3(62()7) There is considerable structural difference betwksand
—Ni(1)—Br . i(1)—Br . ; i .ee i

O(1)—Ni(1)—Br(2) 86.0(2) NFNI()—Br2)  94.0(2) 1bin terms. of mtermolecular €H---0 hydrqgen bondlng.
N(1)—Ni(1)—N(2) 81.78(11)  Br(IyNi()-Br(2)  163.5(2) As shown in Figure S4(a) of the Supporting Information,

the pyridyl hydrogens attached to C(17) and C(2Q)arare
hydrogen bonded to the oxygen atoms O(11) and O(14),
with their expected compositions. It may be noted that unlike respectively of the perchlorate anion belonging to the
bpy-Br, and bpy-CJ, aromatic protons of bpy-BrCly adjacent complex molecule. The C(¥#H---O(11) and
compounds are expectedly observed as multiplets rather tharC(20)-H---O(14) distances are 2.45 and 2.36 A, respectively,

a0Only major positions of disordered halogen atoms are listed.

as doublet, triplet, and doublet.
Crystal Structures. The X-ray crystal structures of
complexedla, 1b, 2, 3, 4, 7, 9, and12 have been determined,

and the corresponding bond angles are 14ar&l 149.4.
Similar C—H---O bonding is absent in either of the two
molecules inlb. Alternatively, as shown in Figure S4(b) of

and their relevant bond distances and angles are given inthe Supporting Information, a different type of bifurcated

Table 2-5.

[Cu'(bpy-Br»)](ClO,) (1a, 1b). The copper(l) complex
[CuU(bpy-Br)](ClO,) (1) has been obtained in two crystal-
lographic modificationdaandl1b, which differ in their unit
cell dimensions and space groups. The space grodp if

C—H---O bonding is observed itb involving a perchlorate
oxygen and one each GBI hydrogen atoms of the two
complex cations ofiLb.

[Cu" (bpy-Br1seClo.1g(ClieBros)] (2), [Cu"(bpy-
Br1.81Clo.19)(Cl1.7Br 0.30(H20)] (3), [Cu" (bpy-Bro.6:Cl1.37)-

P2;/n and it has 1 molecule per asymmetric unit, whereas (Clos8r1.4¢] (4), and [Cu' (bpy-Cl,)Cl,] (7). As already

the space group dfb is P2;/c and it contains 2 independent

molecules per asymmetric unit. The ORTEP representations

of the cations inla and 1b (for one of the two identical

structures) are shown in Figures 2 and S3 (see the Supportingsg)
Information), whereas their bond distances and angles are
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stated, the reaction between the ligand bpy-&rd CuCj-

(57) Burke, P. J.; McMillin, D. R.; Robinson, W. Raorg. Chem 198Q
19, 1211.

Munakata, M.; Kitagawa, S.; Asahara, A.; Masuda,Bdll. Chem
Soc Jpn 1987, 60, 1927.
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(© (d)
Figure 3. ORTEP representations of (a) [(Xbpy-Bri.s¢Clo.14)(Cl1.s8Bro.17)] (2), only major halogen position shown, (b) [(Xbpy-Bri iClo.19)(Cl1.70Bro.30)-
(H20)] (3), and (c) [Cli(bpy-Bro.s3Cl1.37)(ClosdBri.4¢] (4) and (d) [Cl(bpy-Ch)Cl,)] (7) showing 50% probability displacement ellipsoids.

2H,0 leads to the formation of copper(ll) complex [Cu(bpy- evident from the fact that ir2 and 4 the dihedral angles
Br,)Cl,], provided the reaction time is short. If the reaction between the CuNand CuC} or Cu(halogen) planes are
mixture is kept for a longer period or is heated under reflux, 69.52(2) and 67.38(3), respectively. The CuN distances
then halogen exchange takes place between bpyaBd in the two compounds, 1.989(5) and 2.007(6) AZirand
CuCl and the composition of the product isolated depends 2.012(3) and 2.020(3) A id, are comparable.
upon the reaction condition. The ORTEP representations of In the 5-coordinated copper(ll) complex [bpy-Br; s
2—4 and of [CU (bpy-Ch)Cl,] (7) are shown in Figure 3,  Clo.19(Cli7Brosq)(H20)] (3), the metal center adopts a
parts a-d, although for compoun@ only the major position distorted square pyramidal geometry (Figure 3b) with the
of disordered halogen atoms are shown. atoms N(2)CI(1)O(1)CI(2) forming the basal plane, while
Compounds2 and 4 are tetracoordinated, whereass the pyridyl nitrogen N(1) is occupying the apical position.
pentacoordinated. According to the disorder of halogen In the basal mean plane, the constituent atoms are alterna-
positions (see above), compouds formulated as [Cu tively displaced in opposite direction by 0.18 A, albeit the
I(bpy-Br1.g6Clo 14)(Cly.sBro.11)], composition of3 is [Cu' (bpy- metal center rests on the plane. The equatoriat-IS{2)
Br1.81Clo.19(Cl1.7Bro.30(H20)] with site occupation factors  distance (1.999(2) A) is considerably shorter than the apical
Br/CI(1) 0.917(4)/0.083(4), Br/CI(2) 0.894(4)/0.106(4), Br/ Cu—N(1) distance (2.209(2) A). The other equatorial bond
CI(3) 0.103(2)/0.897(2), Br/CI(4) 0.200(3)/0.800(3), and that distances are CtCl(3)/ Br(3) = 2.301(3)/2.398(9) A, Cu
of compound4 is considered to be [G(bpy-BrosLCl137(Closs Cl(4)/Br(4) = 2.315(3)/2.360(4) A, and CuO(H.0) =
Bri.4¢)] with Br/CI(1) 0.276(3)/0.724(3), Br/CI(2) 0.351(4)/ 1.958(2) A. The extent of distortion from ideal square
0.649(4), Br/CI(3) 0.840(7)/0.160(7), Br/CI(4) 0.625(3)/ pyramidal geometry is given by the paramet@f which is
0.375(3). The relevant bond distances and angles of0.25 for3 (r = 0 and 1 are for perfectly square pyramidal
compound<2—4 are listed in Table 3. and trigonal bipyramidal geometries, respectively). The two

The 4-coordinated copper(ll) centersarand4 (Flgures (59) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Vershoor, G.
3, parts a and c) have flattened tetrahedral geometry, as ~ C.;J. Chem Soc, Dalton Trans. 1984 1349.
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hydrogen atoms of the coordinated water molecule in From the least-squares plane formed by N(1) O(1)Br/CI(1)-
compound3 are intermolecularly hydrogen bonded with one Br/Cl(2), the displacement of the donor atoms do not exceed
of the metal-coordianted halogene atoms of two different 0.04 A, while the metal center lies exactly on the plane. The
complex molecules. The other metal-coordinated halogenetwo in-plane bond distances, NO(1) = 1.998(2) A and
atom, in turn, is hydrogen bonded with the coordinated water Ni—N(1) = 2.027(2) A, differ to a small extent. The bond
of another molecule. In this way, as shown in Figure S5 of distance involving the apical N(2) nitrogen from the metal
the Supporting Information, a double helical one-dimensional center is 2.033(3) A. As expected for a regular square
network is developed in which the CI¢3)H(2) and Cl(4) pyramidal geometry, the two major angles viz. G{Ni—
-H(1) distances are 2.249 and 2.429 A, respectively, while N(1) (164.17(119 and Br(1)}-Ni—Br(2)/CI(1)-Ni—CI(2)
the O—H---Cl angles are 166and 160. (163.5(2)/162.6(6) are almost equal. In this case also,
As shown in Figure 3d, the structure of [Ghbpy-Ch)- similar to 3, intermolecular hydrogen bonding involving the
Cly] (7) is similar to those o and4. The selected bond metal-coordinated water and halogens give rise to a double
parameters of are compared with those @fand4 in Table helical chain, whose space-filling model is shown in Figure
3. It may be noted that the GWN distances and NCu—N 5b.
angles of these three isostructural compounds are closely Absorption Spectra and Reactivities.The UV—vis-NIR
similar. Alternatively, the average €thalogen and €halo- absorption spectral data for compouridsl12 are given in
gen distances tend to increase with the replacement ofthe Experimental Section. Figure 6 shows the spectral
chlorine by bromine. A comparison of the dihedral an@le  changes that occur when 1 equiv each of bpye®id CuCj
between Cul and Cu(halide) planes indicates that the 2H,O are mixed together in acetonitrile at 45. The initial
tetrahedral distortion of the three compounds decrease in thespectrum, which shows a well-resolved peak at 440 nm and
following order: 2 (69.52f > 4 (67.38) > 7 (65.347. an unresolved band between 700 and 1300 nm, is identical
[{ Cu'(bpy-Cl1.3Bro70(u-Br)}2](9) and[{ Cu' (bpy-Br,)- to that observed for [Cifbpy-Br)Cl;] (5). In 5, the band
(u-Br)}] (10). When CuBg is reacted with bpy-Gland bpy- observed at 440 nme (= 820 M'cm™) is most likely due
Br, under refluxing condition, reduction of the metal center to CI- — Cu' ligand-to-metal charge transfer (LMCT)
takes place and crystals 8fand10 separate out from their ~ transition, while the broad feature observed is due-tald
reaction solutions. In the case @fthe halogen atoms at the transition. It should be mentioned that similarGothe CI
ligand sites are heavily disordered, although there is no — Cu LMCT band in [Cl(bpy-Ck)Cl;] (7) is also observed
disordering of the metal-coordinated bromide ligands. The at 440 nm ¢ = 750 M~lcm™?). Figure 6 shows that with
resulting site occupation factors are Br/CI(2) 0.417(8)/0.583- the passage of time, the well-resolved peak at 440 nm slowly
(8) and Br/ CI(3) 0.284(9)/0.716(9). Figure 4, parts a and b, gets broadened and drifts to a lower wavelength along with
shows the molecular structures ®fand 10. It should be the growth of intensity. The position of the very broaddi
noted that due to poor crystal quality b® and hence of not ~ band remains practically unaffected, albeit intensification of
fully satisfying refinement we only present the structure the band occurs to a small extent. Notable spectral change
without detailed discussion. The pertinent bond distances andoccurs between 500 and 700 nm, where the intensity of the
bond angles for9 are listed in Table 4. In both of the successive absorption curves increases and gradually two
compounds, the copper(l) centers have near perfect tetraneweak shoulders develop. After 7 h, when no further spectral
dral geometry, as evident from the dihedral anjleetween ~ change occurs, three shoulders at 425 r&n+=(850 Mt
the CuN and CuBs planes § = 87.7(3) for9]. Incompound ~ cm™?), 570 nm € ~ 300 M~* cm™), and 630 nm{ ~ 220
9, the bridge angle CuBr—Cu is 84.25(5), while the angle ~ M~! cm™*) become evident along with the-dl band lying
Br—Cu—Br is 95.75(5). The average CuN distance in9 between 700 and 1300 nm £ 130 Mt cm™2). The final
(2.076(8) A), as should be expected, is longer compared tospectrum resembles that of [tXbpy-Ch)Br;] (6) whose
the average Cu-N distance (2.008(8) A) observed 24, spectral characteristics are as follows: 425 nmests (100
and7. The nonbonded Get+Cu distance irf is 3.30 A. M~1cm™1), 570 nm sh ~ 350 M—cm™), 630 nm sh ¢ ~
[Ni" (bpy-Bro.46Cl1.59(Clo.74Br 1.27)(H20)] (12). This com- 250 M—cm™1), 880 nm € = 125 M 'cm™1), and 1080 nm
pound has been obtained by reacting bpy-Bith NiCl.: (e = 100 M~cm™?). Significantly, the spectra observed for
6H,0 under refluxing condition. The halogen exchange and [Cu'(bpy-Bri g¢Clo.14)(Cli.sBro.11)] (2) and [CU (bpy-Brosz
scrambling is quite extensive ih2, and the halogen sites  Cli.37)(ClosBri4e)] (4) are similar to the time interval spectra
have the following occupancies: Br/CI(1) 0.833(2)/0.167- recorded after 0.5 and 3.5 h, respectively. The smooth
(2), Br/CI(2) 0.439(3)/ 0.561(3), Br/CI(3) 0.232(4)/0.768- spectral changes that are observed in Figure 6 suggest that
(4), Br/CI(4) 0.226(6)/0.774(6). It is to be noted that the two the halogen exchange and scrambling (shown in eq 1) take
bromine atoms of bpy-Brare rather more uniformly  place concurrently
substituted by chlorines, while the two chlorine atoms of
NiCl, are unevenly substituted by bromines. The ORTEP PPY — Brp + CuClL —
representation o2 is shown in Figure 5a, and the selected [CU" (bpy — Br,_,Cl)(Cl,_,Br)] (1)
bond distances and angles are given in Table 5. Compound
12 is structurally similar to the five-coordinated copper(ll) An important consequence of halide exchange and scram-
complex3, although the square pyramidal geometryl@f bling is manifestation of color changes in the solid state
is much more regularr(= 0.015) than that o8 (z = 0.25). across the series. Thus, [@hbpy-Br)Cl,] (5) is light red,
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(b)

Figure 4. (a) ORTEP representations ofGu (bpy-Ch.sBro.70(u-Br)}2] (9), showing 50% probability displacement ellipsoids and (b) ball and stick
representation of{[Cu (bpy-Brz)(u-Br)} 2] (10).

[Cu"(bpy-Br.geClo.14)(Cl1sdBro.19)] (2) is red, [CU (bpy-Bry g terminal members [Ci{bpy-Br,)Cl,] (5) and [CU (bpy-Ch)-
Clo.19(Cly7Broz0(H20)] (3) is green, [CU(bpy-Broes Br] (6) reveals that in the UV-region both the compounds
Cl1.37)(ClosBri.4¢)] (4) is maroon, and [Cu(bpy-&Br;] (6) exhibit two bands at about 250 and 310 nm duertar*
is dark brown. Among these compounds, except3oall transitions of the bpy ligands. However, while toa CI—
others are 4-coordinate with flattened tetrahedral geometry.Cu' LMCT band® is observed at 440 nme(= 820
Therefore, the difference of color among the pseudo- M~'cm™), in the case 06, three LMCT bands (Br— Cu')
tetrahedral compounds seems to be related with the relativeare observed at 425 nma ¢ 1100 Mcm™?), 570 nm € ~
contributions of Ct— Cu' and Br— Cu' LMCT transition 350 M icm™), and 630 nm { ~ 250 M cmY). The
energies. A comparison of the spectral features of the two occurrence of LMCT bands above 500 nm in"®uBr,
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Figure 5. (a) An ORTEP view of [Ni(bpy-Bg.46Cl1.54)(Clo.78Br1.27)(H20)] (12) and (b) A space-filling representation of doubly helical one-dimensional
chain formed by Gt-H—O—H---Cl hydrogen bondings idi2.

chromophores have been reported in literat&f&.62 The The structural data of the 4-coordinate copper(ll) com-
weak intensity of Br — Cu' LMCT band at higher  plexes2, 4, and7 (also6) suggestD, symmetry for these
wavelength has been considered to be due to forbidden orcompounds. Alternatively, the structure of the 5-coordinate
weakly allowed Zp — do* transition®? compound3 (also 8) indicates pseud@,, symmetry. Al-
though a maximum of four-€d transitions can be expected
(60) Lever, A. B. PInorganic Electronic Spectroscopgnd. ed., Elsevier, for these compounds, in all the cases a broad absorption
Amsterdam, 1984. feature covering the range from 700 to 1300 nm have been

61) Solomon, E. I.; Penfield, K. W.; Wilcox, D. Btruct. Bonding (Barli . . .
( )1983 53 1. a (Barlly observed. This broad feature, on Gaussian analysis gets

(62) Ray, N.; Tyagi, S.; Hatahway, B. Chem. Soc., Dalton Tran$982
143.

(63) Crutchley, R. J.; Hynes, R.; Gabe, Elnbrg. Chem 199Q 29, 4921.
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Figure 6. Spectral changes recorded at various time intervals of a 1:1

mixture of CuCj2H,0O and bpy-Bs in acetonitrile (2.5x 103 M) at
45 °C over a period of 7 h.
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Figure 7. Observed and deconvoluted absorption spectrum of (-
Cl2)Bry)] (6) in the vis-NIR region obtained by Gaussian analysis.

deconvoluted to two well-defined bands with their peaks
lying at about 856-880 nm and 9761090 nm. A typical
deconvoluted spectrum obtained for compoéind shown

in Figure 7, for which the two peaks are located at 880 and
1080 nm.

It would be relevant at this stage to consider the mecha-
nism of halogen exchange and scrambling in the light of the
molecular structures determined for the copper(ll) complexes
2—4 and the nickel(ll) compleX 2. The noteworthy aspect
of these compounds is that the distribution of the halogen
atoms is not the same either in the 6- ariéh&lomethyl
moieties of the ligands or in the two metal coordinated
halides. To account for this observation, an intramolecular
atom transfer reaction that occurs in a randomized way is
outlined in Scheme 2.

The reactivities of copper(ll) bromide with bpy-Cand
bpy-Br, are of particular interest. When a 1:1 mixture of
bpy-CkL and CuBs in methanot-chloroform is allowed to
react at room temperature for a short period, the product
isolated has the composition [fbpy-Ch)Br,] (6). However,
when this reaction is carried out at the boiling temperature
of the solvent the product isolated (in 40% yield) has the

Absorbance

1200

600
Wavelength / nm

750 900 1050

Figure 8. Spectral changes recorded after quench cooling at different time
intervals of a boiling solution of [Cl(bpy-Ck)Br,)] (6) in acetonitrile (2.5
x 1073 M) over 4 h.
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composition {Cu(bpy-Ch 30Broz)(u-Bra)}2] (9). Again,
under the boiling condition, the reaction between bpy-Br
and CuBs affords [ Cu(bpy-Br)(«-Br,)} 5] (10)in high yield
(>80%). Further, studies have indicated that the formation
of 9 and 10 actually take place through photoinduced
reduction. This was borne out by the fact that a solution
containing bpy-By and CuBg, upon being kept at 5€C in
darkness, shows no change in intensity of thel@bsorption
band between 700 and 1300 nm over a period of 3 h.
However, the same solution on being kept exposed to light
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Scheme 3
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Table 6. Electrochemical Data of Complexés-10

acetonitrile dichloromethan e
compound Ei2(V) AEp (mV) E12(V) AEp (mV)
1 0.990 105 1.218 75
2 0.517 115 0.590 135
3 0.520 120 0.620 160
4 0.565 120 0.653 145
5 0.505 120 0.585 160
6 0.585 115 0.677 155
7 0.505 110 0.560 130
8 0.520 115 0.573 135
9 0.600 120
10 0.610 100

completely lose the dd band over the same time period.

passage of time, the intensities of the three shoulders
observed fob at 425, 570, and 630 nm, as well as the broad
d—d band observed in the range from 700 to 1300 nm,
diminished gradually. After 4 h, all of these absorption
features are replaced by a single peak at 440 nm. The total
lack of absorbance in the vis-NIR region is a clear signature
of the complete reduction of copper(ll) to copper(l). When
the same experiment was carried out in the dark, only small
changes in intensities of the shoulders, but no changes in
the intensities of the dd band, were observed. Clearly, in
the absence of light, only halogen exchange took pla& in
at the elevated temperature.

Compound® and10 exhibit metal to ligand (Cu— bpy-

The overall redox reaction (eq 2) seems to be initiated by X, 7*) charge transfer (MLCT) transition at 440 nm, and

hv
Cu''Br, + bpy-Br, — [Cu"(bpy-Br,)Bry] MM
0.5 [{Cu'(bpy-Br)(u-Br)}2] + 0.5Br,  (2)

photoinduced homolytic cleavage of a'C8r bond, and is
followed by dimerization, as illustrated in Scheme 3.

their molar extinction coefficient values in acetonitrile are
2800 and 2600 M cm™1, respectively. By comparison, the
MLCT band for the mononuclear copper(l) complex [Cu-
(bpy-Br),](ClO,) (1) observed at 450 nm in dichloromethane
is considerably strongee & 7800 Mt cm™1). None of the
three copper(l) compounds 9, and10 show any detectable
luminescence at room temperature, indicating that the

The formation of9 appears to involve a more complex electron withdrawing halide substituents in the bipyridine
route because in this case along with photoreduction andligand cause intramolecular quenching of luminescence.
dimerization halogen exchange also occurs. The molecular The absorption spectra of [(py-Br sCli 5)(CIBr)] (1)
structure o® shows that despite extensive halogen exchangeand [Ni'(bpy-Bro.4¢Cl1.549(H20)(Clo.78Br1.29)] (12) in aceto-

and scrambling of the 6- and-6hloromethyl sites of the

nitrile are shown in Figure S6 of the Supporting Information.

ligand, the bridging bromides remain unexchanged. Further, The olive green nickel(ll) complexl@) has been shown to
9is isolated at a significantly lower yield relative to that of be of distorted square pyramidal geometry, whereas the deep

10. This indicates that during the formation®bther related
copper(l) complexes also form although preferentially

blue cobalt(ll) complex 11) seems to have a tetrahedral
geometry. Indeed, as expected for tetrahedral cobalt (Il)

crystallized out from the mixture of products. Nevertheless, complexes, a structured strong intensity band with the peaks

the common structural features ®and 10 suggest that the

at 575 and 670 nme(= 430 Mt cm™Y) is observed in the

key step involved in the formation of the two compounds is visible region, which is attributed t#\,— 4T1(P) transition.
the same, that is photoinduced homolytic cleavage of aIn the NIR region, a weak shoulder 1000 nm ¢ ~ 10

Cu'~Br bond of their respective precursor complexes.
To follow the course of photoinduced reduction of [Cu

M~%cm™!) and a relatively stronger band observed at 1350
nm (€ = 60 M~t cm™) are due to*A,— “T4(F) and*T,

(bpy-Ch)Br;] (6), Figure 8 shows the spectral changes that transitions, respectively. In high-spin square pyramidal

occurred when an acetonitrile solution ®f(2 x 1073 M)

nickel(Il) complexes, splitting of the d-orbitals occur in the

was heated under reflux in the presence of light and the same way as tetragonally distorted six-coordinate nickel(Il)
spectra recorded at different time intervals after quench- complexes with weak axial fieléf. For such systems,Bis
cooling of the solution. As may be noted that with the considered as the ground state. Accordingly, the four
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8
8 Ey,=0.573V
Ey2=0.520 V AE,=0.135V
AE,=0.115V
7 7
E;2=0.505V E;2,=0.560V
AE,=0.110 V AE,=0.130V
6 6
Ey2=0.585V Ey,=0.677V
AE,=0.115V AE,=0.155V
5
5 Ey2 =0.585 V
Eyz=0.505V AE, =0.160 V
AE,=0.120 V
4
Ey2=0.565V 4
AE,=0.120 V Ey2=0.653V
AE,=0.145V
3
Euz=0.520 V
AE,=0.120 V 3
Ey;=0.620 V
AE,=0.160 V
2
E2=0.517V 2
AE,=0.115V Eyz=0.590 V
AE,=0.135V

(a) (b)
Figure 9. Cyclic voltammograms of [Cu(bpy-Br,Cl)Cl>-,Bry] (2—8) in (a) acetonitrile ) dichloromethane with a scan rate of 100 mt.s

absorption bands observed in the visible-NIR regionlfar the CHBr moieties of the two bpy-Brligands when the

at 510 nm é = 125 M cm™), 610 nm sh{ ~ 10 M* oxidized bis-copper(ll) complex tries to achieve its natural
cm), 860 nm € = 30 Mt cm™?), and 1000 nm¢ = 60 preference for planer configuration. The difference of the
M~ cm™!) may be assigned to the transitions from, B Ei» values of 1™ by 0.23 V in the two solvents is a

3A,q and3Ey(P), 3By, Azg, and®Byg levels. noteworthy feature. It appears that in a coordinating solvent

Electrochemical MeasurementsThe redox behavior of  like acetonitrile, the oxidized copper(ll) species gets solvated,
the copper complexels-10 have been studied in acetonitrile  but not in a poorly coordinating solvent as dichloromethane.
and in dichloromethane (except for complex@snd 10, As a result, the solvated copper(ll) species gets stabilized at
which are not soluble in dichloromethane) by cyclic volta- a relatively less positive potential by achieving a five-
mmetric (CV) and Osteryoung square wave voltammetric coordinated geometrp.

(OSWV) measurements. The relevant electrochemical data The cyclic voltammograms of all of the copper(ll)
(Ex2 and AE, values) of the compounds are listed in Table complexes2—8 in acetonitrile and dichloromethane are
6. The cyclic voltammograms of [(bpy-Br),]* (1) in shown in Figure 9 for comparison, and the corresponding
the two solvent are compared in Figure S7. In acetonitrile, electrochemical data are listed in Table 6. It may be noted
the oxidation ofl* occurs quasi-irreversiblyAE, = 105 that for each of the compounds, tke, values of the Cl/
mV) at E;» = 0.99 V, while in dichloromethane the Cu couple is more positive in dichloromethane compared
electrochemical response is nearly reversible in nathEg ( to that in acetonitrile and the average differencEjavalues

= 75 mV) with E;, = 1.22 V. The highE,,; value for the is about 80 mV. Further, th&E, values of these compounds
oxidation of 1™ is due to strong steric interaction between are relatively greater in dichloromethane (135-165mV) than
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in acetonitrile (116-120mV). Clearly, the reduction of the almost idealD,y symmetry. In both forms, intermolecular
copper(ll) complexes having flattened tetrahedral geometry C—H---O hydrogen bondings are involved, albeit in different
are more facile in a noncoordinating solvent as dichlo- ways. The redox potential of the @Qu' couple inl differs
romethane. However, partial solvation of the copper(ll) markedly in dichloromethane (1.22 V) and acetonitrile (0.99
complexes in acetonitrile helps to remove geometrical strain. V).

The data given in Table 6 also reveal that the copper(ll) A nhumber of halogen-exchanged and scrambled products
complexes containing metal-coordinated bromides have morehave been isolated by reacting bpy:Bvith the hydrated
positive Ey> values relative to their chloride bonded ana- chiorides of copper(ll), cobalt(ll), and nickel(ll). The mo-
logues. Thus, th&,; values of [Cu(bpy-G)Br;] (6) is 0.585  |ecular structures of [Cigbpy-Bry g6Clo.14)(ClisdBro11)] (2),

V in acetonitrile and 0.677 V in dichloromethane, while the [Cy'(bpy-Bry 65Cl1.57)(ClosBri49] (4), and [Cli(bpy-Ch)-
corresponding values of [Cu(bpyACl] (7) in the two (] (7) reveal flattened tetrahedral geometry, while the
solvents are 0.520 and 0.573 V, reSpeCtiVer. This is expectedstructures of the 5-coordinate Compounds |[@py_Br1.81_
because the copper(ll) center becomes more electron-richcyy ,o(Cl, 7Bro 9 (H:0)] (3) and [N (bpy-Bro.4¢Cl1 5(Clo.
when it is coordinated with chloride ions than with bromide. By, ,)(H,0)] (12) show distorted to near-perfect square
Consequently, it is easier to add electrons (that is, reduction) pyramidal geometry# = 0.25 for 3 and 0.01 for12).

to the bromide-coordinated compound, and hence&ihe However, [CH(bpy-BrosCl.5)(CIBr)] (11) has been char-
value of 6 is more positive than to that af. Further, the  acterized as a tetrahedral compound. By following the course
Eur2 values of [Cu(bpy-BA)Cl] (5) and [Cu(bpy-C)CL] (7)  of reaction spectrophotometrically between bpy-Bnd

are closely similar, indicating that rather than the substituents ccl,-2H,0 in acetonitrile at 45C for 7 h, a mechanism

in the bipyridine ligands, the metal-bound halides control for halogen exchange/scrambling has been proposed. The
the redox potentials decisively. In the halogen-exchangedeqox behavior of the above copper(ll) complexes as well
compound2—4, the redox potentials increase in the order a5 of [Cuf (bpy-Br,)Cl;] (5) and [Ct (bpy-Ch)(Br2)] (6) show

2 = 3 < 4, which is also the order of replacement of solvent dependence and the compounds richer with metal-
co_lc_);]dlnate? chlol?de by bromldef. e dinucl 0 coordinated bromides exhibit more positiEg, values.

e cyclic voltammograms of the dinuclear copper : ) )
complexes [Cy(bpy-Bro.7¢Cl1.302(1-Br)2] (9) and [Cu(bpy- (‘u:';g}(j]ln(uggleae;rdc?gjzgé ;_angézi(gﬁlj](kzli)é)Crlll ;\irob73en
Brz)z(ﬂ-Br)_z] (10) (Figure S8 of the Supporting Inform_ation_) obtained by reacting CuBmwith bpy-Ch and bpy-Bs at
show that in both cases, electron transfer to the two 'dentlcalelevated temperature in the presence of light. From spec-

metal centers take place simultaneously. Eae values of trophotometric studies, it has been established that the

the t\.NO compounds 600 mV9J and 610 mV 10) are formation of the copper(l) complex&and10does not take
prgctmally hsaTTI. T.he br(.);ld. natureb Ot]:| the Ilre.dox fpiaks place in absence of light. Photoinduced homolytic cleavage
g]rolg?cti(eest)trigt eot:k\':;]glox' ation probably splitting of the of a CU'~Br bond of the precursor copper(ll) complexes

9 place. followed by dimerization lead to the formation of the bromo-
Conclusions bridged dicopper(l) complex species.
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and scrambling involving metahalogen and carben Supporting Information Available: X-ray crystallographic files
halogen bonds, and photoinduced reduction of copper(ll) in CIF format for compoundda, 1b, 2, 3, 4, 7, 9, and 12 and
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Complex [Cu(bpy-B#)2](ClO4) (1) has been obtained as via the Internet at http://pubs.acs.org.
in two crystallographic modifications both of which exhibit 1C7014786
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