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Abstract: A series of homo- and heterotrinuclear complexes containing three face-sharing octahedra has been
synthesized by using the pendent arm macrocyclic ligands 1,4,7-tris(3,5-dimethyl-2-hydroxybenzyl)-1,4,7-triazacy-
clononane, PHs, and 1,4,7-tris(4ert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononanegLH L°Ni"} ,Ni"] (1) and
[{LC0"}2Ca"](PFe)s (2); [{LCO"}2Ni]™ (n= 2 (3), 3 (4), 4 (5)); [{LNi}2Cd"]™* (n=1(6), 2 (7), 3 (8)) and its

linkage isomers{[LNi}Ni{Cd"L}1"" (n = 1 (9), 2 (10), 3 (12)) and, finally, the complexeg [Ni}:Ni]™" (n =0

(12,1 (19), 2 (14), 3 (15). In complexl three octahedral Niions form a linear array with two terminal Ni"]~

moieties in a facial MOs; donor set and a central Nion which is connected to the terminal ions via six phenolate
bridging pendent arms of’L In complexe®2—15the three metal ions are always in the same ligand matrix yielding

an NsM(u-S):M(u-S:MNj3 first-coordination sphere regardless of the nature of the metal ions (nickel or cobalt) or
their formal oxidation states. From temperature dependent magnetic susceptibility measurements it has been determined
that 1 has anS = 3 ground state whereas iR it is S= 1. In order to understand this difference in exchange
coupling (ferromagnetic il and antiferromagnetic it2) in two apparently very similar complexes the magnetic
properties of2—15 have been investigated. Compl@has anS= 1 and4 anS = 1/,, and5 is diamagnetic$ =

0) as is its isoelectronic counterp@t This indicates the availability of the oxidation states Il, Ill, and IV of the
central Nig unit. In the isostructural complexes 7, and 8, two terminal nickel ions are bridged by a central
diamagnetic CH. The exchange coupling between two terminal paramagnetic nickel ions was studied as a function
of their formal oxidation state. 16 the two Ni' ions are ferromagnetically couple® & 2); the mixed-valent

Ni""Ni'" species? has anS = 3/, ground state and i8 most probably two N# ions (d low spin) give rise to ars

= 1 ground state. In contrast, in the ser82dl0, and11 where two nickel ions are in a position adjacent to each
other9 has anS = 0 (antiferromagnetic coupling), but in the mixed-valent compléxan S = 3/, ground state
(ferromagnetic coupling) is observed. 1hanS= 1 ground state prevails which may be achieved by ferromagnetic
coupling between two Niions. For the trinuclear nickel complext&—-15anS= 1 ground state has been determined

for 12, an S = 39/, for the mixed valent comple%3, and anS = 2 for 14, and 15 exhibits anS = 3/, ground state.

The GoodenoughKanamori rules do not provide a consistent explanation for the observed ground states in all
cases. The concept of double exchange, originally introduced by Zener in 1951, appears to provide a more appropriate
description for the mixed-valent speci@sl0, 13, 14, and15. This picture is corroborated by the electrochemistry

and EPR spectroscopy of complexes.

Introduction values of+12.5 cn1? for J, and —4.5 cn1? for J5

~ Inaclassic paper Ginsberg, Martin, and Shervfoegorted H = —21][SS,+ SS)] — 2J[S'S]] 1)

in 1968 that the linear trimeric cluster [N{acac}],® where acac o )

represents the monoanion pentane-2,4-dionate (acetylacetonatefvhereSi, S are terminal ion spins an§; that of the central
possesses a septet ground stSte@). At that time, this was me_tal ion and W_herda represents the coupling constant beMeen
the first example of ferromagnetic exchange interaction in an adjacent metal ions anlithat between the terminal metal ions.
isolated cluster molecule. Analysis of the temperature depen-A Zero-field splitting parameter within the septét, of —1.3
dence of the molar magnetic susceptibility unequivocally M *andg = 2.175 was calculated.

demonstrated that intramolecular ferromagnetic exchange cou- X X

pling between two adja_cent octahed_ral nicke_I(II) ion% @l= < SN N
1) and a weaker antiferromagnetic coupling between two — M, —X — M, — X —M,—
terminal NI' ions prevail. By using the usual isotropic 7N X 70N X 7N
Heisenberg-Dirac—van Vleck (HDvV) exchange Hamiltonian X= 0,8
(eq 1) first introduced by Kambethey arrived at numerical -~ Ja—
® Abstract published irAdvance ACS Abstractdovember 15, 1996. -y —
(1) (a) Max-Planck-Institut fu Strahlenchemie, Mbeim an der Ruhr,
Germany. (b) Institut fu Physik, Medizinische Universitazu Lubeck, . .
Germany. The two exchange pathways were explained in the framework
é%)zGinsberg, A. P.; Martin, R. L.; Sherwood, R. l@org. Chem 1968 of the GoodenoughKanamori rules for superexchan§ér-
7, 932.
(3) Bullen, G. J.; Mason, R.; Pauling, forg. Chem 1965 4, 456. (4) Kambe, K.J. Phys Chem Soc Jpn 195Q 5, 48.
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Scheme 1. Ligands Scheme 2. Synthesized Complexgs
CHs SH [LONi"Ni"Ni"L°)° 1 [LNi"Co"Ni"LI(PF))  6*

@ /N r@-F [LCo"Co"Co"L](PFe)s
N N

H;C  OH
N/_\N 2 [LNiCo"NiL)(PF), 7
HC Q jOH CH, Q \> SH [LCo"Ni"Co"L|(PFe), 3 [LNiCo"NiLI(PFg); 8
N N [LCo"Ni"Co"L]Brs 4 [LNi'Ni"Co"L](PFg) 9"
HO HS [LCo"NiVCo"LI(PFy)s 5 [LNiNiCo"L](PFs), 10
HsC CHa [LNiNiCo"L)(PFe)s 11
LOH, LH3

LNI'NI'NI'L® 12
[LNININIL)(PFg)  13*

- 0 [LNiNiNiL](PFg), 14"
BN\ ) [N N o M [LNiNiNiL(PFg3 15
2 N—M'= @ cMT—p N—MI—e — MmiI— o —MlI—
LM BM 7N &/Na 3 Oxidation numbers are given only in unambiguous cases. The
N N ___/ asterisk denotes complexes of which the tetraphenylborate salts were
prepared and characterized.
® =QorsS

_ o _ clononané;’® LH3 (Scheme 1), and prepared their trinuclear
thogonal orbitals of the typeylp. O pyl|ey arising from magnetic nickel(ll) complexes.
metal g and filled p orbitals of the bridging oxygens between  pying this study we discovered that thhiophenolato
adjacentnickel ion$ afford ferromagnetic interactions (spin bridged species display a rich redox chemistry which its pheno-
alignment). More difficult to understand is the antiferromagnetic 544 analog does not. Furthermore, the magnetochemistry of

coupling between the terminal nickel ions. The original authors e trinuclear tristhiophenolato complexes proved to be exciting.
suggestetP that the well-developed-system of the pentane- |t ha5 peen possible to synthesize a series of 14 homo- and

2,4-dionato bridging ligand and the half-filleged, orbitals of heterotrinuclear complexes. The latter contain one or two
the_term|||n?l nl_ckel |or:'_sare cor:rectly orientated to provide an paramagnetic nickel in addition to two or more diamagnetic
antiparallel spin coupling pathway. cobalt(lll) ion, respectively. The complexes prepared and their

At the beginning of the present investigation we Were |apeis are given in Scheme 2. Linear homo- and heterotri-
intrigued by this statement and asked the more general quesyclear, face-sharing octahedral complexes containing six
tion: to what extent do the sign and magnitude of the exchangememapt0 bridging sulfur atoms are well knoWr® since their
coupling between two adjacent and two terminal metal ions in original discovery by Busch and Jicha in 196and have in a
a linear trinuclear complex composed of three face-sharing fo\y instances been structurally characterize@?
octahedral entities depend on (i) the nature of the coordinated As we will show it is possible to isolate a number of mixed-
ligands (with and without *well-developed-systems") and (ii valent Ni'Ni"" species. Their electronic structures will be

thbe natu(;e of thle br!dgllgg donor atom? Iln. or':her v;/ords, |stthe discussed within the concept of double exchange which was
gf ?k?irsviorﬁollg(lggr] égés(ﬁ]cgckloamﬁfc'gn'g serrirr]nergo)pi:‘ ){he originally introduced by Zenét in 1951 and reviyed in recent

. P - 9 y and sy Ty years?® |t has been demonstrated to play a role in understanding
OsNi"' (u-O)sNi' (u-O)3Ni" O3 core determine its magnetic prop-
erties? Therefore, we have synthesized two complexes contain- (g) Moore, D. A.; Fanwick, P. E.; Welch, M. lhorg. Chem 1989 28,
ing an NsNi(u-O)3Ni(u-O)sNiN3 core and its analog Mli- 1504. _ o . _ _
(u-S)sNi(u-S)NiN3 and investigated their magnetism. Astwo __ (9) Beissel, T.; Brger, K.-S.; Voigt G.; Wieghardt, K.; Butzlaff, C.;

. . . . . Trautwein, A. X.Inorg. Chem 1993 32, 124.

pentgne-2,4-d|pnate anions wh_lch chelate.the cent(al n|qkel ion " (10) Beissel, T.; Glaser, T.; Kesting, F.; Wieghardt, K.; NuberyBrg.
in [Nis(acacy] simultaneously bridge the pair of terminal nickel ~ Chem 1996 35, 3936.
ions and thus apparently provide a possible mechanism for (g) EUSC;]"GD-_ 'é};IJICha’ Dk(_lg?rg- CE:em 1'\?6% 16;3841 1973
antiferromagnetic coupling between the two terminal metal ions, g 9(31.) reen, ., Lhapman, ., Blinn, tnorg. Nuck Lhem Le
we designed a system which would not provide such a pathway. ' (13) Brubaker, G. R.; Douglas, B. Eorg. Chem 1967, 6, 1562.
The pendent arm macrocycles of the type 1,4,7-tris(phenolato)- (14) Blinn, E. L.; Butler, P.; Chapman, K. M.; Harris, Biorg. Chim
1,4,7-triazacyclononane are hexadentate ligands which bindACt(alé)gggsziﬁ’]olfeg'R E.: Ontko, T.; Wardman, L.: Blinn, Elorg, Chem
strongly to di- and trivalent transition metal ions furnishing 197514 1313. o T ’ '
thereby an octahedral facial;83 first coordination sphere (16) Konno, T.; Aizawa, S.; Okamoto, K.; Hidaka,Ghem Lett 1985

i i i i 017.
around a given metal ion. Since the coordinated three phenolate! (17) Johnson, D. W.: Brewer, T. Ruorg. Chim Acta 1988 154 221.

oxygen atoms are quite basic and orientatisdelative to each (18) Aizawa, S.; Okamoto, K.; Einaga, H.; HidakaBLll. Chem Soc
other, it is often possible to bind a second metal ion at this site Jpn 1988 61, 1601. _
and trinuclear complexes containing gixphenolato bridges (19) Konno, T.; Aizawa, S.; Hidaka, Bull. Chem Soc Jpn 1989 62,
C_an be preparédScheme 1). Here We_use the ligands 1,4,7- (éO) Konno, T.; Aizawa, S.; Okamoto, K.; Hidaka,Bull. Chem Soc
tris(3,5-dimethyl-2-hydroxybenzyl)-1,4,7-triazacyclononfhéHs, Jpn 199Q 63, 792.
and 1,4,7-tris(4ert-butyl-2-mercaptobenzyl)-1,4,7-triazacy- (%1) Heeg, M. J.; Blinn, E. L.; Deutsch, HEnorg. Chem 1985 24,
1118.
(5) Boyd, P. D. W.; Martin, R. LJ. Chem Soc, Dalton Trans 1979 (22) Okamoto, K.; Aizawa, S.; Konno, T.; Einaga, H.; HidakaBull.
92. Chem Soc Jpn 1986 59, 3859.
(6) Ginsberg, A. Plnorg. Chim Acta Re. 1971, 5, 45. (23) Konno, T.; Okamoto, K.; Hidaka, Acta Crystallogr 1993 C49,
(7) Auerbach, U.; Stockheim, C.; Weyheiheu, T.; Wieghardt, K.; 222.
Nuber, B.Angew Chem 1993 105, 735; Angew Chem, Int. Ed. Engl. (24) (a) Zener, CPhys Rev. 1951, 81, 440. (b) Anderson, P. W.;

1993 32, 714. Hasegawa, HPhys Rev. 1955 100, 675.
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the electronic structures of certain ;B¢ clusters® and the
dinuclear mixed-valent complex [E€'(u-OH)sFe" L')%+.27

Experimental Section

The ligands 1,4,7-tris(dert-butyl-2-mercaptobenzyl)-1,4,7-triaza-
cyclononane trishydrochloride® HsL-3HCI, and 1,4,7-tris(3,5-di-
methyl-2-hydroxybenzyl)-1,4,7-triazacyclonongn.°Hs), the mono-
nuclear complex [LCW], and the dinuclear species [LNCI]*® have
been prepared as described in the literature. The oxidant [Nigfacn)
(ClO4)3?8 and the reductant [(tmcn)Cr(Cg¥° (tacn= 1,4,7-triazacy-
clononane; tmcr= 1,4,7-trimethyl-1,4,7-triazacyclononane) were also
prepared according to published procedures.

Preparation of Complexes. [L°Ni"Ni"Ni"L° (1). A methanolic
solution (50 mL) of the ligand BL° (0.265 g; 0.5 mmol) and
triethylamine, NE£ (0.25 mL), was added to a methanolic solution (50
mL) of NiCl, (0.10 g; 0.75 mmol) at ambient temperature with stirring.
The solution was heated to reflux for 20 min and cooled t6¢@0A
yellow-green precipitate df formed immediately which was collected
by filtration. Yield: 0.12 g (40%).

[LCo" Co" Co" L](PFe)s (2). A suspension of CoGi6H,O (0.05
g; 0.21 mmol) and [LC#] (0.30 g; 0.42 mmol) in methanol (50 mL)
was heated to reflux for 30 min in the presence of air, after which time
a clear deep brown solution was obtained. To the filtered solution a
saturated methanolic solution (20 mL) of NaPkas added which
initiated the precipitation of brown microcrystals 2f Yield: 0.35 g
(86%). 400 MHz'H NMR spectrum (CBCN): 6 = 7.53 (Hy 3Ju,
= 8.0 Hz;3Jy . = 2.0 Hz, 6H); 7.25 (i 2Jnyn, = 8.0 Hz, 6H); 6.15
(He; “Jun, = 2.0 Hz; 6H); 5.32 (H; 2Jnn, = 16.0 Hz; 6H); 3.94 (K
2Jyy = 16.0 Hz; 6H); 3.54 (K Xy, = 14.0 HzZ;3uu, = 4.0 HZ),
3.42 (Hg, ZJHng = 13.0 HZ;S\]Hth =5.0 HZ; 6H)Y 3.15 (H, ZJHhH, =
14.0 Hz;3Jyyp, = 5.0 Hz, 6H) 2.78 (H 2Jnn, = 13.0 HZ;%Jpyy = 4.0
Hz, 6H), 1.05 (it 54H). See Chart 1 for proton labels.

[LCo" Ni"Co" L](PFg)2 (3). A suspension of NiGI6H,O (0.10
g; 0.42 mmol) and [LC#] (0.60 g; 0.84 mmol) in methanol (50 mL)
was heated under argon to reflux for 30 min until a clear brown solution
was obtained. To the filtered solution was added a saturated solution
of NaPF in methanol (20 mL) whereupon a brown microcrystalline
precipitate of3 formed. Yield: 0.64 g (85%).

[LCo" Ni'""Co" L]Br 3 (4). To a solution of3 (0.20 g; 0.12 mmol)
in methanol (60 mL) was added one drop of elemental bromine. The

(25) (a) Belinskii, M. I.; Tsukerblat, B. S.; Gerbeleu, N. Sa. Phys
Solid Statel983 25, 497. (b) Girerd, J.-1. Chem Phys 1983 79, 1766.
(c) Borshch, S. ASa. Phys Solid Statel984 26, 1142. (d) Noodleman,
L.; Baerends, E. JJ. Am Chem Soc 1984 106, 2316. (e) Blondin, G.;
Girerd, J.-J.Chem Rev. 199Q 90, 1359. (f) Blondin, G.; Borshch, S.;
Girerd, J.-JComm Inorg. Chem 1992 12, 315.

(26) (a) Papaefthymiou, V.; Girerd, J.-J.; Moura, I.; Moura, J. J. G;
Muinck, E.J. Am Chem Soc 1987, 109 4703. (b) Noodleman, Linorg.
Chem 1988 27, 3677. (c) Noodleman, Linorg. Chem 1991 30, 256.
(d) Borshch, S. A.; Chibotaru, L. Ehem Phys 1989 135 375. (e) Ding,
X.-Q.; Bill, E.; Trautwein, A. X.; Winkler, H.; Kostikas, A.; Papaefthymiou,
V.; Simopoulos, A.; Beardwood, P.; Gibson, J..Chem Phys 1993
99, 6421. (f) Bominaar, E. L.; Hu, Z.; Mhek, E.; Girerd, J.-J.; Borshch,
S. A.J. Am Chem Soc 1995 117, 6976. (g) Bominaar, E. L.; Borshch,
S. A,; Girerd, J.-JJ. Am Chem Soc 1994 116, 5362. (h) Girerd, J.-J.;
Papaefthymiou, V.; Surerus, K. K.; Mak, E.Pure Appl Chem 1989 61,
805.

(27) (a) Drieke, S.; Chaudhuri, P.; Pohl, K.; Wieghardt, K.; Ding, X.-
Q.; Bill, E.; Sawaryn, A.; Trautwein, A. X.; Winkler, H.; Gurman, S.2.
Chem Soc, Chem Commun1989 59. (b) Ding, X.-Q.; Bominaar, E. L.;
Bill, E.; Winkler, H.; Trautwein, A. X.; Dfeke, S.; Chaudhuri, P.;
Wieghardt, KJ. Chem Phys 199Q 92, 178. (c) Gamelin, D. R.; Bominaar,
E. L.; Kirk, M. L.; Wieghardt, K.; Solomon, E. J. Am Chem Soc 1996
118 8085. (d) Gamelin, D. R.; Bominaar, E. L.; Mathoniere, C.; Kirk, M.
L.; Wieghardt, K.; Girerd, J.-J.; Solomon, E. lhorg. Chem 1996 35,
4323.

(28) (a) Wieghardt, K.; Schmidt, W.; Herrmann, W.; qers, H.-J.
Inorg. Chem 1983 22, 2953. (b) Wieghardt, K.; Walz, W.; Nuber, B.;
Weiss, J.; Ozarowski, A.; Stratemeier, H.; Reinen]iizrg. Chem 1986
25, 1650.

(29) Beissel, T.; Della Vedova, B. S. P. C.; Wieghardt, K.; Boese, R.
Inorg. Chem 199Q 29, 1736.

(30) International Tables for CrystallographyKynoch: Birmingham,
England, 1974; Vol. IV, pp 99 and 149.

(31) Miyanowaki, S.; Konno, T.; Okamoto, K.; Hidaka,Bull. Chem
Soc Jpn 1988 61, 2987.
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Chart 1

color of the solution changed immediately to bluish-brown. After
stirring at ambient temperature for 30 min, a dark microcrystalline
precipitate formed. Yield: 0.15 g (72%).

[LCo" Ni'VCa" L](PFe)4 (5). To asolution of3 (0.20 g; 0.12 mmol)
in methanol (50 mL) were added two drops of methanesulfonic acid
and PbQ (50 mg). The resulting suspension was stirred at room
temperature for 30 min during which time the color changed to deep
violet. To the filtered solution was added a solution of NaRF20
g) in methanol (30 mL). Upon cooling to°€ a black, microcrystalline
precipitate formed. Yield: 0.14 g (66%).

[LNi"Co" Ni"L](PF¢) (6). A suspension of 1,4,7-triazacyclononane
(64 mg; 0.48 mmol) in degassed methanol (40 mL) and LGl (0.20
g; 0.25 mmol) was gently stirred and heated to°80under argon for
20 min. To the cooled (20C), clear, light-green solution was added
dropwise a methanolic solution (20 mL) of Ce@®H,O (30 mg; 0.13
mmol) under an argon atmosphere. The solution was heated to reflux
for 60 min and then cooled to Z&. Exposure of this solution to air
initiated a color change to red-brown. To the filtered solution was
added NaP§(0.20 g) dissolved in methanol (30 mL). Upon storage
at 4 °C, red-brown microcrystals & were obtained. Yield: 0.10 g
(49%).

The tetraphenylborate salt, JNi.Co]BPh, (6*), was obtained from
an acetonitrile solution (40 mL) @ (0.10 g) by addition of Na[BPjh
(0.20 g) in CHCN (20 mL) and storage of the solution at°@ as
brown microcrystals. Yield: 0.10 g (90%).

[LNiCo "' NiL](PF¢)2 (7). Ferrocenium hexafluorophosphate, [Fc]-
PF (21 mg; 0.06 mmol), was added to a solution6of0.10 g; 0.06
mmol) in methanol (40 mL). After the mixture was stirred for 10 min
at ambient temperature a clear solution was obtained to which NaPF
(0.20 g) dissolved in methanol (20 mL) was added. Upon storage of
this solution at 4°C for a few hours a microcrystalline precipitate of
7 formed. Yield: 0.08 g (73%).

[LNiCo "' NiL](PF¢)s (8). [Ni(tacn)](ClO4)s (28 mg; 0.045 mmol)
was added to a solution f(0.08 g; 0.045 mmol) in acetonitrile (30
mL) whereupon the color of the solution changed to deep-red. After
the mixture was stirred for 10 min, NaP{.20 g) dissolved in CH
CN (15 mL) was added. The solvent was nearly completely removed
by rotary evaporation and the residue was washed with water (50 mL).
Yield: 80 mg (92%).

[LiNi "Ni"Co"" L](PFg) (9). Under an argon blanketing atmosphere
[LNi2CI] (0.17; 0.21 mmol) and LCb (0.15 g; 0.21 mmol) in methanol
(30 mL) were heated to reflux fa3 h during which time a brown-
black microcrystalline precipitate of [LNiNiCoL]CI formed which was
filtered off, washed with diethyl ether, and air-dried. Yield: 0.25 g
(78%). Anal. Calcd for @H10dNeSsNi,CoCl: C, 61.1; H, 7.1; N, 5.5;

S, 12.5. Found: C, 60.9; H, 7.4; N, 5.3; S, 12.6.

The corresponding tetraphenylborate salt, [LMI'Co"L]BPh, (9%),
was prepared from a solution @6 (0.25 g; 0.14 mmol) in acetonitrile
(30 mL) under argon to which [(tmcn)Cr(Cg¥° (tmcn = 1,4,7-
trimethyl-1,4,7-triazacyclononane) (43 mg; 0.14 mmol) was added as
reductant. The solution was heated to reflux for 30 min. To the cooled
(20 °C) solution was added Na[BEh(0.20 g) in CHCN (10 mL)
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whereupon a dark brown-black precipitate formed. Yield: 99 mg
(39%). Anal. Calcd for GHi12BCoNeNiSs: C, 67.4; H, 7.1; N, 4.6;
S, 10.6; Co, 3.2. Found: C, 67.8; H, 7.2; N, 4.4; S, 10.7; Co, 3.1.

The hexafluorophosphate sa®, was prepared as described above
by addition of NaPFinstead of Na[BPJ.

[LNiNiCo " L](PFe¢)2 (10). The chloride salt ofd (0.25 g; 0.16
mmol) was suspended in methanol (50 mL) and [F¢]®8 mg; 0.16
mmol) was added. The resulting suspension was heated to reflux for
30 min after which time NaRF0.20 g) dissolved in CkOH (15 mL)
was added. Cooling te-18 °C for 2 h produced a microcrystalline
precipitate of10. Yield: 0.16 g (56%).

[LNiNiCo " L](PFg)3 (11). To a solution ofL0(0.10 g; 0.056 mmol)
in acetonitrile (30 mL) was added [Ni(tacl(ClO4); (35 mg; 0.056
mmol), whereupon the color changed to deep violet. After the mixture
was stirred for 20 min at 20C NaPFk (0.20 g) in CHCN (15 mL)

was added. The solvent was removed by rotary evaporation and the cryst dimens (mm)

residue was suspended in water (40 mL) and then filtered off. Yield:
95 mg (88%).

[LNi"Ni"Ni"L]° (12). A solution of nickel(ll) acetate (0.52 g; 2.1
mmol), the ligand HL-3HCI (1.0 g; 1.4 mmol), and triethylamine (0.5
mL) in methanol (50 mL) was heated to reflux under an argon
blanketing atmosphere for 4 h. During this procedure a microcrystalline
brown precipitate formed which was collected by filtration, washed
with acetone and diethyl ether, and air-dried. Yield: 0.35 g (33%).

[LNININIiL](PF ) (13). A suspension ofl2 (0.13 g; 0.87 mmol)
and14 (see below) (0.16 g; 0.87 mmol) in GEH (60 mL) was heated
to reflux under argon for 30 min until a clear violet solution was
obtained. Upon cooling of the solution to°€ a violet precipitate
formed. Yield: 0.24 g (91%).

The corresponding tetraphenylborate salt, [LNiNiNiL]BR®@3*),
was obtained from an acetonitrile solution (50 mL)1 (0.10 g) to
which a solution of Na[BP (0.20 g) in CHCN (15 mL) was added.
Storage at 4C for 2 h produced deep-violet microcrystals. Anal. Calcd
for CioH12BNeNizSs: C, 67.4; H, 7.1; N, 4.6; S, 10.6. Found: C,
68.0; H, 7.1; N, 4.9; S, 10.1.

[LNININiL](PF ¢)2 (14). [Fc]PFs (89 mg; 0.27 mmol) was added
to a suspension df2 (0.20 g; 0.13 mmol) in methanol (50 mL). The
reaction mixture was stirred at 5@ for 30 min until a deep blue,
clear solution was obtained. Addition of a solution of NaR#-20 g)
in CH;OH (15 mL) and cooling to 4C initiated the precipitation of
black-blue microcrystals af4. Yield: 0.20 g (86%).

The corresponding tetraphenylborate salt, [LNiNiNiL](BRH14*),
was obtained from an acetonitrile solution (50 mL)1af (0.20 g) to
which a solution of Na[BP (0.20 g) in CHCN (15 mL) was added.
Storage at 4C for 2 h produced black-blue microcrystals. Anal. Calcd
for CioeH148B2NgNisSs: C, 70.8; H, 7.0; N, 3.9; S, 9.0. Found: C,
70.2; H, 6.8; N, 3.9; S, 9.1.

[LNINiNIL](PF )3 (15). To a solution 0of14 (0.25 g; 0.13 mmol)
in acetonitrile (30 mL) was added [Ni(taci(ClO4)s (0.10 g; 0.16
mmol). The solution was stirred at 2€ for 30 min during which
time the color changed to grayish-blue. Addition of a saturated solution
of NaPF in CH;CN (15 mL) and reduction of the reaction volume by
rotary evaporation of the solvent and cooling t0°@ produced a
microcrystalline precipitate which was filtered off, washed with water
and diethyl ether, and air-dried. Yield: 0.20 g (80%).

All complexes gave satisfactory elemental analyses; the data are
available in the supporting information.

Physical Measurements. The magnetization of powdered samples
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Table 1. Crystallographic Data for{LNi}.Ni]BPh, (13*) and
[{LNi}2Ni](PFe)25acetone 14)

formula Gio2H128BNeNisSs CogH13gF12NeNisOsP.Ss
fw 1817.4 2078.5
cryst syst monoclinic monoclinic
space group C2lc P2i/n
a(d) 26.019(5) 15.7962(4)
b (A) 23.218(5) 13.2130(3)
c(A) 17.510(4) 23.9344(6)
p (deg) 98.07(3) 92.866(1)
V (A3) 10473(4) 4989.2(2)
T(K) 295(2) 173(2)
z 4 2

. (g cnT3 1.153 1.383
A(Mo Ka) (A) 0.71073 0.71073
w(Mo Ka) (mm™)  0.694 0.794

0.320.45x 0.50 0.4x0.4x0.4

no. of independent
reflcns
Re 0.069

2Re = 2(IFol — IFcl)/XIFol.

3226 € > 4.00(F)) 18514 E > 4.00(F))

0.0625

are summarized in Table 1. A dark brown prismatic crystal®f

was placed on a Siemens R3m/V diffractometer and a blue-black crystal
of 14 on a Siemens SMART system; graphite monochromated ®o K
X-radiation was used throughout. Intensity data collected at 295 K
for 13* and at 173 K forl4 were corrected for Lorentz, polarization,
and absorption effectgyfscans) in the usual manner. The structures
were solved by conventional Patterson and difference Fourier methods
by using the Siemens SHELXTL-PLUS package (G. M. Sheldrick, Uni-
versitd Gottingen). The function minimized during full-matrix least-
squares refinement wasw(|Fo| — |F)?, wherew™? = ¢%(F) +
0.0009-2. Neutral atom scattering factors and anomalous dispersion
corrections for non-hydrogen atoms were taken from ref 30. The hy-
drogen atoms were placed at calculated positions with isotropic thermal
parameters; the methyl groups were treated as rigid bodies. All non-
hydrogen atoms were refined with anisotropic thermal parameters.

Results

Synthesis of Complexes. The preparation and crystal
structure of the gray mononuclear species [l'Ctas been
recently describéd as has the synthesis of the dinuclear
complex [LNi'Ni"CI]. In this latter complex one nickel(ll) ion
is in an octahedralac-N3S; donor environment whereas the
second Ni(ll) ion is tetrahedrally bound to three bridging thiolate
sulfur atoms and one terminal chloride ligand@&donor set).

The structure type is face-sharing octahedral/tetrahedral. Both
complexes are used as starting materials for the preparation of
the present series of complexes. We have successfully em-
ployed the following mononuclear complexes as effective one-
electron oxidants: ferrocenium hexafluorophosphate, [Fg]PF
bis(1,4,7-triazacyclononane)nickel(lll) triperchlorate[Ni"" -
(tacn}](ClOy)3; and [(1,4,7-trimethyl-1,4,7-triazacyclononane)-
tricarbonylchromium(0)f? [(tmcn)Cr(CO}], as one-electron
reductant. The redox potentials have been determined for the
couples [Fcl/Fc, [Ni(tacn}y]3*/2*, and [(tmcn)Cr(COJ*° to

of complexes were measured in the temperature range 2 to 295 K onPe 0.0, 0.55, ane-0.57 V vs Fc*/Fc, respectively.

a SQUID magnetometer (MPMS, Quantum Design) in a magnetic field
of 1.0 T. For calculation of the molar magnetic susceptibilitigs,
the diamagnetism of the sample was taken into account by using

Reaction of the ligand 1,4,7-tris(3,5-dimethyl-2-hydroxyben-
zyl)-1,4,7-triazacyclononarfe L°Hs, and triethylamine with
NiCl, (L°Hz:Ni = 2:3) in methanol produces a green-yellow

tabulated Pascal’'s constants. Correction for temperature-independenpyrecipitate of [I°Ni"Ni'Ni"L?] (1). Crystals ofl consist of
paramagnetism per trinuclear complex was also applied (see Results)naytral trinuclear molecules composed of three face-sharing

The 400-MHz'H NMR spectra were recorded on a Bruker AM 400

FT spectrometer with the solvent as the internal standard. Continuous

wave EPR spectra were measured at temperatures oflQ.& on a
Bruker ESP 300e spectrometer equipped with a helium cryostat ESR
910 (Oxford Instruments). Electronic spectra were recorded on a Perkin
Elmer Lambda 9 spectrophotometer in the range-20@00 nm.

X-ray Crystal Structure Determinations. The crystallographic
data of [LNi}2Ni][BPhy] (13*) and [ LNi}2Ni](PFs).-5acetone 14)

octahedra where the two terminal nickel ions are fa@N303
donor set of three tertiary amines and three phenolato oxygen
atoms, respectively, and the central nickel ion is coordinated to
six bridging phenolates (Scheme 1). Similarly, the reaction of
[LCo"] with CoCl,r6H,0 (2:1) in methanol generates in the
presence of dioxygen a deep brown solution from which upon
addition of NaPEbrown microcrystals ofLC0"'},Cd"](PFe)s
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Scheme 3. Synthetic Routes to Heterotrinuclear Complexes

i L CHgOH Iy gill Al
2 [LCO"] + NiCl,:6H,0 [LCo"Ni"Co""L](PFe), 3
CH3OH CH3OH
- PbO2

H*

[LCo"Ni"Co"LIBr; 4 [LCo"NiVCo"L](PFg)s 5

[LNi'Ni'C] + 2 tacnk  ——— » [LNI"T + [Ni"(tacn)o**
CH30H
HO/ A\ M CoClp6H50
N N 02, NaPFg

[LN"Co"Ni"L](PFs) 6

[Fc]PFg

[N tacn),](CIO4)3

[{LNi},Co"|(PFs), 7 ———— [{LNi},Co"|(PF); 8

- " CH30OH
[LNiNiCI] + [LCo"] ————— [LNi"Ni"co"Licl
3h reflux
e [FclPFg
[LNI'N"Co"LI(PFs) 8 _  fumenicricoyy)

[LNiNiCo"L](PF¢), 10
HsC \N/ \N/CH3

o D
N
|
CH,

1 INi"(tacn)2)(CIOg)

[LNiNiCo"L](PFg); 11
(2) are obtained. The coordinated mercapto groups in [LJCo

function as a tridentate donor toward a central'Gon (CoS
octahedron). The 400-MH# NMR spectrum oR in CDsCN

Beissel et al.

Scheme 4. Synthetic Routes to Homotrinuclear Nickel
Complexes

3 Ni(acetate), - xH,O + H3L-3HCI

CH30H, NEt3
Ar

KLN"3,N"10 12
2[Fc]PFg

«—

14

Comproportionation
{LNi},Nil(PFg),
KLNI"},Nil(PFg) 13
l N tacn), (CI0,)

[{LNi};Nil(PFg)3 15

6H,O (2:1) in methanol in the presence of air which affords,
upon addition of NaP§& red-brown crystals of{[LNi"},Cd'"]-
(PFs) (6). Reaction of6 with 1 equiv of [Fc]Pk produces
dicationic [LNi},Cd"|(PFg). (7). Simple charge considerations
assuming the presence of two trianior¥s land one cobalt(l11)
center immediately imply that the dication7ris a mixed-valent
Ni"Ni'" species. Interestingly? can be further oxidized by
using the stronger one-electron oxidant '[itiacn}](ClOg)3
which generates the tricationic comple€X.Ni}>Cd"](PFe)s (8)
which can be formulated as a species containing twb ihs
(Scheme 3).

In complexes, 7, and8 the nickel ions-irrespective of their
actual oxidation statealways occupy the terminal positions in
the linear trinuclear face-shearing octahedral assembly of the
metal ions and the cobalt ion is in the central position in agCoS
environment. The use of mononuclear relatively inert [LNi]
and of labile Co(OH)s?" in the synthesis necessitates this
arrangement provided that scrambling of the metal ions does
not occur. The challenge was, of course, to prepare the linkage
isomers o6, 7, and8, namely complexes [LNiNiCbL] 23+

displays 10 proton signals which are assigned as in the Experi-where a nickel and a cobalt ion occupy each one of the two

mental Section and Chart 1. The trication I&ssymmetry.

terminal positions with an additional nickel ion in the central

No indications for dynamic behavior of the methylene groups position. This was achieved by the following procedure
of 1,4,7-triazacyclononane backbone or of the aromatic pendent(scheme 3): Reaction of [LNiNiCI] with 1 equiv of [LCY in
arms were detected even at room temperature. The signals ar@efiuxing methanol under anaerobic conditions generates after

similar to those reported for mononuclear [l'fja°

Replacing CoGF6H,O by Ni'Cl,:6H,0 affords brown
crystals of { LC0o"},Ni"](PFs)2 (3) upon addition of NaP§to
the reaction mixture (Scheme 3). Similar linear trinuclear
complexes {Co" (aetk},M]"™" have been synthesized (M=
Cd', Ni", n = 2; and M" = Cd", n = 3) and structurally
characterized* 23

Depending on the oxidizing capability of an added oxidant
complex3 can be oxidized by one electron yielding the trication
[{LC0"}.Ni"]3* or by two electrons with formation of the
tetracation {LC0"'},Ni'V]#* which are isolable as the hexafluo-
rophosphate salt and5, respectively. Complex is formed
by oxidation of3 with Br, and5 is obtained fron8 when PbQ

1 h a solution which contains three species: the desired'[LNi
Ni'"Co"L]* (violet), [LNiNiNiL] © (violet), and [LCd'Ni'"-
Cd"L]?* (red brown) which can be easily separated by column
chromatography (Kieselgel 60; mobile phase 1:1 mixture of
diethyl ether and acetone). We then found that refluxing of
the above reaction mixture for prolonged time3(h) produces

a homogeneous brown-black precipitate of pure [LNiNiCoL]-
Cl in 78% vyield. This material is insoluble in most common
organic solvents and water but it is possible to oxidize this
complex with 1 equiv of [Fc]P& in methanol. From the
resulting clear solution, upon addition of Naf?the dicationic
salt [LNiINiCo"L](PFe)2 (10) is obtained as microcrystalline
solid. Oxidation of10 with 1 equiv of [Ni"(tacn}](ClO,)s

in the presence of methanesulfonic acid is used as oxidantyields [LNiNiCo"L](PFg)s (11) whereas the corresponding
(Scheme 3). As we will show these oxidations are metal- monocationic salt [LNiNiCoL](PE) (9) is generated by reduc-

centered and genuine Niand NIV containing trinuclear
complexes are thus accessible.

We have demonstrated previou$lthat the reaction of [LNi-
Ni"Cl] with 2 equiv of 1,4,7-triazacyclononane (tacn) in

tion of 10 with 1 equiv of [(tmcn)Cr(CQOJ].

From the reaction mixture of the uncoordinated ligangl, H
3HCI, and nickel(ll) acetate (ratio 2:3) in methanol under
anaerobic conditions to which NEwas added, a microcrys-

methanol produces quantitatively the green mononuclear speciegalline brown precipitate of [LNiNi"Ni"L]° (12) is obtained

[LNi"]~ and violet [NI'(tacn}]2". The monoanion [LNi]~ is

(Scheme 4). This complex is insoluble in all common organic

very stable in solution and should also function as a tridentate solvents and water but a suspensiod®if methanol, to which
ligand toward other labile metal ions. That this is indeed the 2 equiv of [Fc]Pk were added, produces a clear deep blue

case is demonstrated by the reaction of [LN#ith Co'Cly

solution from which a blue-black microcrystalline precipitate
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Table 2. Electrochemical Data of ComplexXes

redox potentiaE,,, V vsFct/Fc

complex  4H/3+P  3+/2+P  2+4/1+P 1+/0P 0/—1°

2 —0.65(r)

3 +0.52(r) +0.11(r)

6 +0.72(qr) +0.09(r) —0.32(r)

9 +0.64(qr) +0.09(r) —0.40(r)

14 +0.71(qr) +0.24(r) —0.38(r) —0.76(r)

[LNi"]~ —0.29(ir) —0.68(qr)

aConditions: acetonitrile solution; 0.10 M tetrabutylammonium
hexafluorophosphate supporting electrolyte; ferroceng0(® M) as
internal reference; 20C; glassy carbon working electrode; Ag/AgCI
(saturated LiCl in GHsOH) reference electrode; scan rate 100 mY, s
r = reversible and gr= quasireversibleHy, = (E,™ + Ef°9/2); ir =
irreversibleE = E,°. P Charge of the complex couple.

V vs Ag/AgCI (sat. LiCI/EtOH)

Figure 1. Cyclic voltammogram of [LC#] (—) and [L,C0d" 3](PFs)3
(2) (=+) in CHsCN (0.10 M [N(-Bu)sPFs, glassy carbon working
electrode, scan rate 100 mV%s

of [L2Ni3](PFe)2 (14) is obtained in 86% yield. Heating of 1
equiv of 12with 1 equiv of14 in methanol (comproportionation)
affords violet crystals of [ENis](PFs) (13), and oxidation of
14 with 1 equiv of [Ni'(tacn)](ClO4)s in methanol yields
[L2Nig](PFe)s (15).

Electrochemistry. The results of the electrochemical inves-
tigation are summarized in Table 2. In the following, all redox
potentials are referenced in voltersus the ferrocenium/
ferrocene couple (FdFc).

The cyclic voltammograms of the mononuclear species
[LC0"'] and of the trinuclear complex PCo" 3](PFs)3 (2) are
displayed in Figure 1. As noted previoudfthe NsS; donor
setin [LCd"] stabilizes the trivalent oxidation state enormously;

the [LCd']~ species is not accessible to potentials as negative

as—1.9 V. On the other hand, an irreversible oxidation wave
at+0.30 V and a corresponding irreversible reduction-at6

J. Am. Chem. Soc., Vol. 118, No. 49, 12381

IZuA

V vs Ag/AgCl(sat. LiCI/EtOH)

Figure 2. Cv of [{LC0"}.Ni"](PFe)2 (3) in acetonitrile. Conditions
are as given in Figure 1.

Replacement of the central ®oin 2 by Ni"' gives the
dicationic complex3 the cv of which is shown in Figure 2.
From acetonitrile solutions ef and5, identical cv's have been
obtained. In the potential rangel.2 to+1.1 V two reversible
one-electron transfer waves are detecte;gt= +0.11 and
+0.52 V. Coulometric measurements first at 0.3 V and then at
0.75 V establish two subsequent one-electron oxidation steps
for 3. During these oxidation processes the original brown color
of a solution of3 changes first to blue and then to violet. These
oxidations are believed to be metal-centered involving the central
Ni' ion in 3 and are assigned as in eq 2.

[{LCo"},Ni"]?" _::‘_Z_ [{LCo"} Ni"]% ==
3 4

+e
E2 E3

K LCO”'}ZNilv]4+ )
5

At more negative potentialss—1.3 V irreversible reduction
processes are observed which were not investigated in detail
because they show a dependence on the nature of working
electrode and scan rate.

The cv of6 dissolved in CHCN containing 0.10 M tetra-
butylammonium hexafluorophosphate as supporting electrolyte
is shown in Figure 3 (top). Three one-electron transfer waves
are detectable of which twde{ = —0.32 V andE2 = 0.09 V)
are reversible whereas the thirdE&t= 0.72 V is quasirevers-
ible; eq 3.

EL E2

[{LNi"},Co"]" == [{LNi},Cd"|*" ==
6 7

+e
E3

K LNi}2C0”|]3+ % [ LNi}ZCOH']4+ 3)
8

V are assigned to ligand rather than metal centered electron

transfer waves. It is therefore important to note that trinuclear

2 is redox-inactive in the range0.5 to+1.1 V. Thus, ligand
centered oxidations are not observed far A tentative
interpretation for the oxidative process of [L€pinvolves
intramolecular disulfide formatidfi (2e oxidation of two
thiophenolato groups) which is not feasible 2ndue to the
bridging mode of the thiophenolate ligands.

The central CH of 2 in a CoS environment is reversibly
one-electron reduced &, = —0.65 V. A similar electro-
chemical process has been reported fac-[Co"{C0o"-
(aety},]3" 31 where aet represents 2-aminoethanethiolate,
H,NCH,CH,S™, and for [Cd'{Rh" (aet}k},]3".20 At a very
negative potential of-1.35 V the terminal C# ions of 2 are
irreversibly reduced.

The linkage isomer o6 namely complexd with a [LNi'-
Ni"Co'"L] ™ cation shows also three one-electron transfer waves,
two of which are reversibleg! andE?) and one quasireversible
(E%): E! = —0.40 V,E? = 0.095 V,E3 = 0.64 V. Figure 3
(bottom) displays this cv. Note that these redox potentials are
similar but not identical to those observed fbr Assignment
of these processes is as in eq 4.

E1
[LNiNiCo" L] " <= [LNiNiCo"'L]?
9 10

E2

B

e
E3

[LNiNiEf”'L]:‘*;:e‘i [LNiNiCo"'L]*" (4)
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V vs Ag/AgCl(sat. LICI/EtOH)
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V vs Ag/AgCl(sat. LiCI/EtOH)

Figure 3. Cv of [{LNi"},Cd"](PFs) (6) (top) and [LNI'Ni"Cd"L](PFe)
(9) (bottom) in CHCN. Conditions are as given in Figure 1.

I2pA

V vs Ag/AgCI (sat. LiCI/EtOH)

Figure 4. Cv of [{LNi}2Ni](PFs)2 (14) in CH;CN. Conditions are as
given in Figure 1.

The cv’s of the isolated oxidation produdt and11 are again
identical with that of9.

Figure 4 exhibits the cv of the trinuclear dicationic!'Ni
complex14. It has not been possible to record the cv1ef
due to its low solubility in all common solvents. Three
reversible E1—E®) and one quasireversibl&9) one-electron
transfer waves are clearly detectedtht= —0.76 V,E? = —0.38
V, E® = 0.24 V, and E* = +0.71 V which are assigned as
shown in eq 5.

El E2 E3
. . —€ . . —e . . —e
[{LNZII.}ZZNI]Of[{LN;L}QBZNIFf[{LNI]}.éleI]H -

E4
[{LNi}Nil*" ==[{LNi},Ni]** (5)
15

The cv's of 13 and 15 are again identical to that oi4.
Interestingly, after two successive coulometric reductioristof
dissolved in CHCN a colorless solution was obtained and
complete deposition 0f2 on the working Pt-gauze electrode

was observed. Two electrons per dication are necessary for

this process and these were determined coulometrically.

Beissel et al.

0.8 —

04

0.2 —

0.0 t t t t t t

Ey,, Vvs Fc*/Fe

0.4 -

-0.6 —

-0.8 —

O [LNiNiNiL] "/-1)+ ¥ [LNiNiCoL] ™/(n-1+
O [LNICONiL]™(™ D+ X [LCoNiCoL]"(1)+

Figure 5. Plot of the redox potentiaky; vs r* — (n — 1)? wheren is
the charge of a trinuclear compleg M} ,M?]"*.

It is interesting that the difference between two redox
potentials E12" — E12" L, of redox couples{LM 1} ;M2 H(n—=1)+
is nearly invariably~400 mV irrespective of the nature of the
trinuclear complex. A very simple electrostatic model taking
into account only the difference of the solvation energy of a
species carrying am+ and an f — 1)+ charge can be
developed by using the Born equatiéfor a charged spherical
particle of radiusr in a medium with a dielectricity constant
€g, eq 6

—AG® = E'F = n’é®N, /8areyep (6)
where Ef represents the redox potential in volfs, is the
Avogadro number and= the Faraday constant,nB is a
geometric parameter of the spherical particégee is the
dielectricity constant of the surrounding medium, aeds the
electric charge of the particle. Assuming that the difference of
the redox potentials jM3]"(=D+ (n= 4, 3, 2, 1) is primarily
governed by the differing solvation energy of two charged
cations one can derive eq 7.

AE" = (2n — 1)(€N_/8rre ep)F * (7)
This simple model predicts that a plot of the measured redox
potentials for an [kM3]"" speciesversus B — (n — 1)2 = 2n
— 1 should be linear with a sloge= (e?N,/8nreqeg)F~1. This
is indeed the case as Figure 5 shows for the series of complexes
6—8, 9—11, and12—-15. It is even more surprising that the
slope for each type of complex is very similar regardless of the
fact that different hetero- and homotrinuclear series of complexes
are involved. This slop& is ~250 mV.

To a first approximation the trinuclear species may be
regarded as spherical with a radius= 4.0 A. The NM(u-
SyM(u-SkEMN; core is surrounded by an aliphatic and aromatic
hydrocarbon sphere for which a dielectricity constanof 2 is
estimated. The pure solvent acetonitrile hag@aaf 36 which

(32) Born, M.Z. Phys 1920 1, 45.
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is considerably lowered by the supporting electrolyte tetra-
butylammonium hexafluorophosphate. Assuming an effective
dielectricity constant of 7 and a radius of 4.0 A we calculate
the slopek to be 250 mV by using eq 7. We realize that the

excellent agreement between the calculated and experimentally

observed value for the slopenay be fortuitous especially when
considering the crudeness of the model but it does imply that it
is not possible to identify localized electron transfer processes
at a single metal ion site in PM3]™" complexes. Thus, the
electrochemistry points to electronically delocalized cores.

Similar analyses have been applied to the effects of solvent and

protein dielectric on the redox potentials of iresulfur
clusters3?

Solid-State Molecular Structures of [ LNi},Ni]BPh, (13%)
and [{LNi},Ni](PFg)2:5acetone (14).The crystal structure of
13* consists of trinuclear monocationgNi}.Ni]™ and well-
separated tetraphenylborate anions.
structure of the monocation which possesses/mmetry where
the central nickel ion lies on a crystallographic inversion center.

Table 3 summarizes selected bond distances and angles of the

N3sNi(S)sNi(S)sNiN3 core. Six thiophenolate sulfur atoms of
two ligand sets, B, bind to two terminal nickel ions (}3
donor set) and a nickel ion in the central position @@nor
set) giving rise to a core structure of three face-sharing
octahedra.

The stereochemistry of this trinuclear species is interesting
since there are three different sources of chirality. First, the
conformation of the three five-membered chelate rings

I —
Ni—N—C—C—N of the coordinated 1,4,7-triazacyclononane
backbone of the terminal nickel ions is eith@if) or (069).

As in all crystal structures of complexes containing the (1,4,7-
triazacyclononane)metal fragment conformational mix, e.g.
(100) or (A19), has not been observed. Secondly, in octahedral
complexes containing a macrocyclic ligand with three pendent
armsA or A configuration of the NS;M core is possible. In

the present case the terminal nickel ions exist in the enantiomeric
forms A(AA4) and A(6d6). This has also been observed
crystallographically for the mononuclear complexes [I'T8

and [LFe']°. Finally, in a trinuclear face-sharing octahedral

structure as discussed here, there are, in principle, two diaster-

eomeric forms conceivable where (i) both terminal nickel atoms
have the same configurati@x(111):--A(111) and its enantiomer

or (ii) a different one as imM\(A41):--A(606) which is achiral.

A simple consideration of the stereochemical requirements of
the six tertiary butyl groups in LMMML complexes shows that
the A(A11)---A(A41) form leads to serious spatial congestion

of these bulky groups as they are eclipsed. Only the staggered

configuration of the tertiary butyl groups ifn(141)-++A(09)
leads to a stable, sterically not crowded situation. Thus, for
all complexes of the [LMMML]* type only one achiral
stereoisomer needs to be considered. This is in contrast to
similar complexes containing the sterically less demanding
aminoethanethiolate ligand as in [(@&)" Co"Cod' (aet}]3"

Figure 6 displays the

J. Am. Chem. Soc., Vol. 118, No. 49, 12383

of which three stereoisomers have been synthesized andF_igure 6. Structure of the monocation in crystals18*. Top: Side

characterized®18-20.22,31

The metrical details of the Mi(x-S):Ni(«-S)sNiN3 core in
13* are briefly discussed in the following (Table 4). The
average Ni-N bond distance of 2.096 A corresponds nicely to
that of 2.10 A reported for [Nli{tacny](NO3)CI-H,0.34 In the
Jahn-Teller distorted NI'Ng octahedron of [N (tacn)],-
($206)3:7H20 the average Ni—N bond lengths in transaxial

(33) (a) Kassner, R. J. Am Chem Soc 1973 95, 2674. (b) Kassner,
R. J.; Yang, W.J. Am Chem Soc 1977, 99, 4351. (c) Kodaka, M.;
Tomohiro, T.; Okuno, H. (Y.)J. Phys Chem 1991, 95, 6741.

(34) Zompa, L. J.; Margulis, T. Nlnorg. Chim Acta 1978 28, L157.

view. Middle: view of the NNi(u-S)Ni(u-S:NiN3 core. Bottom:
view down the Ni--Ni---Ni threefold axis emphasizing the staggered
configuration of thiophenolate pendent arms. The structure of the
dication in crystals ol4* is very similar and is not shown. The same
atom labels apply.

position are 2.110(5) and 1.971(5) A in the basal plane (overall
average 2.017 AP This would point to the assignment of a
+I11 oxidation state at the terminal nickel ions 13*. On the
other hand, the average N& distances of 2.361 A at the
terminal nickel ions and of 2.373 A at the central nickel ion
are not significantly different to allow unambiguously such an
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Table 3. Selected Bond Distance (A) and Angles (deg) of the and 2.326 A in14) only. It is therefore justified to assign the
Monocation in Crystals 03" and in Parentheses of the Dication distribution of oxidation states i3 as [LNi'Ni""Ni"L]* and
in 14 in 14 as [LNI'Ni'VNi"L]2*. On the other hand, the NiS bond

Nil—-S1 ~ 2.353(3) (2.358(1)) NiS2  2.368(3) (2.353(1)) length differenceA between the NiS? octahedron in [K(2,2,2-

m!i_ﬁg 22?(?(11()3) ((22'38513(%))) ’[l\"im'gl g'%g((g)) (é'(igg((j;% crypt)][Ni"(S,CPh}]3” and the NVSg octahedron in [NV (n-
11— . . I . . . . s

Ni2—S1 2.371(3) (2.326(1)) Ni2S2 2.386(3) (2.324(1)) BUQDItC)3]Br38 (Wheren-BUthC IS N,N'dl'n.'bul-:yl d|thloca.rbam'

Ni2—S3  2.363(3) (2.328(1)) S4C9  1.72(1)  (1.777(4) ate) is 0.16 A, whereas fdt3 and 14 this difference is only

S2-C20 1.75(1) (1.773(4)) S3C31 1.74(1) (1.774(4)) 0.074 A.

Nil--Ni2 ~3.008(2) (3.029(1)) Electronic Structure of Complexes. Variable-temperature
S1-Ni1—S2  83.9(1) (82.24(4)) SiNi1—S3 84.1(1) (81.85(4)) magnetic susceptibilities of complexes were measured in the
S2-Nil—S3  84.6(1) (81.97(4)) SINI1—N1 93.6(3) (94.4(1)) range 2-295 K by using a SQUID magnetometer and an ap-
gi:“!i:“% 1;33(3?;) (153-91(11)) Ssgm'i:“% gg-‘?‘(g) (gi-g(i)) plied external magnetic field of 1.0 T. The experimental data,
S3NIL_N2 175"8((5 (§76'.8((1)))) NENIL_N2 84:4% 585:0523 Xexp Were converted to the molar paramagnetic susceptibility,
S1-Ni1-N3 176.3(3) (176.3(1)) S2Ni1-N3 98.1(3) (98.4(1)) xwm, by correcting for underlying diamagnetisy, and tem-
S3-Ni1—N3  93.0(3) (94.5(1)) N#Ni1—N3 84.5(4) (85.4(2)) perature-independent paramagnetigig. yo was calculated
g‘i—,\']hzl—g; %é-%((‘i)) ((%‘éz(é)))) Ssé“%_gg gi%g; Eggég;g by use of Pascal's tabulated constants amg was a fit
_Ni2— ) . io— ) . . . . P

S3-Ni2-SIA 96.3(1) (96.4(3) S2Ni2—S1A 96.8(1) (96.9(4)) parameter'ln the subgequent simulation and fitting procedures.
Ni1-S1-Ni2 79.1(1) (80.6(3) S3Ni2—S2A 95.8(1) (96.9(3) 1he effective magnetic momenisy, of complexess—8 as a
Ni1-S3-Ni2 79.1(1) (80.6(3)) Ni+S2—Ni2 78.5(1) (80.7(3)) function of the temperature are shown in Figure 7, thoge-dfl

in Figure 8, those 012—15in Figure 9, and those of complex

. . e 1in Figure 11.

assignment. The fact that the N8 distances are within We have employed the following fitting procedure for the

ﬁxperimental error identical and the abse_nce Iof_a sig_nificant yuT data as a function of the temperatufeto the spin
ahn-Teller distortion expected for a localized "Nion with Hamiltonian eq 1 including a Zeeman ter’usBgS
onv spin d electron configuration may pgint to be a delocalized and a term correcting for an unknown paramagne;ic ?mptprity
mixed valent f(;)lfm of the_”monocanozr; ib3*. In the crystal with S= 1 or3,. In order to reduce the number of variables,
st_rlllJc_:ture of {Co™(aety} NiI"ICl»3H,0~ the central octahedral o g values for paramagnetic metal ions were considered
NI is CO(Lr;jlnSatg.d tto S b]['ggl'lg% rRercha.\prt]o.SL:lfur atot:ns atl an o be identical irrespective of their differing ligand environ-
gf;‘;‘%g than | IS an?e)los* ) which 1S fonger by Only  ments and oxidation states. With the exception 1pfthe

) an in compiex.s*. o simulations did not show indications of significant zero-field

V|Ye have; also solved the crystal structure ofS[Lt(Zn' - splittings and, consequently, the corresponding terms were not
CO''L][{ C0' CloH,0} 2(u-Ch](PFs)-unknown solvent? the full included in eq 1. Forl the conventional zero-field term
details of which will be reported elsewhere. The LCo it D andE/D were included in eq 1. The assumption that
fragment has average €t and Co-S distances of 2.003 and  ;¢rq-field splittings in the seried—15 are in general weak (D
2.242 A, respecitively. Interestingly, the central cobalt(ll) ion < 1 cnr) is corroborated by the EPR spectra Bf10, 13
has three pairwise different € distances at 2.264(1), 2.278- 414 15 shown in Figure 10. Only fof7 is an EPR p,atte,rn
(1), and 2.289(1) A,Wh'Ch may be a manifestation of a tetragonal yith resolved signals at distingtvalues observed as is expected
Jahn-Teller distortion of a localized Co(ll) ion. Note thatthe ¢4, cases withD > hv (~0.3 cnt! at X-band). All other
average Cb-S distance of the central cobalt I|on at2.277 Ais complexes display spectra which are more or less perturbed
only slightly longer than the corresponding 'CeS bond at  yy the effect of competing zero-field and Zeeman interactions
2.262(11) A in [Co(aet)} ,Cd"]5(SQy)Cls2t O ~ hw).

The Co--Co distance is 3.034 A and the average-Ge- The results of the simulations are summarized in Table 5.
Co angle is 8424 whereas the two adjacent nickel ions in  As indicated aboveyrp is a fit parameter and, consequently,
13* are separated by 3.008 A and the average4Ni bond there is considerable scatter of these values ((ZBDO) 10
angle is 78.9. We take this as an indication that no direct mol~1) in the series2—15. Possible ambiguities of the
through-space Ni-Ni bonding occurs irl3*3° In the above  yesylts were excluded by systematic searches of the fit parameter

[{Co"(aeth}Ni"]Clo*3H,0 analog® the average CerNi dis-  space includingrip. In order to do this we have calculated

tance is at 2.930(1) A and the average-G»-Ni bond angle fit-error contour maps fod; vs e andJa vs J to ensure the

is 78 (Table 4). global nature of the fit minima obtained. No significant
The structure of the dication{ [Ni}>Ni]?* in 14 is very covariances of parameters were found in the vicinity of the fit

similar to that of the monocation it3*. Itis quite remarkable ~ minima. From the error contour maps and visual inspection of
and significant that the metrical details of the LNi fragment in  calculateduex(T) curves we estimate typical errors pfip as
both structures are identical within experimental error. Thus well as forJ, and J; of ~10%.

one electron oxidation df3to 14 results in a small contraction For complexes, 4, and5, containing a single central nickel
of the Ni—S bonds of the central nickel ion (2.373 A 18* ion and two terminal diamagnetic L& aunits, the temperature-

— — independent effective magnetic moment of 2.5 was
(35) Preliminary data of the crystal structure determinatiof b€} »- lculated foB. wh is 1.82u f inth 300
Cd'[Co",Cls(H-0),](PFs)-unknown solvent: monoclinic, space groap/c calculated foB3, whereages Is 1.82ug for 4 in the range &
(No. 15),a = 28.275(9) Ab = 17.876(8) A,c = 19.636(8) A3 = 104.3- K, and for5 in the temperature range 8300 K a temperature-
(5)°, V= 9619.0 R, pedc 1439 _CrrIYFT3;>Z = 4; 4 = (Mo Ko) =,0-Gﬁ independent paramagnetism)gfe = 840 x 107® cm? mol~*
:22:1eﬁiﬁi%fusrgguga:aemiﬁggi V(‘)"Bfé 4.00(Fo) were used in the (o)) was experimentally found. Th&= 1, Y, and 0 ground
(36) A few mixed-valent Ni(ll)Ni(ll) dinuclear complexes with four or ~ States for3, 4, and5, respectively, are observed in agreement

five coordinate nickel ions and thiolate bridges have been characterized with the assignment to a single octahedra'!(N‘?) in 3, low-
by X-ray crystallography. One of these contains an-Mi bond: (a)

[PrN][Ni o{ P(0-CsH4S)s} 2]: Ni—Ni 2.501(2) A; Franolic, J. D.; Wang, W. (37) Fackler, J. P.; Del Niera, R.; Campana, C.; Trzcinska-Bancroft, B.
Y.; Millar, M. J. Am Chem Soc 1992 114, 6587. In contrast, see: (b) J. Am Chem Soc 1984 106, 7883.
[Nig(S4-CaH7)sl]: Ni--*Ni 4.111 A; Kriger, T.; Krebs, B.; Henkel, G. (38) Fackler, J. P.; Avdeef, A.; Fischer, R. G., JrAm Chem Soc

Angew Chem 1992 104, 71; Angew Chem, Int. Ed. Engl. 1992 31, 54. 1973 95, 774.
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Table 4. Comparison of Structural Data of CompleXes

complex M-S, A M—N, A M-S, A Mg=-M¢, A M—S—M,, deg ref
[Ni"V(n-BuzDtc)s]Br 2.261
[K(2,2,2-crypt)][Ni"(S,CPh)] 2.42
[LCo"] 2.24 2.04
[{LC0"},C0'|[Co,Cls(H:0):](PFy) 2.241 2.003 2277 3.034 84.4 this work
[{L'3Cd"},CA"]A(SQ)Cla 2.238 1.996 2.262 2.857 78.8 21
[{L'sCA"} ,Ni"|Cl,-3H,0 2.253 2.005 2.400 2.930 78.3 23
[{LNi},Ni][BPhJ] (13" 2.361 2.096 2.373 3.008 78.9 this work
[{LNi}2Ni](PFe)> (14) 2.355 2.088 2.326 3.029 80.6 this work
[{ (L-Cys)Ca"} ,CO"|(NO3)»-5H;0 2.231 2.008 2.258 2.856 79.4 22

a Abbreviations: n-Bu,Dtc = N,N-di-n-butyldithiocarbamato; 2,2,2-crypt 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosa@€hS
= dithiobenzoate; |= tris(4-tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononanes12-aminoethanethiolate; L-cys L-cysteinate; M= metal
(terminal); M. = metal (central).
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Figure 7. Temperature dependence of the magnetic moments of Figure 8. Temperature dependence of the magnetic moments of
complexes [LNiC# NiL] +2+/3+ 6*, 7, and8. The solid lines represent [LNiNiCo"L]*2+/3+ complexesd (bottom), 10 (middle), andL1 (top).
a best fit of data to the isotropic Heisenbeigirac—van Vleck model

(see tex)). two [LNi'"]~ entities in6 must be oxidized to produce a mixed-

of a Ni" ion in 4 was corroborated by its X-band EPR spectrum Magnetic data employing the HDVV mod&, (= 1 andS =

measured in acetonitrile at 2.7 K which exhibits an anisotropic 72) yields aJ; value of+20 cnt* andg = 2.3. The dication
signal withg values of 2.11, 2.09, and 2.04. in 7 possesses &= 3/, ground state. This is corroborated by

In complexes6*, 7, and 8 a central cobalt ion is always the X-band EPR spectrum afin CH:CN solution shown in
coordinated via six thiophenolate bridges to two paramagnetic Figure 10. At 2.8 K an axial spectrum witgy = 4.0 andg, =
terminal LNi entities. Simple charge considerations imply that 2.04 is indicative of ar& = 3/ ground state.
in the monocation 06* the oxidation state distribution is [LNi The magnetism of comple& can be interpreted in terms of
Cd"Ni"L]*. The fit for 6* to the HeisenbergDirac—van Vleck a ferromagnetically coupled [LNICd"Ni''L]3*" system & =
(HDvV) model for dinuclear complexe$(= S = 1) yielded S = Y4,). The HDvV model produces a reasonable fit to the

aferromagneticcoupling constand, = +7 cnt ! andg = 2.2. data with the parametets = +26 cnm?, g = 2.4 including a
Thus,6* has anS = 2 ground state. paramagnetic impurity of 18% witB = 3/,. Thus,8 has anS
One-electron oxidation @ yields the dicatiory. Since itis = 1 ground state. Attempts to prepare a purer sample have

difficult to envisage the generation of a €don, one of the failed.
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Figure 10. X-Band EPR spectra of complex&sat 1.5 K, 10 at 2.8
K, and15 at 10 K in CHCN solution and of a solid sample @8 at
4 K. (Conditions: v = 9.64 GHz for7, 10, 15, andv = 9.47 GHz for
13, microwave power 207, 10, 15) and 0.2 mW {3); modulation

Figure 9. Temperature dependence of the magnetic moments of ympjitude in gauss and in parentheses modulation frequency in kHz:

[LNiNiNiL] 91+2+3+ complexesl2, 13, 14, and15.

The linkage isomer d6* is complex9* where two octahedral
nickel(ll) ions are in adjacent positions relative to each other:
[LNi"Ni"Cd"L]*. Complex9* possesses &= 0 ground state.
Within the HDvV formalism an intramoleculantiferromag-
netic exchange interaction between the twd Mins yields the
parametersl, = —61 cnTl, g = 2.2, and a paramagnetic
impurity with S= 1 (3.2%). Note that the linkage isomét
[LNi"Co"Ni"L]* possesses @@= 2 ground state. Thus, the
magnetic properties d* and9* are dramatically different.

Removal of one electron from the monocatigh yielding
dicationic10also has a drastic effect on the magnetic properties.
By using the HDvV model we obtain a good fit with= +41
cmlandg=21withS =1,S =%, The X-band EPR
spectrum ofLl0in CH3CN at 2.8 K (Figure 10) confirms th&
= 3/, ground state. A rhombic signal witx = 3.6, g, = 4.6,
andg, = 2.1 is observed. Note that a one-electron oxidation
of 9* yielding 10 changes the sign of the coupling constant.

It is possible to fit the magnetic data of complgk to the
HDvV model assuming the presence of twd'Nvith S, = S
=1, J= 481l cnttandg = 2.2. Thus, theS= 1 ground
state would be attained by a strong ferromagnetic coupling
between two adjacent low-spin 'Niions.

For 12, a decrease of the magnetic moment from 4:g &t

7,11.431 (100)10, 11.431 (12.5)15, 11.431 (100)13, 19.749 (100)).

6.5

“‘eff/ uB

50 100 150

T/K

Figure 11. Temperature dependence of the magnetic momerit of

200 250 300

ground state. This is corroborated by the X-band EPR spectrum
of a solid sample ofL3 at 10 K shown in Figure 10 which
exhibits a rhombic signal witlgx = 5.85,g, = 2.45, andg, =
1.64.

In order to fit the magnetic data d#4 to the HDvV model
three different distributions of oxidation states were considered,

295 with decreasing temperature is observed until a plateau isnamely [LN#"Ni""Ni'"L]2*, [LNi""Ni"Ni"'L]2*, and [LN{'Ni'V-

reached at 3.1@g at 30 K (Figure 9, bottom). This clearly
indicates arB= 1 ground state fol2, which is attained by an
antiferromagnetic coupling between two adjacert Mins J,
—28 cntl). Similarly, in 13* the magnetic moment also
decreases with decreasing temperature to a plateau ofi4.15
at 50 K (antiferromagnetic coupling) indicating &= 3%/,

Ni"L]?*. Note that the asymmetric NNi""'Ni" form requires
three different coupling constantsl{ JJ, and J,); for the
symmetric N¥'Ni"'"Ni"" form there are only twoJ, J), and for

the last form only oneX) is required. All three models gave
satisfactory fits (Table 5). The ground statelefis S= 2
irrespective of the model used, which is attained by ferromag-
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Table 5. Magnetochemical Data of Complexes

J. Am. Chem. Soc., Vol. 118, No. 49, 12387

complex xmp, 1076 cm® mol—? Ueft, UB J.Pem?t J,bem? g p.i.c % Sd
1 [LONi"Ni"Ni"'LO] 100 +15 -6 2.0 3
2 [LCo"Ca"Ca"L]3* 1000 58) 0
2 [LCo"Cd"Co"L]3* 460 0
3 [LCo"Ni"Co"L]2* 2600 2.95 2.1 1
4 [LCo"Ni"Cd"L]3" 1390 1.82 2.1 1,
5 [LCO"NivVCa"L]4 840 3(1) 0
6* [LNi "Co"Ni"L]™ 100 +7 2.2 2
7 [LNi"Co" NiM ]2+ 580 +20 2.3 3,
8 [LNi"Ca"NiL]3* 1740 +26 2.4 18 %) 1
o* [LNi "Ni"Co"L]* 1830 —61 2.2 3.2 (1) 0
10 [LNi"Ni""Co"L]?+ 1920 +41 2.1 3/,
11 [LNi"Ni"Col'L]3* 1050 +81 2.2 1
12 [LNi"Ni"Ni"L] 900 —28 +12 2.2 1
13 [LNi "Ni""Ni"L]+ 750 —20 +3 2.2 3/,
14 [LNi " Ni"Ni"L]2* 680 +44 —-17 2.1 2
[LNi "Ni"Ni"'L] 2+ 770 +78H-46° -2 2.1 2
[LNi"Ni'VNi"L] 2 270 +17 2.1 2
15 [LNi NI Ni'L 3t 920 +93 +25 2.2 3/,
[LNi"Ni'VNi L] 3+ 470 +52 2.2 3,

aThe formal oxidation states given are the basis for the fitting procedure, eq 1 (seé fgx&presents the coupling constant between adjacent
metal ions andJ, that between terminal metal iorfsParamagnetic impurity with the assumed spin state in parenttfeSesund state of the
trinuclear species. A modification of the HDvV model has been used with three different coupling consianis, andJ; (see text).

netic coupling between adjacent nickel ions in the first two alize the experimentally determined ground states of complexes

models and by a ferromagnetic coupling between two terminal 1—15.

Ni" ions in the last model.
The magnetic moment df5 increases from 3.74g at 295

K to a plateau value of 4.28z at 10-30 K giving rise to arS

=3/, ground state. The X-band EPR spectrum of a solid sample

of 15 is in agreement with this assignment: a rhombic signal
with g, = 4.76,gy, = 3.37, andg, = 2.00 (Figure 10, bottom)

is observed. Two oxidation state distribution models were used

to fit the magnetic data df5 to the HDvV model: [LNI'Ni'"'-
Ni'"L]3* and [LNi"Ni'"VNi"'L]. Both models gave as = 3,
ground state and a satisfactory fit of the data.
Complex1 has anS = 3 ground state which is attained by
spin alignment of three octahedral'Nbns. An excellent fit
of the data was obtained by using the HDvV formalism: a two LNi fragments as i®—11 and6—8, 12—15, respectively,
dominant ferromagnetic exchange coupling between adjacentone cannota priori assign a localized oxidation state to the
nickel ions,J, = +15 cntl, and a weak antiferromagnetic
coupling between the terminal LNimoieties,J; = —6 cnTl,
was calculated. Inclusion of a single-ion zero-field splitting always of an M$ octahedral building block; it is NiSin
parameter ofD| = 11 cnt! improved the low-temperature fit
significantly but it does by no means represent an accurate value €lectrochemistry o and of analogous complexes from the
These values agree very nicely with those reported fotsNi

(acacy).®

The electronic spectra of complexes-15 have been

measured in acetonitrile solution; they are displayed in the

Supporting Information (Figures S153). All complexes are
highly colored and show intense ¢ 10° L mol~! cm™?)
absorption maxima in the visible (352200 nm). In general,
in a given series of structurally similar complexgs5, 6—8,
9-11 and13-15 the number and intensity of these maxima - gimjjarly, the octahedral NiScore is known to readily accom-
increase with increasing oxidation levels. These transitions are nodate the oxidation states I, 1ll, and even IV at the central
predominantly thiolate-to-metal charge transfer and/or interva- pickel ion37.38

lence bands.

Discussion

By using the established rules for superexchange (Goo

enough-Kanamori§° we first attempt to qualitatively ration-

(39) (a) Goodenough, J. BPhys Rev. 1955 100, 564. Goodenough, J.
B. J. Phys Chem Solids1958 6, 287. (b) Kanamori, JJ. Phys Chem
Solids1959 10, 87.

d-

A superexchange mechanism to be operative in a polynuclear
complex requires metal-centered localized oxidation states.
In this sense the reportellvalues in Table 5 are parameters
which describe magnetic exchange interactions in polynuclear
compounds of class | according to the Robin and PBay
classification.

In complexes2—5 the terminal metal ions are always low-
spin cobalt(lll) ions. The LCH moiety is difficult to oxidize
or reduce by one electron, respectively, which implies a localized
oxidation statetlll of the Co ion in all complexes containing
the LCd" moiety: 2—5 and 9—11. On the other hand, the
[LNi"]~ species containing ans8sNi octahedron is quite readily
oxidized to [LNi"]. Thus, in complexes containing one or

nickel ion.
The central metal ion in the trinuclear complexes consists

complexes3—5, 9—15, and Cogin complexe® and6—8. The

literature demonstrates that the reduced forni $gas acces-
sible*! This is in agreement with the fact that the average-So
distance in the reduced cobalt(ll) form is very similar to that
observed in the CbS; polyhedron (Table 4). Thus, if a cobalt
ion is the central metal ion in the trinuclear complexes we cannot
a priori discern between &Il or +l1ll oxidation level of this

ion. Since the inner-sphere FrarekRondon barrier to electron
transfer C8S; = C0o"Ss + e is small#2 the Co$ entity can
facilitate electronic delocalization in the trinuclear species.

(40) Robin, M. B.; Day, PAdv. Inorg. Chem Radiochem1967, 10,
247.

(41) The one-electron reduced form afnamely [LCd'Co'Co"L]2t,
was generated electrochemically-&0 °C in acetone (0.10 M [N{-Bu)4]-
PFs) and its X-band EPR spectrum has been recorded at 4.2 K. An
S = 3/, signal @ values~4 and~2) with 5°Co hyperfine splitting was
observed.

(42) (a) Kippers, H.-J.; Neves, A.; Pomp, C.; Ventur, D.; Wieghardt,
K.; Nuber, B.; Weiss, Jnorg. Chem 1986 25, 2400. (b) Kippers, H.-J.;
Wieghardt, K.; Steenken, S.; Nuber, B.; WeissZJAnorg Allg. Chem
1989 573 43.
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If we follow the above arguments, it is evident that in
complexes3, 4, and5 the central nickel ions have localized
oxidation states of-ll, +l1lI, and +IV yielding the observe®
= 1,%,, and 0 ground states, respectively.

Complexes9, 10, and 11 each contain only one terminal
LCa"" unit and two adjacent nickel ions in ans®Ni and an
NiSs environment. Since LCbhas a localized low-spin cobalt-

Beissel et al.

One-electron oxidation of2 yields a mixed-valent mono-
cation 13 for which—judging from the crystal structure
determination-an oxidation state distribution of MNNi''Ni"
appears to be reasonable. Compl&has anS = 3/, ground
state which is obtained by an antiferromagnetic coupling
between the adjacent Mili'"" ions and a very weak ferro-
magnetic coupling between the terminal I'Ninits. This

(Il) ion one can envisage these complexes as dinuclear behavior can be understood in the same fashion as described

exchange coupled nickel species. The synthetic rout® of
(Scheme 3, bottom) would imply that both nickel ions are in
the oxidative statetll. The observedS = 0 ground state
originates from an intramolecular antiferromagnetic coupling
of two face sharing octahedral nickel(ll) ions, which is mediated
by threeu-thiophenolato bridges (see below).

One-electron oxidation dd yields the mixed valence species
10 which formally contains one terminal Niand one central
Ni"'. From the crystallographic results @8* and14 we imply
here that the central NiSon is a Ni"' ion and the terminal LNi
unit contains NI. The two nickel ions are again face sharing
octahedral (in adjacent positions in the trinuclear dication). The
experimentally determine& = 3/, ground state indicates a
relatively strongerromagneticcoupling in10. Thus, upon one-
electron oxidation o the sign of the coupling constar
changes from antiferromagnetic to ferromagnetic. In the frame
of the GoodenoughKanamori rules, interaction between a half-
filled metal d orbital and an empty one results in spin alignment.
In 10a second interaction between two half-filled orbitals yields
an antiferromagnetic contribution. The sum of both contribu-
tions determines the sign of the obsenkedalue J = Jar +
Jr) which is positive forl0. In cases like this, the antiferro-
magnetic contribution is expected to be significantly larger than
the ferromagnetic. Thus, the dominant ferromagnetic coupling
in 10 is somewhat surprising.

Complex11 contains the trication [LNiNiICHL]3" with an
S = 1 ground state. Assuming a localized oxidation state
distribution [LN"Ni'""C0d"L]3" in 11theS= 1 ground state is
attained by a ferromagnetic coupling between two adjacent low-
spin Ni'" ions. On the other hand, if the central lisit would
contain a NV ion (low spin &) the terminal ion is Ni and a
distribution [LNi"Ni"VCd" L]3" would prevail, which could also

be in agreement with the observed ground state. Obviously, it

is difficult to satisfactorily rationalize these data in the localized
oxidation state description.

Complexes*, 7, and8 contain two terminal LNi fragments

and a central Cagunit which is assumed to contain a low-spin
Cd" ion. The two paramagnetic Ni ions are then separated by
~6 A and the superexchange coupling is expeetud
observed-to be weaker than in complexes where these ions
are in adjacent position91, 10, 11). In complex6* containing
an [LNi"Cd"Ni"L]™ monocation anS = 2 ground state is
attained via weak ferromagnetic exchange coupling. It is not
possible to identify a convincing d orbital interaction pathway
which orders the spins of the two localized'Nons parallel.
In the oxidized forms7 with [LNi""Co"Ni""L]?" and 8 with
[LNi'""Cd"Ni'"L]3*, again spin alignment yieldin§= 3/, and
1 ground states, respectively, is observed.

Formally, the neutral speciek contains three Ni ions,

for 12 by using the GoodenougtKanamori rules. Since the
same two superexchange pathways between adjac&Ni'Ni
ions in13* and 10 should be available, it is surprising that the
sum of these contributions & Jar + Jr) leads to a positivd,
value (ferromagnetic) id0 but to a negativd, in 13. This is

a further indication that the localized oxidation state description
does not lead to a consistent picture of the observed ground
states.

Complex14 represents an interesting case; it hasSan 2
ground state. The following oxidation state distributions have
been modeled: symmetric [LNNi""Ni"'L]2" and asymmetric
[LNi"Ni"Ni"L]2*. Although both gave reasonable fits (Table
5), these assignments are not in accord with the crystal structure
of 14. The dication is centrosymmetric which does not agree
with the asymmetric form. Furthermore, upon one-electron
oxidation of 13 (with a Ni"Ni"'Ni" core) the Ni-S distances
of the central Nigunit in 14 decreaseavhich rules out a central
Ni' ion but implies a central N ion. This would give rise to
a [LNi"Ni'VNi"L]2* distribution. It is possible to fit the
magnetic data to this model. Note that for isoelectrd@iievith
a Ni"Cd"Ni" core also a weak ferromagnetic coupling between
two terminal NI' ions has been observed which is reasonable
considering the fact that the two terminal paramagnetic centers
are~6 A apart.

One-electron oxidation of4 yields 15 for which a [LNi'"'-
Ni'VNi''L]3+ oxidation state distribution is considered. The fit
yields J; = +52 cnt! indicating a ferromagnetic coupling
between two terminal ions, a'Nand a Nf', to give the observed
S = 3/, ground state. On the other hand, it is also possible to
obtain a good fit with the oxidation state distributionNNi"' -
Ni'"'. Then, the coupling betweeadjacent Ni"" ions is
ferromagnetic as in complekl.

If the superexchange model is applicable foand 12, the
following question arises: what are the relevant superexchange
pathways in these structurally similar complexes or, more
specifically, what is the difference between six phenolato
bridging oxygen atoms ith and six thiophenolato bridging sulfur
atoms in12? The Ni—O—Ni and corresponding NiS—Ni
bond angles are different. The ND—Ni angles are closer to
90° than the Ni-S—Ni angles which are more acute. The mag-
netic orbitals of the type #pJpylley are orthogonal at an
Ni—X—Ni angle of ~90° and effect ferromagnetic coupling,
whereas at angles90° an antiferromagnetic exchange could
become viable. In addition, the exchange pathway between
half-filled e; metal orbitals and the filled 3s orbital of the
bridging sulfur, gl|s||e;, must be considered which yields
an antiferromagnetic coupling. This pathway is not effective
for the phenolato bridged complexdsand Ni';(acacy be-
cause the energies of the 2s oxygen and 3d metal orbitals

and a moderately strong antiferromagnetic coupling between are very different and, therefore, the overlap is small. Thus,

adjacent nickel ions generates the obser%ee- 1 ground
state. It is gratifying to note that the coupling 12 and 9*
(with an Ni'Ni"Cd" core) between adjacent nickel ions is
antiferromagnetic in both cases, although this coupling is
significantly stronger im* than in12. The effective super-

the differing coupling between adjacent nickel ions in
and12can be understood by using the Goodenoetiganamori
rules.

To summarize the foregoing part of the discussion we
conclude that the GoodenougKanamori rules for superex-

exchange pathways are the same for both compounds (seehange using localized metal oxidation states give a reasonably

below).

consistent picture of the coupling mechanism only for complexes
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1 and9* and possibly forl2, whereas they fail for complexes Lt~ ra-L_U s=2 6
6*, 7and8, 10, 11, and13*—15, which are, with the exception
of 6%, 8, and possiblyl1, mixed-valent species. s T g N A
A major problem of the above superexchange analysis for
6—15is the assumption of distinct localized oxidation states of LUttt s=32 7

the metal ions (class | complexes). That this is not thecase

at least an oversimplificatienis at this point concluded

primarily from (i) the results of the electrochemical investigation, bh——=dd——d—t s=1 8
(ii) the fact that the electronic spectra display more absorption - dge__1

maxima with increasing intensities in the NIR upon increasing - -

the oxidation level of a given isostructural series of trinuclear

complexes, and (iii) the general observation that bonds between 1 -1t p—_t Ly 8=0 9
a transition metal ion and RSoridges are more covalent than

those of corresponding RQoridges facilitating thereby electron

delocalization. gl S,=32 10

It is therefore likely that the present mixed valence complexes
are class Il or even Ill with substantial electron delocalization.

The interplay between electron exchange and electron transfer It -t te—_1 s=1 M
leads to the concept of double excha#¥géwhich was first '
introduced by Zener in 1951 to account for parallel spin
alignment in some mixed-valent MiMn" perovskiteg*2and Bab-LlLbh-baly s=1 12
was subsequently treated by Anderson and Hasegawa on a
semiempirical leve?*® In the spin-Hamiltonian approach of
double exchange, an additional term which implies a resonance
integral and a transfer operator is added to the usual HDwV
superexchange term. Now the eigenenergies depend not only - -
on the exchange coupling constahbut also on the transfer M—bL-bal-L_ls=-a
integral which increases with increasing covalent character of
bonds of the bridging ligands. - -

The archetype example for double exchange is(JF®H)s- Sld-bri-bL_L s=2 1
(tmtacn}]2t where tmtacn represents 1,4,7-trimethyl-1,4,7- Ll L
triazacyclononane. Msbauet and EXAFS spectroscoffyhas
shown that the excess electron is delocalized¥®e An S=
9/, ground state is observed. This spin alignment is understood L_g-dtt-t_It s=32 15
by a double exchange mechanism: two energetically equivalentrFigure 12. Resonance structures of complex@s15. Only the
resonance structures of the mixed-valent pair are mixed by adegeneratesametal orbitals of the magnetically relevant metal ions in

S4lt—-4 th—~0h 1 s=52 13

one-electron transfer as shown below. the trinuclear complexes are shown. For the sake of simplicity these
orbitals were drawn at the same energy regardless of their differing
“easy" “not so easy" donor sets (M&or N3MS3).

(requires a spin flip)

only 45 In this picture the total energy of the excited state is
o LIt I It R T | y P 9y

different from that of the both ground state configuratidts
b e by the repulsion energy), of two electrons in one orbital:
bl e I ly bl b lp

excited
Fe" Fe" Fe" Fe" Fe' Fe" Fe" Fe' state
total energy g° g° £° g° L 1_ - _ 1 - _1 _L
a b a b a b
If the core spins of the two irons are aligned in a parallel fashion, o o 0
total energy E E'+U E

the excess electron can be transformed from one side to the
other without a spin flip. If the alignment of the core spins is
antiparallel, the excess electron can only be transferred with a
spin flip, otherwise a Pauli forbidden state would result. This
transfer requires more energy. Therefore, the transfer of the
excess electron leads to an effective ferromagnetic coupling of
the two irons.

In this qualitative valence bond description the difference
between a superexchange and the above double exchang

In accordance with our suggestion that electron delocalization
plays an important role in the present system, we now attempt
to qualitatively apply this simple concept to complexesls.

For each complex it is possible to construct a number of

resonance structures which are related by a one-electron transfer.

In agreement with the concept of double exchange one-electron

gansfer generated resonance structures yielding Pauli forbidden

mechanism results from the fact that superexchange is ac-State? were exclu(;jed and, as a further constralrk;t, one-e(;?ctroln

complished by electron transfer via an excited state which is transfer generated resonance structures must obey Hund's rule
of maximal spin multiplicity at each metal center due to

mixed into the ground state by second-order perturbation, intraatomic exchange interaction. This is shown in Figure 12
whereas double exchange occurs via ground state configurationz%\‘ 9 ’ 9 i’
ote that the constructed resonance structures are not necessarily

(43) Kahn, O.; Girerd, J.-J. IStudies in Inorganic Chemistry: Sulfur  energetically equivalent. The ground state of a given complex
Muller, A., Krebs, B., Eds.; Elsevier: New York, 1984; Vol. 5, p 195.

(44) Peng, G.; van Elp, J.; Jang, H.; Que, L., Jr.; Armstrong, W. H.; (45) Kahn, O. InMolecular MagnetismVCH Publishers: New York,
Cramer, S. PJ. Am Chem Soc 1995 117, 2515. 1993; (a) p 157, (b) p 337.




12390 J. Am. Chem. Soc., Vol. 118, No. 49, 1996 Beissel et al.

is then a linear combination of all resonance structures the (1) TheS = 3 ground state in [Nik(acacy] and 1 is attained
individual weights of which may be different. Consequently, via a superexchange pathway where two adjacetitdis are
there always exists one resonance structure of lowest energyferromagnetically coupled ¢gp.p,lle;) and a small antifer-
and largest weight to the ground state. For example, spin romagnetic coupling between the terminal' Nbns is charac-
alignment in6* yielding § = 2 can readily be understood by teristic for the Nig-O)sNi(x-O)3Ni core.

applying these rules: the resonance structuf€ni Ni"' (Figure (2) Replacement of the six phenolato bridges by thiopheno-
12 middle structure) has the largest weight, whereas those for|ates as 1.2 changes the sign of bofl (now antiferromagnetic)
Ni'"CONil (first and last structure in Figure 12) are minor  gnq 3, (ferromagnetic). Thes = 1 ground state o2 is a
contributors. The Cbresonance structures in Figure 12 include consequence of the smaller N6—Ni bridging angle as

low-spin Cd' appropriate to spin-lalloxved, single-electron - compared to the NiO—Ni angle, which cancels the orthogo-
transfer while for the known C6Co'Co!' species the EPR  hjjity of the above magnetic orbitals and, in addition, a new

spectrum indicate$ = %, (high-spin C). _ antiferromagnetic pathwayg|¢s||,, is available because overlap
The above approach is somewhat intermediate between theyeyeen a filled 3s sulfur orbital and the half-filleg @bitals
classical double exchange mechanism with mixing of energeti- ¢ nickel(ll) is larger than between 2s oxygen orbitals.

cally equivalent resonance structures and a superexchange 3) Trinuclear complexes containing two diamaanetic 'Co
mechanism with mixing in of energetically highly excited states (.). ind piexes aining two diamagnetic =
moieties and a central nickel ion have localized oxidation

to the ground state. S ks it v
In the following we discuss a few selected examples using _sr'][astes atthe central metal ion: e.g!'Mi 3, Ni'l in 4, and NI

the above delocalization model. Compl&® represents an
interesting case because théNii'' Ni'" oxidation state distribu- (4) Two Ni' ions in terminal positions as i with a

tion allows us to draw two different resonance structures, both diamagnetic C8 central ion order ferromagneticall(= 2)

of which are then related by one-electron-transfer steps to otherwhereas two Ni in adjacent positions as # order antiferro-
resonance structures, respectively (Figure 12). Interestingly, thismagnetically. Only the latter effect is understood by using the
leads to different ground states, nam&y= 5. or 3,. Can GoodenoughKanamori rules for superexchange. For the
one judge from the available data which is the more likely true former, a delocalized model using the double exchange concept
ground state? The resonance structures associated with the gives a straightforward explanation for tBe= 2 ground state.
ground state involve a central 'Niwhereas for thé/; ground (5) Both mixed-valent complexes containing formally one
state the central nickel ion has moreN¢haracter. Fromthe  Ni' and an Ni" ion either in adjacenor terminal positions
crystallographic data of3* the latter appears to be the case relative to each other as in complexzand10 order strongly

and theS = ¥, ground state is the preferred one. Note thatin ferromagnetically & = 3). This is again most readily
this case the terminal nickel ions have somé &liaracter, interpreted in terms of delocalization mechanisms. The delo-
whereas irl4these ions have some'Ncharacter. One would  calized excess electron aligns the spins. Similarly, the electron
then predict that the NiS distances of the LNi fragments are  configuration of10 and13*, both containing adjacent Nili'"
shorter in14 than in13* which is at least not contradicted by jons, cannot be understood in terms of superexchange mecha-
the data in Table 4. The difference in-N& bond lengths is  nisms but the delocalization model proves to be useful.
—0.006 A gnd not quite be_yond the e>_<per|mental error limit. (6) The ground states & = 2 for 14 andS = %, for 15can

_ Another interesting case is compl@xvith two adjacent Ni only be interpreted in terms of spin-dependent delocaliz4tion
ions. A resonance structure with parallel alignment of the four over all three nickel ions. This is, to the best of our knowledge,

spins does not allow other one-electron-transfer structures tothe first demonstration of this effect overee metal ions
be drawn (Pauli); only an antiparallel arrangement allows the '

two other structures, shown in Figure 12, to be constructed.
Delocalization thus enforces the obsen&e= 0 ground state.

It is very gratifying that within this delocalization model the
electronic ground states @l complexes6—15 are readily
rationalized.
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The hexadentate pendent arm macrocyclic ligarfitland
LH3 provide acis-tris(phenolate) or ais-tris(thiophenolate)
geometry in octahedral mononucled@M!" or LM" complexes,
respectively. These complexes can function as ligands and form
linear face-shearing homo- and heterotrinuclear complexes
which contain six bridging phenolate or thiophenolate groups.
Complexes of this type are ideally suited to study electronic
coupling phenomena between three paramagnetic transition
metal ions as a function of their respectivé dlectron
configuration. The following magnetostructural aspects have
evolved from this study. JA961305+
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