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The coordination chemistries of the triple tetradentate triplesalen ligands Hgtalen, Hetalen'8%, and Hetalen": have
been investigated with nickel(ll). These triplesalen ligands provide three salen-like coordination environments bridged
in a meta-phenylene arrangement by a phloroglucinol backbone. The structures of the complexes [(talen)Ni's],
[(talent~B%)Ni'";], and [(talenN2)Ni';] have been determined by single-crystal X-ray diffraction. All three compounds
are composed of neutral trinuclear complexes with square-planar coordinated Ni' ions in a salen-like coordination
environment. Whereas the overall molecular structure of [(talenN%)Ni';] is nearly planar, the structures of [(talen)-
Ni';] and [(talent~B%)Ni";] are bowl-shaped as a result of ligand folding. The strongest ligand folding occurs at the
central nickel-phenolate bond of [(talen8%)Ni''s], resulting in the formation of a chiral hemispherical pocket. The
dependence of the physical properties by the substituents on the terminal phenolates has been studied by FTIR,
resonance Raman, UV-vis—NIR absorption, and electrochemistry. The three nickel—salen subunits are electronically
interacting via the st system of the bridging phloroglucinol backbone. The strength of this interaction is mediated
by two opposing effects: the electron density at the terminal phenolates and the folding of the ligand at the central
phenolates. The parent complex [(talen)Ni's] is irreversibly oxidized at 0.32 V versus ferrocenium/ferrocene (Fc*/
Fc), whereas [(talen™B%)Ni";] and [(talenN°2)Ni's] exhibit reversible oxidations at 0.22 V versus Fc*/Fc and 0.52 V
versus Fc*/Fc, respectively. The oxidized species [(talentB%)Nis]* and [(talenN%)Nis]* undergo a valence-tautomeric
transformation involving a Ni'"" and a phenoxyl radical species, as observed by EPR spectroscopy. Thus, these
oxidized forms exhibit the phenomena of valence tautomerism and mixed valence simultaneously. The extent of
delocalization of the radical species and of the Ni' species is discussed.

Introduction these compounds. The ability of metal salen complexes to
Metal complexes of the salen ligandsdlen [ N,N'- catalyze chemical transformations has been recognized for
bis(salicylidene)-ethylenediamine] and its derivatives have & Variety of metal ions (e.g., Nit Cr,* Mn,° V,® and Al).
been studied for a long time in coordination chemidtry. An important advantage of salen ligands for their use in
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catalysis is the opportunity for systematic variations of their Scheme 1

steric and electronic propertiégéThe discovery by Jacobsen OH N/ \N_
and co-workers and Katsuki and co-workers that chiral metal -
salen complexes act as effective enantioselective cat&lysts OH HO

led to a revival of the coordination chemistry of salen ligands. HO OH

A folded geometry of the salen ligand accompanied by the A B
formation of a chiral pocket has been argued to be an
essential element for their enantioselectivity:® For the
asymmetric nucleophilic ring opening of epoxides by chro-
mium salen complexes, a mechanism was established involv-
ing catalyst activation of both the nucleophile and the
electrophile in a bimetallic rate-determining stéBuch a
cooperative reactivity between multiple metal centers is a
common feature in metallo enzyme systeéf®y using
covalently linked dinuclear salen systems, not only the
intramolecular pathway but also an intermolecular pathway
was enhancetf.This observation “indicates that dimer reacts |
more rapidly with dimer, than does monomer with monomer”
and “suggests that the design of covalently linked systems N
bearing three or more metal salen units may be worth-

while.”t’
We have designed a ligari@ containing three salen units
B covalently bridged by a common phloroglucinet (,3,5-

(2) (a) Yoon, H.; Burrows, C. . Am. Chem. Sod. 988 110 4087
4089. (b) Yoon, H.; Wagler, T. R.; O'Connor, K. J.; Burrows, CJJ.
Am. Chem. Sod99Q 112, 4568-4570.
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1461.
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2073-2076. (f) Cavallo, L.; Jacobsen, H. Org. Chem2003 68,
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2004 43, 6024-6034.
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2004 37, 836—-844.
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trihydroxybenzene) uni\ in ametaphenylene arrangement
(Scheme 138 This triple tetradentate ligan@, which we

call triplesalen, has been designed primarily for the targeted
synthesis of single-molecule magnets. These are transition-
metal complexes that exhibit slow relaxation of the magne-
tization at low-temperatures, resulting in a hysteresis of the
magnetization of a purely molecular origihThe necessary
requirements for the design of a single-molecule magnet are
a high-spin ground state and strong magnetic anisotropy of
the easy-axes type. The triplesalen ligadd¢ombines the
phloroglucinol bridging unitA for ferromagnetic couplings
and, thus, high-spin ground states with the coordination
environment of a salen ligand for strong magnetic
anisotropy. We and others have shown that the phloroglucinol
bridging unitA acts as a ferromagnetic coupler in trinuclear
transition-metal complexes by the spin-polarization mecha-
nism. Using phloroglucinol as a bridging ligand between
three (Tp*)Md'OCI fragments [Tp*= tris(3,5-dimethylpyra-
zolyl)hydroborate] resulted in ferromagnetic interactions
between the three Mocenters with arg = %/, spin ground
state?® We have attached pendant arms at the 2,4,6 position

(17) Jacobsen, E. NAcc. Chem. Re00Q 33, 421-431.

(18) Glaser, T.; Heidemeier, M.; lgger, T.J. Chem. Soc., Dalton Trans.
2003 2381-2383.

(19) (a) Long, J. R. IrChemistry of Nanostructured Material¥ang, P.,
Ed.; World Scientific: Hong Kong, 2003; pp 29B15. (b) Sessoli,
R.; Gatteschi, D.; Caneschi, A.; Novak, M. Nature1993 365 141—
143. (c) Sessoli, R.; Tsai, H. L.; Schake, A. R.; Wang, S. Y.; Vincent,
J. B.; Folting, K.; Gatteschi, D.; Christou, G.; Hendrickson, D.JN.
Am. Chem. Sod.993 115 1804-1816. (d) Gatteschi, D.; Caneschi,
A.; Pardi, L.; Sessoli, RSciencel 994 265 1054-1058. (e) Gatteschi,
D.; Sessoli, R.Angew. Chem., Int. Ed2003 42, 268-297. (f)
Gatteschi, D.; Sorace, LJ. Solid State Chen2001, 159, 253-261.
(9) Delfs, C.; Gatteschi, D.; Pardi, L.; Sessoli, R.; Wieghardt, K;
Hanke, D.Inorg. Chem.1993 32, 3099-3103.

(20) Ung, V. A;; Thompson, A.; Bardwell, D. A.; Gatteschi, D.; Jeffery, J.
C.; McCleverty, J. A.; Totti, F.; Ward, M. Dinorg. Chem1997, 36,
3447-3454.
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of phloroglucinol in order to enhance the stability of first-
row transition-metal complexes by the chelate effédthis

other metal ions to rationally develop new types of single-
molecule magnets.

concept has been successfully applied to obtain ferromagnetic

interactions between three Cuons through the spin-
polarization mechanism wit = 3/, spin ground state%:??

To introduce magnetic anisotropy, we have been choosingpropy"mino)_ethy”

a salen-like coordination environment, which is known to

Experimental Section

Preparations of Compounds.2,4,6-Tris[1-(2-amino-2-methyl-
-1,3,5-trihydroxybenzenegtdlen{= 2,4,6-tris-
[1-(2-salicylaldimino-2-methyl-propylimino)-ethyl]-1,3,5-trihydroxy-

establish a pronounced magnetic anisotropy by its strongbenzeng, and [(talen)Ni] were synthesized as described pre-

ligand field in the basal plarn&:?* A well-studied example
is the Jacobsen catalyst [(saldin' Cl] [H ;salen = (R R)-
N,N'-bis(3,5-ditert-butylsalicylidene)-1,2-cyclohexanedi-
amine]i° which is a MA'" (S= 2) species with a zero-field
splitting of D = —2.5 cm1.2325

In a recent communication, we described the successful

synthesis of the first triplesalen ligandstdlen {= 2,4,6-
tris[1-(2-salicylaldimino-2-methyl-propylimino)-ethyl]-1,3,5-
trihydroxybenzeng and the structure of its trinuclear 'Ni
complex [(talen)NI3].28 The analogous trinuclear €gom-
plex [(talen)Cl3] exhibits ferromagnetic couplings between
the three localsS = Y, spins, resulting in arg = %/, spin
ground staté@® EPR spectra display a 10-line hyperfine
splitting pattern due to the coupling of the total electron spin
with the individual Cu nuclear spins$ € 3/2) according to
the rule 2x n x | + 1. Density functional calculations

viously 18

2,4,6-Trig{ 1-[2-(3,5-ditert-butylsalicylaldimino)-2-methylpro-
pylimino]-ethyl }-1,3,5-trihydroxybenzene (Htalen8w%). 2,4,6-
Tris[1-(2-amino-2-methylpropylimino)-ethyl]-1,3,5-trihydroxyben-
zene (1.00 g, 2.16 mmol) and 3,5tdrt-butyl-2-hydroxybenzaldehyde
(1.52 g, 6.49 mmol) were stirred in EtOH (15 mL) for 16 h, during
which a yellow precipitate formed. This was filtered off, washed
with a minimum amount of EtOH, and dried under a high vacuum.
Yield: 1.61 g (67%)H NMR (400.14 MHz, CDCJ): 6 = 1.28
[s, 18H; C(CH),], 1.31 [s, 27H; C(CH)g], 1.45 [s, 27H; C(CH)3],
2.47 (m, 9H; CH), 3.51 (m, 6H; CH), 7.10 (s, 3H; C4), 7.39 (s,
3H; C6), 8.38 (m, 3H; R=C—H), 13.4-15.3 (m, 6H; OH).1°C
NMR (50.33 MHz, CDCJ): 6 = 18.4 (N=C—CHs); 25.1 [br,
C(CHa)zl; 29.4 [C(CHa)g]; 31.5 [C(CHa)s]; 34.1 [C(CHg)g]; 35.0
[C(CHg)3]; 54.2 (CH); 59.8 [C(CHy)2]; 163.2 (N=C—H); 170.5,
170.7, 171.2 (all &=C—CHjy); central benzene ring 105.1, 105.9,
107.0, 108.6 (alC—C=N); 185.6 (br,C—0OH); terminal benzene
rings 117.8 (C1), 126.3 and 126.9 (C4 and C6), 136.6 and 139.9

demonstrate that the spin-density on adjacent carbon atomgc3s and C5), 163.2 (C2). MSMALDI —TOF m/iz 1112.0 [M+
of the central benzene rings alters in the quartet ground stateH]*, 1134.0 [M + Na]*. IR (KBr): #/cmt = 3048w, 2961s,

in accordance with the spin-polarization mechamém.

In this paper, we present a detailed study of the electronic

2909m, 2869m, 2800br, 1628s, 1537vs, 1457s, 1442s, 1389m,
1362m, 1372m, 1327m, 1274w, 1252w, 1166m, 1132w, 878w,
829w, 773w. Anal. Calcd for §H10NgO7: C, 73.37; H, 9.28; N,

and §ter|c effects caused by changlngl the substituents at. the7.44. Found: C. 73.68: H, 9.00: N, 7.35.

terminal phenolates of the triplesalen ligand. These substitu- i . . - .

. . . 2,4,6-Tris{ 1-[2-(5-nitrosalicylaldimino)-2-methylpropylimino]-
tion-dependent ef_fects on .the geometric and electr.onlc ethyl}-1,3,5-trihydroxybenzene (HtalenMo?). 2,4,6-Tris[1-(2-
structure of the trinuclear nickel complexes are examined 5mino-2-methylpropylimino)-ethyl]-1,3,5-trihydroxybenzene (500
by single-crystal X-ray diffraction studies, FTIR and reso- mg, 1.08 mmol) and 5-nitro-2-hydroxybenzaldehyde (542 mg, 3.24
nance Raman (rR) studies, electronic absorption spectros-mmol) were stirred in EtOH (20 mL) for 16 h, during which an
copy, and electrochemical investigations. Additionally, elec- orange precipitate formed. This was filtered off, washed with a
trochemically generated oxidized species are investigated byminimum amount of EtOH, and dried in a vacuum. Yield: 840
spectroelectrochemistry and EPR spectroscopy to elucidate™d (85%).*H NMR (598.97 MHz, ¢-DMF): 4 = 1.52 gS' 18H;
the electronic structure of these oxidized species with regardC(C"b)Z]' 2.44 (s, 9H; CH), 3.76 (m, 6H; CH), 6.88 [d,*J(H,H)

to their Ni" or radical character and to the delocalization
respective communication between the three metalen

= 9.4 Hz, 3H; C6], 8.16 [dd3J(H,H) = 9.4,4)(H,H) = 3.0 Hz,
3H; C4], 8.54 (s, br, 3H; C3), 8.93 (s, br, 3H=C—H), 1315
(m, 6H; OH).13C NMR (150.63 MHz, ¢DMF): 6 = 18.4 (N=

subunits. This study builds the base for the use of theseC_CHS); 24.6 [C(CH2),]; 53.6 (CHb); 60.8 [C(CHa).]; 164.6 [N=
trinuclear nickel complexes as homogeneous catalysts inC—H]; 172.6 (N=C—CHs); central benzene ring 106.0 (I€8;-C=

alkene epoxidation. In mononuclear nickel salen catalysts,

the importance of a high-valent nickebxygen species has
been identified. Additionally, this detailed study on the
properties of a series of triplesalen ligands and their Ni
complexes builds the base for our ongoing studies involving

(21) Glaser, T.; Gerenkamp, M.; Hich, R.Angew. Chem., Int. EQ002
41, 3823-3825.

(22) Glaser, T.; Heidemeier, M. Unpublished results.

(23) Kennedy, B. J.; Murray, K. Snorg. Chem.1985 24, 1552-1557.

(24) (a) Mitra, SProg. Inorg. Chem1977, 22, 309-408. (b) Bencini, A,;
Ciofini, I.; Uytterhoeven, M. Glnorg. Chim. Actal998 274, 90—
101.

(25) (a) Campbell, K. A.; Lashley, M. R.; Wyatt, J. K.; Nantz, M. H.; Britt,
R. D.J. Am. Chem. So@00}, 123 5710-5719. (b) Krzystek, J.;
Telser, J.J. Magn. Reson2003 162, 454-465.

(26) Glaser, T.; Heidemeier, M.; Grimme, S.; Bill, Borg. Chem2004
43, 5192-5194.

N), 185.9 C—OH); terminal benzene rings 117.0 (C1), 120.6 (C3),
129.0 (C4), 130.8 (C6), 137.9 (C5), 172.2 (C2). MSBALDI —
TOFmM/z 907.6 [M— H] . IR (KBr): #/cm™ = 3065w, 3000 br,
2975w, 2931w, 2872w, 1633s, 1618s, 1537vs, 1459s, 1442s,
1392m, 1373m, 1337vs, 1297m, 1236w, 1129m, 1094w, 834w,
754w. Anal. Calcd for GsHs3sNgO,3: C, 58.24; H, 5.76; N, 13.58.
Found: C, 58.15; H, 5.37; N, 13.45.

[(talentBU2)Nis]. A solution of Htaleri=8% (200 mg, 0.180
mmol) in EtOH (15 mL) was added dropwise to a solution of Ni-
(OAC),*4H,0 (134 mg, 0.540 mmol) in EtOH (15 mL). The
resulting red suspension was heated to reflux for 1 h. The orange-
red, microcrystalline precipitate was filtered off, washed with diethyl
ether, and dried in a vacuum. Yield: 197 mg (85%). NMR
(400.14 MHz, CDCJ): 6 = 1.25[s, 27H; C(CH)3], 1.32 [s, 27H;
C(CHg)s), 1.34 [s, 18H; C(CH),], 2.36 (s, 9H; CH), 3.18 (s, 6H;
CHy), 6.85 [d,*J(H,H) = 2.5 Hz, 3H; C4], 7.22 [d¥J(H,H) = 2.5

Inorganic Chemistry, Vol. 44, No. 15, 2005 5469



Hz, 3H; C6], 7.38 (s, 3H; KC—H). 3*C NMR (100.63 MHz,
CDCl): 6 = 23.1 (CHy); 26.3 [C(CH3)2]; 29.7 [C(CH3)3]; 31.3
[C(CHs)s]; 33.8 [C(CHa)3]; 35.5 [C(CHg)s]; 66.0 [C(CH3)2]; 65.5
(CHy); 158.6 (N=C—H); 170.0 (N=C—CHg); central benzene ring
110.6 C—C=N), 170.8 C—OH); terminal benzene rings 119.9

Glaser et al.

residual electron density 1.30 (—0.90) e A3 close to the solvent
molecules, hydrogen atoms calculated and refined riding.

Other Physical Measurements.Infrared spectra (4664000
cm™1) of solid samples were recorded on a Bruker Vector 22
spectrometer as KBr disks. UWis—NIR absorption spectra of

(C1),126.1 (C4), 128.5 (C6), 135.5 and 139.3 (C3 and C5), 161.8 the solutions were measured on a Varian Cary 50 spectrophotometer
(C2). MS—-MALDI —TOF mvVz. 1280.5 [M]". IR (KBr): #/cm?t in the range 1961100 nm at ambient temperatures. ESI and

= 3037w, 2959s, 2905m, 2867m, 1615s, 1562s, 1531m, 1479vs,MALDI —TOF mass spectra were recorded on a Micromass Quattro
1437s, 1388m, 1361w, 1339w, 1300s, 1276w, 1257m, 1190m, LC mass spectrometer and a Bruker Reflex IV mass spectrometer,

1173s, 1070w, 845w, 786w, 584w. Anal. Calcd foftdeNeOg-
Niz: C, 64.66; H, 7.55; N, 6.50. Found: C, 64.22; H, 7.46; N,
6.25.

[(talenNO2)Ni3]. A solution of Htaler®: (200 mg, 0.220 mmol)
in DMF (4 mL) was added dropwise to a solution of Ni(O4c)
4H,0 (169 mg, 0.680 mmol) in DMF (4 mL). The resulting red

suspension was heated to reflux for 2 h. The orange-red, micro-

crystalline precipitate was filtered off, washed with diethyl ether,
and dried in a vacuum. Yield: 157 mg (66%). MSIALDI —TOF
m/z. 1078.5 [M]'. IR (KBr): #/cmt = 3064w, 2969w, 2922w,

2862w, 1606s, 1550s, 1472vs, 1389m, 1322vs, 1299s, 1245w,

1194m, 1099m, 950w, 834w, 673w, 651. Anal. Calcd for
CysHa7NgO43Nig: C, 49.23; H, 4.31; N, 11.48. Found: C, 49.17;
H, 4.03; N, 11.51.

X-ray Crystallography. The data set for [(talérP")Ni"3] was
collected on a Bruker AXS APEX diffractometer, and the one for
[(talem©2)Ni"5] was collected with a Nonius KappaCCD diffrac-
tometer; both were equipped with rotating anode generators.
Programs used: data collection, [(tdlétz)Ni"s] SMART?? and
[(talemM©)Ni"5] COLLECT;?® data reduction, [(talénBi)Ni'";]
SMART?” and [(talef¥%2)Ni"3] Denzo-SMN2? absorption correction
for [(talem©2)Ni"3], SORTAV; structure solution, SHELXS-9%;
structure refinement, SHELXL-9%,graphics, Diamoné?

Analysis of [(talefrB%)Ni's]: formula CsgHegNeNizOs, M =
1281.65, red crystal 0.12 0.08 x 0.02 mm,a = 19.6170(8) A,

c = 23.2168(14) Ay = 120°, V = 7737.5(6) R, pcac= 1.100 g
cm 3, u = 7.69 cn1?, no absorption correction (0.983T < 0.985),
Z = 4, trigonal, space group3cl (No. 165)1 = 0.710 73 AT =
173 K, w and¢ scans, 59 630 reflections collectedh, £k, £I),
[(sinG)/A] = 0.60 A1, 4578 independenR{,, = 0.075) and 3164
observed reflections i 2 o(1)], 262 refined parameter®,= 0.037,
wR, = 0.107, max. residual electron density0.93 (—0.23) e A3,
hydrogen atoms calculated and refined riding.

Analysis of [(talef®)Ni'"5]: formula CisHsNgNizO;2r3CsH-
NO, M = 1299.32, red crystal 0.5 0.25x 0.05 mm,a= 14.489-
(1) A, b= 14.606(1) A,c = 15.744(1) A,a. = 112.06(13, 8 =
109.85(1), y = 91.59(1), V = 2858.0(5) &, pcac= 1.510 g cm?,

u = 10.56 cntl, empirical absorption correction (0.620 T <
0.949),Z = 2, triclinic, space groufPl (No. 2),4 = 0.710 73 A,

T =198 K, w andg scans, 30 042 reflections collectedh, £k,

+1), [(sing)/A] = 0.59 A1, 9989 independen®(,; = 0.053) and
7214 observed reflection$ & 2 o(l)], 697 refined parameter®

= 0.068,wR, = 0.205. The three solvent molecules show severe

respectively!H and'3C NMR spectra were measured on a Bruker
AC200 spectrometer, a Bruker AMX400, or a Varian Unity plus
600 spectrometer using the solvent as an internal standard. The
electrochemical experiments were performed on Ar-flusheg-CH
Cl, solutions containing 0.2 M [NBJPF; in a classical three-
electrode cell. The working electrode was a glassy carbon disk
electrode, the counter electrode a platinum wire, and the reference
electrode was Ag/0.01 M AgN{gCH;CN. All potentials are
referenced to the ferrocenium/ferrocene(frc) couple used as

an internal standard. The electrochemical cell was connected to a
EG&G potentiostat/galvanostat model 273A. EPR spectra of frozen
solutions and powdered solids were recorded on a Bruker ESP 200E
spectrometer equipped with a helium flow cryostat (X-band Oxford
Instruments ESR 910). The X-band resonator was a standard
rectangular cavity ER4102. rR spectra were recorded with a double
monochromator (Spex 1403, 2400/mm holographic gratings) equipped
with a photomultiplier using the 413 nm line of a krypton ion laser.
The spectral bandwidth was 2.8 chand the wavenumber
increment 1 cm™.

Results and Analysis

Synthesis and Characterization. The preparation of
symmetrical salen-type ligands is routinely achieved by the
Schiff-base condensation of ethylenediamine or another
diamine with two equivalents of an aldehyde or ketone.
However, the targeted triplesalen ligand contains three
unsymmetrically substituted ethylenediamine units (Scheme
1). The controlled synthesis of unsymmetrical salen-type
ligands (not statistical mixtures of unsymmetrical and sym-
metrical compounds) containing two different phenol deriva-
tives is not triviat* and affords, in a first step, the isolation
of a monocondensed diamine derivative, a so-catiaién
half unit®® In this respect, two principle reaction routes are
feasible for the preparation of the targeted triplesalen ligand
C (Scheme 2). Route A requires the synthesis of a salen
half unit E in the first step, which reacts in the second step
with a triscarbonyl derivative of phloroglucin@. Route B
requires the synthesis of a half unit of the triplesalen ligand
G, which reacts in the second step with artho-carbonyl
derivative of phenoF.

The half unit E of neither the parent 8alen nor its

disorder and were treated with isotropic thermal parameters; aketimine derivative HMe,salen{= N,N'-bis[1-(2-hydroxy-

refinement with split positions did not improve the model. Max.

(27) SMART Bruker AXS: Madison, Wisconsin, 2000.

(28) COLLECT; Nonius B. V.: Delft, The Netherlands, 1998.

(29) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326.

(30) (a) Blessing, R. HActa Crystallogr., Sect. A995 A51, 33—37. (b)
Blessing, R. HJ. Appl. Crystallogr.1997 30, 421—-426.

(31) Sheldrick, G. MActa Crystallogr., Sect. A99Q A46, 467—473.

(32) Sheldrick, G. M.SHELXL-97 Universita Gottingen: Gdtingen,
Germany, 1997.

(33) Brandenburg, KDIAMOND; Universitd Bonn: Bonn, Germany,
1997.
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phenyl)-ethylidene]-ethylenediaminds accessiblé The
reaction of salicylaldehyde with a 100-fold excess of
ethylenediamine at low temperatures yields only symmetric

(34) Herdadez-Molina, R.; Mederos, A. I€omprehensie Coordination
Chemistry 1] McCleverty, J. A., Meyer, T. J., Eds.; Elsevier Ltd.:
Oxford, U. K., 2004; Vol. 1, pp 411446.

(35) (a) Lopez, J.; Liang, S.; Bu, X. Retrahedron Lett1998 39, 4199-
4202. (b) Janssen, K. B. M.; Laquierra, |.; Dehaen, W.; Parton, R. F;
Vankelecom, I. F. J.; Jacobs, P. Petrahedron: Asymmetrd997, 8,
3481-3487.
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H.salen. Thus, the key step in the synthesis of a triplesalenmass spectrometry, FTIR, elemental analysis, and NMR
ligand C is the preparation of a half unit, eith& or G. spectroscopy.
Several methods for the preparation and isolation of deriva-  The reaction of the ligandsgilen and Htaleri—8% with

tives of the parent salen half unit are described in the pjckel acetate in EtOH afforded [(talen)dliand [(talerrBy,)-
literature®*>3%3"We applied several of these methods for Nj'ly], respectively, as orange-red microcrystalline solids,
the synthesis of a triplesalen ligand and obtained a variety whereas the reaction ofgtalerN®: with nickel acetate had

of unexpected new compountfsThe successful synthesis g pe performed in DMF because of the poor solubility of
of the triplesalen ligand is based on the observation of Elias Htaler: in all other solvents, resulting in microcrystalline
and co-workers that the asymmetric diamine 1,2-diamino- req [(tale®®;)Ni''5] (Scheme 3). The successful synthesis of
2-methylpropane reacts with 2-hydroxyacetophenone by athe three trinuclear complexes was confirmed by mass
regioselective attack of the sterically less shielded amino gpectrometry, FTIR, and elemental analysis. Whereas [(tal-
group in the 1 position at the carbonyl function of the ketone gn)Nji;] and [(taleri8%)Ni";] are soluble in organic solvents

to give a derivative of the salen half uliit”’ The remaining  gych as CHCl,, CHCl, CHCN, or toluene, [(tale¥2)Ni'']
sterically more shielded amino group of this salen half unit js only sparingly soluble in DMF. Thus, only [(talen)Nj
reacts with salicylaldehyde to form an unsymmetrical salen 4, [(talefrB%)Ni" ;] have been characterized Hy and3C
derivative with one ketimine and one aldimine functién.  \MR spectroscopy in solution. The spectra are consistent
To apply this strategy to the preparation of a triplesalen it c,, symmetry for the trinuclear complexes exhibiting

ligand, we chose route B (Scheme 2) starting from the 4ny one singlet for the two methyl groups of the diimine
triketone1 of phloroglucinol (Scheme 3). The reactionbf s This is in contrast with the solid-state structures (vide

with excess 1,2—qiamino—.2—methylpropane (using the diamin_einfra), where the methyl groups of each dimethy! unit are

as a solvent) regpselecnvely )_/|elded the t_nplesalen half unit §iscriminated: one methyl group lies in the plane of the salen

2% Only the sterically less hindered amino group reacted g, it (equatorial methyl group), whereas the other is

with the carbonyl functions of the triketorie _ directed perpendicular to the salen subunit (axial methyl
The triplesalen ligand kalen was synthesized by reacting group). Thus, the interconversion betweeandd configu-

the triplesalen half uni2 with salicylaldehyde using the rations of the five-membered chelate ringsN—C—C—N

aldehyde as a solvefit.This protocol is not applicable for is fast on the NMR time scale

the use of 3,5-dtert-butyl-2-hydroxybenzaldehyde and 5-ni- Crystal and Molecular Structures. The crystal structures

tro-2-hydroxybenzaldehyde, which are solids. Thus, the o . A B
condensation of these two aldehydes with the triplesalen halfofllcomplexes [(te(x)len)ll;{l k- CHCl0 5toluené, .[(taleﬁ .uz)'
unit 2 has been performed in a minimum amount of EtOH, Ni', and [(talef¥*)Ni";]- SDMF were determined by single-

yielding the triplesalen ligands dtleri8% and Halerl: crystal X-ray diffraction at 153, 173, and 198 K, respectively.
in good yields as yellow and orange solids, respectively. The Each structure contains neutral trinuclear complexes in which

identity and purity of these ligands have been confirmed by °"¢ 6-fold-deprotonated triplesalen ligand (té}}én coor-
y purity g y dinates three Niions. The molecular structures of [(talett)-
(36) (a) Atkins, R.; Brewer, G.; Kokot, E.; Mockler, G. M.; Sinn, IBorg. Ni''s] and [(tale©2)Ni"3] are both displayed in Figure 1,

Chem.1985 24, 127-134. (b) Fernandey Garcia, M. I.; Fondo, M., and selected interatomic distances and angles are summarized
Garcia Deibe, A. M.; Fernandez Fernandez, M. B.; Gonzalez, A. M.

Z. Anorg. Allg. Chem2000 626, 1985-1991. (c) Costes, J.-P.; Dahan, I Table S1 (Supporting Information). The corresponding

E};Ol?uingilszi A.; Laurant, J.-PJ. Chem. Soc., Dalton Trand99§ values for [(talen)Ni3]-CHCIz+0.5toluené? are included for
(37) Bitcher, A:; Elias, H.; Eisenmann, B.; Hilms, E.; Huer, A.; Kniep, comparison. .The. Nllons_ are four-coordinated in a square-
R.; Réhr, C.Z. Naturforsch., B: Chem. Scl994 49, 1089-1100. planar coordination environment of two phenolate and two
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imine nitrogen donor atoms. Whereas [(tal€k)Ni''3]
possesses crystallograpl@e symmetry, [(talen)Nis]*8 and

[(talerO2)Ni";] exhibit no crystallographically imposed sym-

metry.

In [(talen)Ni'5], the Ni—O bond distances differ between

Glaser et al.

Figure 1. Molecular structures of the neutral trimers in crystals of (a)
[(taleri=BY)Ni"5] and (b) [(taleC2)Ni"3]-3DMF; thermal ellipsoids are
drawn at the 50% probability level; hydrogen atoms are omitted for clarity.

In [(taler©2)Ni"'3], the mean values are 1.82 and 1.85 A for
the central and terminal NiO phenolate bonds, respectively.

Some mononuclear nickel salen complexes exhibit rela-
tively strong intermolecular interactions in their crystal
structures. The parent complex [(salen)Ni] is best described
as a dimer{[(salen)Ni]}..3® No significant intermolecular
contacts occur in the trinuclear triplesalen complexes.
However, there are some close contacts in the crystal
structure of [(talen)Nis], with the shortest being an inter-
molecular C-C distance of 3.05 A between two phenyl rings
and an intermolecular NiC contact at 3.12 A.

the central and terminal phenolates. Whereas, the average An important feature of the overall geometry of these

Ni—O bond distance of the central phenolate is 1.82 A, itis
1.86 A for the terminal phenolates. This difference averages

in the tert-butyl derivative [(talefr®2)Ni"s] to 1.84 A for

both, the terminal and the central ND phenolate bonds.

5472 Inorganic Chemistry, Vol. 44, No. 15, 2005

trinuclear molecules is that they are not flat but bowl-shaped

(38) (a) Shkdhikova, L. M.; Yumal, E. M.; Shugarn, E. AZh. Strukt.
Khim. 197Q 11, 886. (b) Manfredotti, A. G.; Guastini, CActa
Crystallogr., Sect. 1983 39, 863.
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Table 1. Selected Structural Properties of the Nickel Triplesalen

C15, Complexes
[(talen)Ni]  [(talenB%)Nis]  [(talenN©2)Nis]
dy/A Nil 0.87 1.04 0.52
Ni2 0.69 0.20
Ni3 0.23 —0.16
mean 0.60 1.04 0.29
ob/deg Nil 24.1 32.5 16.0
Ni2 20.3 14.6
Ni3 9.0 10.6
mean 17.8 325 13.7
p¢ldeg Nil 9.7 10.2 111
Ni2 6.6 54
Ni3 111 11.9
mean 9.1 10.2 9.5
yd/deg Nil 23.4 35.6 6.6
Ni2 17.2 175
Ni3 19.2 8.1
mean 19.9 35.6 10.7
grentrale/deg Nil 15.7 258 9.6
Ni2 15.0 12.3
Ni3 55 15.1
mean 12.1 25.8 12.3
gteminalijdeg  Nil 1.9 3.6 121
Ni2 55 3.1
Ni3 2.2 105
mean 3.2 3.6 8.6
c35 ad is the shortest distance of a nickel ion from the best plane formed by

the six carbon atoms of the central benzene ring of the phloroglucinol

Figure 2. Molecular structures of (a) [(talen),8 (b) [(taleri-BY)Ni' 3],
and (c) [(talef*®)Ni"'s] drawn perpendicular to the central benzene ring of  penzene of the central phloroglucinol backbahg.is the angle between

backbone? o is the angle between the best planes of (3PNand (2)

the phloroglucinol backbone. the best planes of (1) 4, and (2) benzene of the terminal phenoldtg.

. o . . . . is the angle between the best planes of (1) benzene of the central
(Figure 2). A qualitative estimate by an inspection of Figure phloroglucinol backbone and (2) benzene of the terminal phendlBient

2 gives the following order of increasing distortion from —angle Ni— Xcenal— Xcenral fBent angle Ni— XM — Xz
planarity: [(taleN®)Ni"s] < [(talen)Ni's] < [(taleri B%)Ni"3].
Several geometric parameters allow for a quantitative
description of thi; distortion. A simple measure is provided nearly coplanar but with an offset.

by the shortest distanag of the nickel ions from the best As a result of the occurrence of all three kinds of
plane formed by the six carbon atoms of the central benzeney;isiortions (helical, V-shaped, and step) in the nickel

ring of the phloroglucinol backbone (Table 1). In [(talen)-  yinjesalen complexes, the above-defined distahisenot a

Nig, these values show a wide distribution with a mean value g ficient structural descriptor. A measure for the bending
_of 0.60 A.BThe_qu_ahtatlve estimate of a stronger dlst_ortlon or folding of the ligands is provided by the angles between
in [(talert ®*)Nig] is corroborated byd = 1.04 A (no dis- e N0, plane and the two benzene planes. Three different

tribution due to theéCs axes), whereas the qualitatively small - 55165 petween the calculated best planes are summarized
distortion in [(tale¥%2)Nis] is corroborated by a value of 0.29 in Table 1.o is the angle between the,®;, plane and the

A (the negative value for Ni3 in Table 1 corresponds to a benzene plane of the central phloroglucinol backbone,
displacement to the other side of the central plane). Although whereas$ is the angle between the,®, plane and the
these values provide a quantitative measure for deviationspyan-eane plane of the terminal phenolateis the angle

from planarity, they give no geometrical information for the  peqyeen the benzene planes of the central phioroglucinol and
influence on Ni-O bonding interactions. The NO bonding  {he terminal phenolates. A close inspection of these values

interactions seem to be of principle interest in the trinuclear demonstrates that in all three complexes, the bending of the
triplesalen complexes not only for understanding the electron i mina| phenolates is relatively small. The strong distortion

density at the metal iqﬁ%.(catalytic activity) but also for [(taler-B%)Ni"5] mainly originates from a bending of the
the electronic communication between the three medalen N,O, planes with the central phloroglucinol benzene plane

subunits through the bridging phloroglucinol backbone ).

(magnetic properties). Additionally, the occurrence of folding

in salen complexes has been recognized to be essential fo(40) Santos, 1. C.; Vilas-Boas, M.; Piedale, M. F. M.; Freire, C.; Duarte,

enantioselectivity in catalytic transformatiofis: (a1) Asovedo, F -de Carrondo, M. A AL .. de Gastro, B.; Convery, M.
The mononuclear complexes of salen-type ligands exhibit Domingues, D.; Freire, C.; Duarte, M. T.; Nielson, K.; Santos, I. C.

several forms of distortion from planari&:#°-43 V-shaped Inorg. Chim. Actal994 219, 43-54.

distortions, helical distortions of the benzene rings relative

to the central DO, plane and relative to each other, and steps
in the molecule caused by the two phenyl rings, which are

(42) Szlyk, E.; Wojtczak, A.; Larsen, E.; Surdykowski, A.; Neumann, J.
Inorg. Chim. Actal999 293 239.

(43) (a) Wojtczak, A.; Szlyk, E.; Jaskolski, M.; Larsen, &cta Chem.
Scand.1997, 51, 274. (b) de Castro, B.; Freire, C.; Duarte, M. T;
Minas da Piedade, M. F.; Santos, |.A:ta Crystallogr., Sect. @001
57, 370.

(39) Ottenwaelder, X.; Ruiz-Garcia, R.; Blondin, G.; Carasco, R.; Cano,
J.; Lexa, D.; Journaux, Y.; Aukauloo, Al. Chem. Soc., Chem.
Commun2004 504-505.

Inorganic Chemistry, Vol. 44, No. 15, 2005 5473



Glaser et al.

Scheme 4 a) 80— e
elical 1 —----Htalen*®
dis?c:ftiaon —E 60 T :z:;l::‘
S 404 :/’\"‘\ I/s
= r \ 1
distortion NN |
Although these angles provide more detailed information o \.L\',',
on the structural distortion as compared to that on the distance ] R
parameted, they cannot differentiate between a helical and 0 — Lt L —=
a folding distortion. Bending along an idealized line through b) 1 [(tale"t_B;Z)N'?] /
neighboring N and O ligands leads to a folding of thgOd 1009 77 {E:::::)Ni)]'\“a] I
plane and the ligand plane, whereas bending along a line g, ] [(salen)Ni] !
perpendicular to the former incorporating the Ni ion results 5 |
in a helical distortion of the two planes (Scheme 4). =608 7
To differentiate between ligand folding and helical distor- 2 -2‘ .,-' ,",'
tion, we calculated the bent angte(introduced by Cavallo - 40-2: ,.--',.'/ (,'
and Jacobsei) for the central Ni-phenolate units and for ) TolwZ el pX
the terminal Ni-phenolate units (Table 1). The bent angle 0 16000 20000 2000, Y
@ is defined byq) = 18C¢ — D(M _XNO_XR) (XNO = 0 . A.-..'a:.l;-"j/ , . ;
midpoint of adjacent N and O donor atoms; % midpoint 10000 20000 30000 40000
of the six-membered chelate ring containing the N and O viem’

- i ; i Figure 3. (a) Electronic absorption spectra ofddlen (CHCN), Hetalen
donor atoms). By this definition, the angjedescribes mainly (CgH3CN), éGtgle s (CH3CN),pan d hﬁale ri\‘ozﬁ(CHZCIg).héb) I)Elecetronic
the folding distortion and only minor effects of the helical apsorption spectra of [(salen)Ni (CHsCN), [(talen)Ni's] (CH.Cl),
distortion. A close inspection of the calculated values (Table [(talert®%)Ni"s] (CHzCl,), and [(taleft%)Ni"'s] (CH.Cl;). The inset shows
1) demonstrates that the folding of the terminal phenolates e ¢-d transitions.
in [(talen)Ni'5] and [(talefiBY2)Ni";] is relatively small and
is somewhat larger in [(tal®R2)Ni"3]. On the other hand,  Table 2. Spectroscopic Properties of the Triplesalen Ligands and Their

folding at the central phenolate units is more substantial in 11inuclear Nickel Complexes

all three complexes. The folding at the central phenolate unit  Hssalen Htalen Hitaleri-Bu. Hetaler'C:
is twice as large for [(talén®*)Ni''5] as compared to that 39100 (20000) 39500 (42 000) 38100 (24 700) 39 200 (sh)
for [(talen)Ni's] and [(tale2)Ni"]. 31600 (7900) 32400 (39000) 32 300 (sh) 30 800 (74 600)

Electronic Absorption Spectroscopy.To get some in- 281800 (42000) 29100 (31 300) 25000 (sh)

sights into the variation of the electronic structure by going  [(salen)NI'] [(talen)Ni's]  [(taleri~BU)Ni"3]  [(talerNO2)Ni'3]
from a mononuclear salen complex to a trinuclear triple- 39100 (48500) 39 400 (82 000) 38 600 (118 000) 39 800 (112 000)

salen complex, the electronic absorption spectra of the three (7500 33700 (s(h) ) 33400 (s(h) ) 33900 (s(h) )
i ~Bu o P 31000 (7500) 30000 (54 000) 29 800 (73500) 30 000 (91 000
ligands I—!;talen, Htaleri-8%, and Htaler! ziand 'Fhe|r tri 28 600 (sh) 26 500 (sh) 28100 (sh) 27300 (90 000)
nuclear nickel complexes [(talen)Nj, [(talert~B%)Ni'"3], and 26 100 (sh)

[(taleO2)Ni"5] were measured and compared to the spectra 24 600 (6000) 24 300 (sh) 24,200 (sh) 26 100 (sh)

22 000 (sh) 21 800 (sh) 22 400 (sh)

of the mononuclear model compoundssklen and [(salen)- 18 400 (140) 18400 (1100) 18 200 (1400) 1900 (sh)

Ni"]. The comparison of the ligand spectra is shown in Figure
3a, and the comparison of the complex spectra is shown in
Figure 3b. Spectral data are summarized in Table 2. moieties in Hsalen. In contrast, the overall intensity in the
H,salen exhibits a — * transition involving the imine 25 000-36 000 cm* region of Htalen is roughly 10 times
group around 32 000 cm, whereas the absorptions above larger as compared to that ofsélen. Instead of one —
36 000 cnt originate fromsr — 7* transitions associated ~ 7* transition at 32 000 cm* in H.salen, the spectrum of
with the phenolic Chromophoré@ﬁ“s The electronic spectrum Hetalen exhibits two intense bands in this region at 32 400
of Hetalen displays absorption maxima at 46 500, 39 500, and 28 800 cm". The introduction oftert-butyl groups in
32400, and 28 800 cm.!® The energy and line shape of Hstaleri™®% does not alter the overall shapes and energies
the high energy bands resembles that géaten with an of the transitions in the absorption spectrum. However, the
increase of the intensity by a factor of 2. This intensity intensity is significantly decreased insteleri-® (~66% of
increase is in accordance with a model of four noninteracting the intensity of Htalen below 36 000 crit). On the other

benzene moieties indtalen and two noninteracting benzene hand, the nitro groups in dthle'®: cause an enormous
intensity increase~186% of the intensity of ktalen below

(44) Bosnich, B.J. Am. Chem. S0d.968 90, 627—632. 36 000 cn1?) but with slightly changed band shapes. The
g;‘g} ggﬂg%f-F“r"agggft[fi'gg“du’;?ﬁigggzl_?;aﬁ;Zhjlo,-*; Marks, 7. 3. band shape of the strong absorption at 30 800'inticates

J. Am. Chem. S0d.997, 119, 9550-9557. the superposition of several transitions. There is one ad-
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ditional low-energy band around 25 000 chiThese changes 35000 cm?® exhibits strong absorptions with a 10-fold
of the spectra due to the introduction of a nitro group are intensity compared to the mononuclear model compound.
already evident in the spectrum of 4-nitrophenol as comparedAs observed in the free ligand, this tremendous intensity
to the spectrum of phenol. increase is indicative of an electronic coupling between the
Thus, the electronic structure of a triplesalen ligand cannot three Ni-salen subunits through the bridging phloroglucinol
be described as a 3-fold superposition of the electronic backbone. The features between 20 000 and 25 000 cm
structure of a salen ligand. The topology of the triplesalen are reproduced in the trinuclear complex, indicating no
ligand with the shared, bridging phloroglucinol unit results drastic change in the imine MLCT as compared to the
in an electronic communication between the three salen mononuclear complex. The intensity of the-dl transition
subunits. This interaction may be described by an enlarged(inset in Figure 3b) at 18 400 crhis increased by a factor
ot system resulting in an increase of absorption intensity at of 8 compared to that of the mononuclear model complex
lower energy. The intensity in this region and, thus, the [(salen)NI']. In D4y symmetry, the ligand field transitions
electronic structure of the triplesalen ligands can be modu- are all parity forbidden because of the presence of a center
lated by terminal substituents. Electron-donating grotgrs ( of inversion. TheC,, symmetry present in [(salen)Ni
butyl) yield an intensity decrease, whereas electron- removes the center of inversion, yielding a moderately strong
withdrawing groups (nitro) result in an intensity increase. d—d transition ¢ ~ 110 M~cm™1). The observed intensity
The absorption spectrum of [(salen)Ntonsists of aweak  in the spectrum of [(talen)Ni] (1100 M~1cm™?) indicates a
band at 18 400 cnt and three resolved absorption features more pronounced symmetry lowering consistent with dif-
in the 21 006-27 000 cm* range where no transitions occur  ferences in the metal ligand bonding interaction of the two
in the free ligand. Above 27 000 crj strong absorptions  O/N donor sets (central vs terminal).
occur with counterparts in the spectrum of the free ligand. The effects on substitution observed in the spectra of the
The two bands in the 27 0685 000 cm? region originate free ligands proceed in the spectra of the trinuclear nickel
from the firstz — z* transition of the free ligand (iminer complexes. The spectrum of [(taleft2)Ni'";] resembles that
— %).% The band at 18 400 cm was assigned as a-dl of [(talen)Ni's] with regard to band shapes and positions.
transition {A1g— Az Co, Symmetry: ¢, — die—?).454 The The nitro group in [(talet2)Ni's] leads to a substantial
three intense absorption features between 21 000 and 27 00(nhcrease of the absorbance at ca. 25 000'¢nvhereas the
cm™! are missing in the spectra of the free ligand and its 30 000 cnt? transition remains at largely the same position
zinc complex and have, therefore, been assigned to chargen all three Ni complexes. Thus, one may assign this latter

transfer (CT) transition' There are two possible types of
CT transitions: (1) p— d ligand-to-metal CT (LMCT)
transitions involving the p orbitals of the phenolate groups
as donor orbitals and (2)-¢ * metal-to-ligand CT (MLCT)
transitions involving ther* orbitals of the imine groups as
acceptor orbitals. Bosnich assigned the bands te d*
MLCT transitions* This assignment is in agreement with

absorption band to originate mainly from the-z* intrali-
gand transition of the central phenolate, whereas the 27 000
cm™ ! bands in [(talen)Nis] and [(taleri B%2)Ni"3] may result
from the corresponding transition of the terminal phenolates
that shifts to lower energy (ca. 25 000 cthin [(taler®s)-
Ni'3].

The only difference between the spectra of the free ligands

the data of Elias and co-workers, who showed that thesecompared to the spectra of the complexes is a reversal of
transitions do not occur in the corresponding tetrahydro salenthe intensity of the absorptions due to tieet-butyl substit-
complexes’” However, Marks and co-workers assigned these uents. Whereas in the ligand spectra, the intensity @f H

transitions as mixed LMCT and MLCT transitions because

talen is larger as compared to that oftaleri B, in the

of the mixed character of the molecular orbitals and states complex spectra, the intensity of [(taleft2)Ni"5] is larger

involving C=N and Q, charactef® The absence of any
resonance enhancement of O stretches in the rR spectra
of [(talen)Ni'3], [(talent~BY)Ni'"3], and [(taleffO2)Ni";] using

an excitation wavelength of 413 nm (24 313 ¢pvide infra)
argues against a strong contribution of phenolate LMCT to
the transitions in this spectral region of the trinuclear
complexes.

The spectrum of [(talen)Ni] exhibits strong absorption
features above 35000 crthat are similar in shape and
position to those of [(salen)Ni. However, an assignment
of spectral regions below 35 000 chto a specific kind of
transition analogous to that observed in [(salefj){\21 000
cm %, d—d; 21 006-27 000 cm?, CT; 27 006-35 000 cm'?,
C=N z—x*) is not evident in the spectrum of the trinuclear
complex [(talen)Nl3]. The spectral region from 25 000 to

(47) (a) Ballhausen, C. J.; Liehr, A. D. Am. Chem. Sod959 81, 538—
542. (b) Holm, R. HJ. Am. Chem. Sod.96Q 82, 5632-5636. (c)
Maki, G.J. Chem. Phys1958 29, 1129-1138.

as compared to that of [(talen)N].

In summary, the observed changes in the electronic
absorption spectra by going from,sdlen to Htalen,
Hetaleri 8%, and Htaler'®: and from [(salen)Ni] to [(talen)-
Ni"3], [(talenB%)Ni"5], and [(tale©2)Ni''s] may be inter-
preted by a strong electronic communication between the
three salen units involving molecular orbitals. Whereas in
the ligand spectra, intensities follow the trend of the
electronic effects of the substituents (Hammett values), they
do not in the spectra of the trinuclear complexes.

IR and rR Spectroscopy. In phenol and phenolate
derivatives, the €0 stretching coordinate provides the
dominant contribution to a mode in the region around 1250
cm~%. This mode is IR active, and in the parent ligangt H
talen, it can readily be assigned to a prominent band at 1279
cm L. The electron-donatingert-butyl groups shift this band
by only 4 cm! to lower energy at 1275 cm, but the
electron-withdrawing nitro groups lead to a 22 érshift to
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higher energy at 1297 cth The spectra of the free ligands
do not provide any indication for two different €O
stretching modes, implying that the strength of the@
bonds is essentially the same for the phloroglucinol and the
terminal phenol moieties.

This finding is particularly surprising for the phenol
derivatives carrying electron-donatirtgr-butyl) and electron-
withdrawing (NQ) substituents in ktaleri™®% and H-

a) [(talen)Ni,]

talerN%, respectively. It may be that intramolecular hydrogen ,-f_...,':r);”\,f(“:i-’: ____________ sw ]
bonds with the adjacent imine functions are different for the ,\W—\/
hydroxyl groups of phloroglucinol and the terminal phenols

such that the effect of the ring substituents on the electron
density of the C-O bonds is largely compensated. Addition-
ally, only one band attributable to the-© stretching can

be identified in the Ni complexes (Figure S1, Supporting
Information), implying that now the coordinative NO

bonds compensate the substituent effects on th® Gonds. e Y
Furthermore, in all three complexes, these modes are at 0

essentially the same frequengfftalen)Ni's], 1301 cm?; ’\r—”——
[(taleri—B%)Ni'"3], 1299 cn?; [(talemO2)Ni''5], 1299 cnTl}.
Note that the frequencies are in the typical range ofCC
stretchings in metal-coordinated phenolates (12B810

-Bu,

b) [(talen™)Ni,]

c) [(talen"*)Ni,]

cm).
In the rR spectra, excited at 413 nm (24 313 émthe 1.0 0.5 0.0 05 -1.0
C—O stretching modes cannot be detected, supporting the E/VvsFc/Fe

view that the electronic transitions between 23 000 and ggJUée 4. dC\{jS and ISWS in ngc'z So'll(l_fion{lo-logf' [’E‘(;"[?U?g%':&}: at

1 . . °C recorde at a glassy carbon working electrode. (a) [(tal€g V,
25000 cm?! have I|ttlle phenolate LMCT charapter (Vide  gcan rate 200 mv-d: SW, frequency 20 Hz. (b) [(talérP)Nil): CV.
supra). Except for this mode, most of the prominent bands scan rates 50, 100, 200 mV*ls SW, frequency 10 Hz. (c) [(taléR:)-
that are visible in the IR spectra are also detectable in theNi"sl: CV, scan rates 25, 50, 100, 200 mVisSW, frequency 20 Hz.
rR spectra and vice versa. Thus, resonance enhancement of

the Raman bands does not appear to be restricted to a specifil Oz substituted phenolates. Thus, most of the bands in the
chromophoric part of the metal complex. Following the spectrum are likely to originate from these aromatic rings.

assignment of the electronic absorption bands, the excitationThe ba_nd at 155_1 cmis assigne(_:l to the f’%s}’mme"ic DO
line is in rigorous resonance with the weak-dz* MLCT stretching that displays substantial IR activity. The second
transitions involving ther* orbitals of the imine groups and ~ Peculiarity of [(tale°)Ni'] refers to the aromatic €C

in preresonance specifically with the substantially stronger stretclhing_ region. Whereas both [(talféi)Ni"s] and [(tal-
x — 7* intraligand transition of the terminal phenolates. €NN's] display a single band at ca. 1615 chin the IR

Thus, one would expect that the modes that involve both @1d IR spectra, two F’l?nds at 1606 and 1623 ‘care
the aromatic and the imine stretchings gain the strongestoPServed for [(tale¥P)Ni's]. This splitting suggests that the

resonance enhancement. These modes are also likely to paromatic stretchings of the central and terminal phenolates
IR active such that the appearance of the same modes irfl© N0t appear at approximately the same frequency as those
both the rR and the IR spectra can readily be understood.n [(taler®%)Ni"s] and [(talen)N¥s]. However, NQ sub-
Pure imine stretching modes are usually observed at frequen-St't“t_'O” does not affect the arom.atlc stretchings of only the
cies higher than 1650 crh For conjugated imines, some- €rminal but also of the central ring.

what lower frequencies down to 1620 chihave been noted, Electrochemistry. Cyclic voltammograms (CVs) and

as in the cases of retinalimines. For [(taled)}\iand square-wave voltammograms (SWs) of [(talef}Ni
[(taleriB)Ni''5], no band can be detected in this region, [(taleri™®%2)Ni"s], and [(talef°2)Ni"s] have been recorded in
implying that the double-bond character of the imine groups CHCl> solutions containing 0.20 M [M¢Bu)s|PFs as a

is weakened. Consequently, the=N stretching coordinate ~ supporting electrolyte at a glassy carbon working electrode
may efficiently mix with the C-C stretching coordinates of ~ Versus a Ag/AgN@reference electrode. Small amounts of
the phenolates and, thus, contribute to the overlapping bandderrocene were added after the completion of each set of
between 1530 and 1580 cfnthat are partially only poorly ~ €xperiments as an internal standard, and all potentials are
resolved (Figure S1, Supporting Information). The rR referenced versus the H&c couple. Figure 4 shows the CVs
spectrum of [(tale¥2)Ni"5] displays a unique vibrational ~and SWs of the three complexes, and redox potentials
band pattern as it is dominated by the strong symmetrig NO obtained from the voltammograms are compiled in Table 3.
stretching at 1321 cm. This strong resonance enhancement  The tert-butyl-substituted complex [(tal&rf*2)Ni'5] ex-

is consistent with the assignment of the electronic absorptionhibits three reversible oxidation waves By, = 0.22 V,

at ca. 25 000 cmt to azr — r* intraligand transition of the  E?;, = 0.55 V, andE®;, = 1.00 V (Figure 4b). Clearly, the
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Table 3. Formal Electrode Potentials for Oxidation and Reduction (in
V vs Fc'/Fc) of Compounds [(talénP®)Ni'"3], [(talen)Ni's], and
[(talerN©)Ni'' ]2

oxidation reduction
[(taleri~BY)Nig] +1.00 +0.55 +0.22
[(talen)Ni] +1.08" +0.73" +0.32 —2.10"
[(talerN®2)Nig] +1.167 +0.52 —1.827

aMeasured at ambient temperatures in solutions of@H4containing
0.2 M [(n-BuyN]PFs. irr: redox process is irreversible; peak potentials are
given.

peak currents of the wave at 0.55 V are twice as high as
compared to the wave at 0.22 V. This indicates that the
former represents a two-electron oxidation (which was
confirmed by coulorimetric experiments, vide infra). At-

tempts to split this two-electron oxidation into two separate

one-electron oxidations by low-temperature measurements

and fast scan rates (up 6 V s at a microelectrode) failed.
The CV wave of the third oxidation is distorted by irrevers-
ible oxidations that occur at higher potentials. However,
inspection of the forward and reverse currents in the SW
indicates that this third (one-electron) oxidation is reversible
on the time scale of the CV and SW experiments.

The CV and SW of the parent complex [(talen)}i
displays three oxidations too, &fpox = 0.32 V, E?, ox =
0.73 V, E3,0x = 1.05 V, but they are largelirre versible
because of the lack of the stabilizing bulkert-butyl
substituents (Figure 4&j o« denotes the peak potentials for
oxidation). The peak potentials of the second and third
oxidation, coming off after an almost irreversible process,
are not too reliable. However, it is apparent that the first
oxidation of [(talen)Ni3], which shows some reversibility,
occurs at a potential 100 mV more positive than with
[(talert~B%)Ni";], because the electron-donating properties
of the tert-butyl groups facilitate oxidation.

The electronic effect of substituents is also seen with
[(talem®2)Ni''5], where the first (reversible) oxidation is
shifted, compared to [(talen)Nj, by 200 mV to the positive
direction as a result of the electron-withdrawing NO
substituents, which impede oxidation. A second oxidative
wave was observed with [(taléPy)Nis] too, but it was highly
irreversible (atE?, o« = 0.82 V; not shown). Coulorimetric
experiments established that the first oxidations of [(t&gn
Ni3] and of [(taleri B%)Ni3] are both one-electron processes.

At very negative potentials, there were highly irreversible
reduction processes observed with [(talefgNind [(tale©)-
Ni's], at —2.1 and—1.8 V, respectively, which might be
initiated by the Ni/Ni' couple, but which will not be
discussed further.

Spectroelectrochemistry. Controlled potential coulori-
metric experiments have been performed (&5 °C) at
appropriate fixed potentials for the reversible electron-transfer
waves of [(taleftB%)Ni";] and [(tale'®2)Ni'"5]. CVs and SWs

a) first oxidation

b) second and
third oxidation

20000 30000

Y/em
Figure 5. Controlled potential spectroelectrochemistry of (a) the one-
electron oxidation of [(talénB%)Ni"s] at El;, = 0.22 V and (b) the two-
electron oxidation of [(talénB%)Nig]* at E?, = 0.55 V at—25° C in
CH,Cl; solution{0.10 M [N(n-Bu)4]PFs}. The arrows indicate the observed
spectral changes during the oxidations. Note that the spectra are not taken
at a constant time interval but at a constant charge interval.

o=
10000

100

20000 30000

V/em
Figure 6. Controlled potential spectroelectrochemistry of the one-electron
oxidation of [(tale%)Ni''5] at E}, = 0.52 in CHCl, solution{0.10 M
[N(n-Bu)4]PFs}. The arrows indicate the observed spectral changes during
the oxidation. Note that the spectra are not taken at a constant time interval
but at a constant charge interval.

0-
10000

of oxidation and for measuring the electronic spectra of the
oxidized complexes.

The spectral changes that accompany the formation of the
one-electron oxidized products [(tale®2)Nis] ™ (Figure 5a)
and [(taleN2)Nis]* (Figure 6) are similar; the absorption
bands in the 21 008632 000 cm ! range decrease and
sharpen, and a new absorption baad-(2000 M~ cm™)
at low energies is formed (maximum below 10 000 ém
Reasonably sharp isosbestic points demonstrate that no other
species except the neutral form and the monocation is present
{the two isosbestic points around 17 000 émbserved with
[(taleri~B%)Nis]* are not ideal, but here, the OD values are
quite low}. The oxidations could be ligand-centered and
generate phenoxyl radicals that possess characteristic absorp-
tion bands at 24 00625 000 cn1™. It is interesting that with

before and after electrolysis were recorded and found to beboth complexes, a slight increase in absorption in this range

identical. This confirms the reversibility of the systems and
the stability of the oxidized species during the extended time
period of electrolysis (1500 s). UWis spectra recorded in
situ during electrolysis allowed for following the progress

is observed upon oxidatidrat 24 600 cm! with [(taleri Bt)-
Nig]™ and at 24 200 cnt with [(talemM©2)Nis] T}. However,
it is only small, and the EPR measurements (vide infra) reveal
unambiguously that at high temperatures, the predominant
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forms of the monocations are 'Nispecies. Therefore, these geff
(weak) bands in the monocations must have a different origin. 24 23 22 21 2 1.9
Figure 5b shows the spectral changes associated with the T T T
two-electron oxidation of [(talérP)Nis] * to [(taleri B%)Ni]3". !
A strong absorption band around 30 300 ¢énarises; the /
shoulder at 24 600 cn observed in the monocation shifts /
to 24 200 cm* and increases in intensity, while an additional ;
strong band in the low-energy range appears (at 11 708;cm
€ = 7200 Mt cm™Y). The spectral changes follow the same
pattern during the whole two-electron electrolysis under the
formation of isosbestic points. There is no YVis-spectral
indication for the appearance of a discrete [(tal@)Niz]>"
species. This could indicate that the dication disproportionates
because it is easier to oxidize than the trication; that is, it is
mainly the trication and monocation that coexist in solution
and generate the spectral changes.

dy' / dB

54% Ni'"

+ 46% rad.
2[(taler B)Ni 2" = -

[(talert ®2)Nig]** + [(taler ®*)Nig]*

However, after oxidation with one electron per trinuclear
monocation, the EPR signal of the monocation did not drop
to one-half but was found to have largely decayed (vide
infra). Therefore, the dication is expected to exist in solution,
and the spectral changes in going from [(t&l€#)Nis] " to
the dication and further to [(tale®%)Nis]®" are purely
additive, because the natures of the (independent) oxidation 280 300 320 340 360
processes are the same for the dication and trication. Since B/mT
no radical signal was observed with the trication by EPR Figure 7. X-band EPR spectrum of electrogenerated [(taf#)Nis] * in
Speciroscopy at low temperatures, the two oxidations may 2761 CHCJ t 10 Condtons: mirowaye fequency, 04372 Gri
both be nickel-centered, or they are ligand centered andihe simulation (tracea—c).
tautomerize to a Ni species at low temperatures, similarly

as observed in the oxidized monomeric complex [(Sgen The ratio of the NI'-to-radical subspectra is temperature-
Ni] .48 dependent (Figure 8). By increasing the temperature, the
EPR SpectroscopyThe neutral complexes [(talen)N], intensity of the radical species reversibly decreases and vice
[(taleri~B2)Ni"3], and [(tale’¥°2)Ni"s] are EPR silent because versa (Figure 8% For each temperature, careful inspections
of the diamagnetism of square-planar coordinatet(tifi, S of the power dependencies of the spectra have been
= 0). In contrast, the electrochemically generated oxidized performed to avoid saturation or rapid passage effects. The
forms of [(taleri B*2)Ni3] and [(tale’'®)Nis] are EPR active.  interconversion of the Ni species to the radical species

The X-band EPR spectrum of [(taleB2)Nis]* measured at  shows a temperature-dependent equillibrium in the measured
10 K under nonsaturating conditions consists of two sub- temperature range-4100 K. The intensity ratio of Ni and
spectra, as shown in Figure 7. Deconvolution and simulation radical spectra was determined from the simulation of a series
clearly establishes that tw®= '/, species are present. One of spectra, as shown in Figure 8a, for example, by using the
subspectrum (54% intensity, tra¢g exhibits a strongg sameg tensor and line widths parameters taken from the 10

anisotropy (2.294, 2.238, 2.023) with severe deviation from K measurement throughout. The result is depicted in Figure
Oe» Whereas the other subspectrum (46%, t@oexhibits a 8b.

nearly isotropicg tensor (2.065, 2.036, 2-005)_C|°?69§ Figure 9 displays the EPR spectral changes associated with
The former spectrum belongs to a metal-oxidized X&', the oxidation of [(talefT®%)Ni] to the trication [(talefr8w)-

S= 1_/2) speci_es_ with a @1 grour_nd staté*?and the Iatte_zr . Nig]®". The spectrum of the monocation has been analyzed
to a ligand-oxidized radical species. The observed deviation;, qetail above. The spectrum of the dication [(talBA)Ni5]2"
from 2.0023 demonstrates that this radical is coordinated t0,,.5 obtained after a roughly one-electron oxidation equiva-

. I .
a diamagnetic Niion. The covalent overlap of the radical lent of the two-electron oxidation &2, = 0.55 V was

p orbi.tals with the metal orbitalls results in some spimbit consumed. Overall, the spectrum of the dication [(taRsy)-
coupling and, thus, to the deviation from 2.0023. Ni3]?* exhibits much weaker intensity, in accordance with a

(48) Shimazaki, Y.; Tani, F.; Fukui, K.; Naruta, Y.; Yamauchi, DAm.

Chem. Soc2003 125 10512-10513. (50) Some decomposition of the oxidized species [(faf¥)Nis]™ is
(49) Freire, C.; de Castro, B. Chem. Soc., Dalton Tran$998 1491— observed during the temperature cycle with a signal of the decomposi-
1497. tion product aroundy = 2.1.
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Figure 8. (a) Temperature dependence of the X-band EPR spectra of
electrogenerated [(taler®)Nig]* in frozen CHCI,. The spectra have been T T T T T T

measu?ed with int[:(reasing) an]d decreasing temperaturg in the order of trace 300 310 32§ / T33° 340 350

ato tracef. The intensities are normalized to the intensity of the Kignal ) m o

atg = 2.3 to emphasize the reversible radical signal decrease by increasingFigure 10. X-band EPR spectrum of electrogenerated [(t4feNig] * in
temperature and vice versa. (b) Temperature dependence of theioNi  rozen CHCI; at 10 K. Conditions: microwave frequency, 9.6310 GHz;
radical ratio obtained by simulation of the X-band EPR spectra. The solid Modulation amplitude, 10 G; power, 20Q%/. See the text for details of
line is an exponential curve serving as a guide for the eyes. the simulation (tracea—c).

A monocation [(talehB%)Ni3]* is remarkable. Consequently,
,’:I deconvolution and simulation confirms the presence of two
& S= 1, species. The Ni subspectrum (57% intensity, trace

' b) is characterized by an anisotrogj¢ensor (2.268, 2.225,

2.026), whereas the radical subspectrum (43%, trace a) shows

dy"/ dB

I
|
--- 1. oxidation i ,: a nearly isotropig tensor (2.062, 2.037, 2.001). This striking
_§ °Xigat!0" L similarity in the EPR spectra of [(tale®*%)Nis]* and
' 'O'X' a 'oln "‘l. . [(talem2)Nis] ™ is an unambiguous proof for the similarity
280 300 320 340 360 of their electronic structures, in particular, the site of
o o x.band EPR B/ ?‘Tl o [ERRNiL " oxidation and the degree of delocalization, whereas the slight
igure 9. -ban spectrum (o) eectrogenerate 13|, H H H
[(talert B%Nig2", and [(talefrB:)Nise* in frozen CHCl, at 10 K. d|fferences in _thegtensors demonstrgte the influence of the
Conditions for [(talefrB:)Nig]*: microwave frequency, 9.4372 GHz;  terminal substituents on the electronic structures of the metal
modulation amplitude, 12 G; power, 50:MV. For [(taleri-B4)Niz]2t: sites.

microwave frequency, 9.4368 GHz; modulation amplitude, 12 G; power,
50.4 uW. For [(taleri B%2)Nis]3": microwave frequency, 9.4370 GHz; Discussion
modulation amplitude, 12 G; power, 5Q4V. Note that the use of one set

of experimental conditions allows the direct comparison of the amplitudes.  \/griation of the Electronic Structure of the Triplesalen

Complexes by Changes in the Substituents of the Ter-
formal integer spin system probably due to spin coupling. minal Phenolates.The stepwise assembly of the triplesalen

The main contribution is a broad spectrum wgtkalues of ligands based on the isolation of the triplesalen half @nit
2.37, 2.24, and 2.11. A weak radical signal due to the opens the opportunity to easily introduce, in the last step,
presence of some monocation [(tdi@)Nig]™ is still different terminal phenoles. Thus, a control over the elec-

detectable. The spectrum of the fully oxidized species tronic properties of trinuclear complexes may be envisioned
[(taleri~B%)Nis]®* gains in intensity (formally a half-integer by the electronic properties on the substituents of the terminal
spin system). The radical species has disappeared completelyphenolates. A useful objective would be the possibility to
and a broad signal with values of 2.28, 2.25, and 1.96 is  control the electronic communication of the three coordinated
detectable. metal ions in a trinuclear triplesalen complex. This control
Figure 10 shows the X-band EPR spectrum at 10 K of would allow an optimization of the cooperative interaction
electrochemically generated [(ta¥B)Nis] ". The similarity between the metal ions in catalysis and, in particular, the
to the analogous spectrum of thert-butyl-substituted ability to tune the exchange coupling in paramagnetic
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complexes. As the electronic communication between the
three metal ions is mediated by the central mefdlenolate
bonds (bonds in Scheme 5), a strengthening of these bonds
would increase the interaction between the metal ions. An
indirect handle for influencing the central metghenolate
bondsa is provided by a variation of the terminal metal
phenolate bonds (bondlsn Scheme 5). In accordance with
Pauling’s electroneutrality principle, a weakening of the
terminal bond$ would strengthen the central bondsnd
vice versa. This indirect manipulation of the covalency of a
specific metat-ligand bond by changes in the electronic
characteristics of the remaining metéiband bonds has been
experimentally quantified by ligand K edge X-ray absorption
spectroscopy? In this respect, the introduction of thert-
butyl groups (Htaleri-B%) should lead to stronger bontis
and weaker bonda as compared to those of complexes of
the parent ligand kfalen, whereas the use of the nitro groups
(Hetaler®2) should result in weaker bonds and, thus,
stronger bonds.

The comparison of the electronic absorption spectra of the
mononucleating salen ligand to the spectra of the trinucle-
ating triplesalen ligands demonstrates a strong intensity
increase below 36 000 crhindicative of an increased
system. The intensity in this region and, thus, the electronic
structures of the triplesalen ligands are modulated by the
terminal substituents. Electron-donating grougest{butyl)
yield an intensity decrease, whereas electron-withdrawing
groups (nitro) result in an intensity increase. These results
are in accordance with the measured reduction potentials for
the [(taled)Nis]" + e — [(talen)Ni3] electron-transfer
process. The potential of the parent [(talen)dbmplex of
0.32 V versus Ft/Fc is cathodically shifted to 0.22 V versus
Fc'/Fc in [(taleri B%2)Niz] because of the introduction of the
tert-butyl groups, whereas the introduction of a nitro group
results in an anodic shift to 0.52 V versus *Hec in
[(talerN®2)Ni3]. Thus, the overall electron density in the redox
active orbitals has been modulated by the terminal substit-
uents. The trends in the redox potential and in the absorption
intensity follow the trend in the respective Hammett values.

The increased intensity of the—d transitions in the
trinuclear nickel triplesalen complexes as compared to that
in the mononuclear nickel salen complex reflects the asym-

(51) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, BAdc. Chem.
Res.200Q 33, 859-868.
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metry in the nature of the nickel phenolate bonding between
the central bonda and the terminal bonds. Additionally,

the absorption features between 20 000 and 25 000 ane
reproduced in the trinuclear complexes, indicating no drastic
change in the imine MLCT as compared to that of the
mononuclear complex.

However, the trend observed in the absorption spectra of
the free ligands is not reproduced in the absorption spectra
of the trinuclear complexes where the intensity follows the
trend R= H < tert-butyl < NO,. This trend indicates that,
besides the control by the electron density on the terminal
phenolates, a further effect modulates the electronic structure
of the trinuclear complexes.

The comparison of the NiO distances provides an
additional argument that the electronic structure in the
trinuclear complexes is modulated by a further effect. The
short bonda (1.82 A) in comparison to the long boibd1.86
A) in the parent complex [(talen)Ny] reflects the intrinsic
difference in the covalency of the NOPh bonds due to
the asymmetry between a central and a terminal phenolate.
The shortening of bondb (1.84 A) accompanied by the
lengthening of bondh (1.84 A) in thetert-butyl derivative
[(talert~B%)Ni''5] may be attributed to the electronic effects
of the terminal electron-donating groups. However, the small
decrease in the length of bortal (1.85 A) in the nitro
derivative [(talef®)Ni"s] accompanied by no significant
effect on bondh as compared to the parent complex [(talen)-
Ni''3] is a clear indication that the nickel phenolate bonding
is not only mediated by the nature of the terminal phenolates.
This is especially true when taking into account that a nitro
group induces stronger effects as compared terebutyl
group (vide supra).

We attribute this additional effect to a change in the
orientation of the phenolate p orbitals relative to the nickel
d orbitals by ligand folding imposing a change in the niekel
phenolate bonding. A detailed analysis of the ligand folding
reveals that the bending of the terminal phenolates in [(talen)-
Ni'5] and [(taleriB2)Ni";] is relatively small and that it is
somewhat larger in [(taléfR2)Ni"s]. On the other hand,
folding at the central phenolate units is more substantial in
all three complexes. The bending at the central phenolate
unit is twice as large for [(talérP"2)Ni";] as the folding for
[(talen)Ni'5] and [(tale®)Ni";]. These geometrical changes
modulate the nicketphenolate bonding. One of the three p
orbitals of a phenolic oxygen atom is mainly involved in
the strong G—O bond. In a planar arrangement of the
phenol ring relative to the D, coordination plane with
generally observed -€0—Ni angles of~125-13C, one of
the remainig O p orbitals is used for a pseudobond to
the metal and the second forrebond to the metd Folding
of the ligand leads to a situation where a strict distinction of
o andz bonding is not feasible anymore. The overlap of
the oxygen pseuda orbital with the NI' de_,2 orbitals
decreases, whereas an overlap of the oxygerbitals with
the Ni' de_2 orbitals develops upon ligand bending. Thus,
the strong bending at the central phenolate in [(tafégNi" 5]
opens an overlap of the phenolaterbital with the Ni gz_2
orbital that is absent in the nearly planar arrangement of
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[(talem92)Ni"5]. This additionalzz-conjugation pathway is K, the EPR spectra of a Nispecies g, = 2.30,9, = 2.24,
evidenced by the stronger absorption intensity in the spectrumgs = 2.02, get = 2.19) and of a ligand-centered radical
of [(taleri B%)Ni"3], as it was expected by comparison to species @iso = 2.04). The ratio of these two species is
the spectra of the free ligands. temperature-dependent. Such isomeric species with spectro-
In summary, two opposing effects mediate the central scopically well-defined differences in their charge distribu-
nickel-phenolate bonding and, thus, the electronic com- tions have been called valence tautontérs contrast to
munication between the nickel ions: (a) The introduction the mononuclear complex [(sal@Ni]*, in the trinuclear
of tert-butyl (nitro) groups weakens (strengthens) the central complex [(talefrB%)Ni3] *, the radical signal disappears with
nickel-phenolate bonds because of a change of the increasing temperature, giving rise to a purd' Npecies at
covalency of the terminal phenolate borlisand (b) the higher temperatures. A strong band at 9070 €¢ta = 3000
introduction of thetert-butyl (nitro) groups results in a M~!cm™) in [(saler)Ni]* was assigned to an intervalence
folding (no folding) of the ligand, opening a new bonding transition. Analogous intense bands below 10 000'dmave
pathway (no new bonding pathway) that strengtens (weakens)also been detected in the trinuclear oxidized species.

the central nicketphenolate bonda. . The EPR spectrum of [(tal&)Nis]* at 10 K also displays
Valence Tautomerism in the Oxidized [(talerf)Nis]* two subspectra, and their parameters as well as the ratio of
SpeciesThe electrochemistry of mononuclear nickel salen the two subspectra are close to those of [(taf)Nis]*.
complexes has been intensively studie.>?The parent  Thys, the electronic structures of the two oxidized species
complex [(salen)Ni] shows a reduction at low potentials of [(t31e'®;)Nis]* and [(talefrB)Ni]* are strongly related.

~ —2Vversus F¢/Fc and an oxidation around 0.5 V versus - Thjs is a clear indication that the radical species is associated
Fc'/Fc. Whereas the reductive wave shows a reversible yith the central benzene of the phloroglucinol backbone.

behavior independent of the solvent used, the oxidative waveTerminal phenoxyl radicals would display different EPR
shows a reversible behavior only in solvents with good donor gpectra for [(taleit®%)Nis]* and [(taleA)Ni''s]*.

capability and an irreversible behavior in solvents that interact
only weakly with metal ions. The current of the irreversible
waves increases during consequent sweeps. This behavio?
was attributed to a Nito Ni" oxidation in good donor
solvents with stabilization of the high oxidation state by
concomitant increase of the coordination number, whereas
in poorly coordinating solvents, the oxidation process is
ligand-centered. The ligand-centered oxidation initiates an
oxidative polymerization at the electrode surface. Methyl
substitution at the para position inhibits polymerization,
whereas methyl substitution at the ortho postion only does
not. One may conclude that oxidation occurs regardless of
the solvent, at first, at the nickel ion, which is either stabilized
by a donor solvent or oxidizes, in a second step, the ligand
in the absence of stabilizing donor solvents. For complexes
of ortho- and parasubstituted salen ligands, two oxidative
waves may be resolved that have been assigned td'a Ni
oxidation followed by an additional ligand oxidation. The
electrochemically generated complex [(s&)iii] * exhibits

a temperature-dependent equilibrium between a metal- . i
oxidized and a ligand-oxidized species.-At50°C, the EPR In the mononuclear complex [(sal§Ni] *, the Ni'" species

spectrum shows only the typical signal of d'Nipecies g is energetically favored at low energies and the radical
= 2.30,, = 2.23,05 = 2.02, et = 2.18), whereas at 80 species is entropically favored at higher temperattir@his

°C, only that of a phenoxyl radical species is preseis € entropy gain might be associated with the two possible
2.04)48 phenoxyl radical species that are energetically degenerated.
It is interesting to compare these results with the oxidation Howevgr, n Erhe tnmljlclear species [(tafett)Nis] " and
process of the trinuclear nickel triplesalen complexes. [(taler®)Ni"3] ", the Ni" species is not energetically favored
Electrochemically generated [(tale®%)Nis]* displays, at 10 compared to the radical species. This might be attributed to

The concomitant detection of both valence tautomers
radical and NI' species) and their temperature-dependent
nterconversion in the trinuclear complexes [(tai€#)Nis] *
and [(taleM%2)Ni"5] " as well as in the mononuclear complex
[(saler))Ni]* indicates that these pairs of valence tautomers
have comparable energies, that is, quasi-degenerate ground
states* The temperature dependence of the equilibrium is
considered to be entropy drivéhin the well-established
cobalt dioxolene valence tautomer systéfnghe main
contribution of the entropy change is associated with a
change in the coballigand bond length as a result of
occupation of cobalt* antibonding orbitals and a higher
density of vibrational level&*®® In the case of the nickel
triplesalen (as well as salen) systems, the two valence
tautomers are associated with eithet Niw spin (d?)? or
Ni'" low spin (d2)*. The @ orbital is not directed to a ligand
and is, thus, overall nonbonding in nature. Thus, no dramatic
change in the bond lengths is expected for the two forms,
and the vibrational entropic driving force should be reduced.

(52) (a) Kapturkiewicz, A.; Behr, Blnorg. Chim. Actal983 69, 247— (53) Buchanan, R. M.; Pierpont, C. G.Am. Chem. S0498Q 102 4951~
251. (b) Opallo, M.; Behr, B.; Kapturkiewicz, A. Electroanal. Chem. 4957.
1985 162 427-432. (c) Goldshy, K. A.; Blaho, J. K.; Hoferkamp, (54) (a) Dei, A.; Gatteschi, D.; Sangregorio, C.; SoraceAtc. Chem.
L. A. Polyhedron1989 8, 113-115. (d) Bdtcher, A.; Elias, H.; Jger, Res.2004 37, 827—-835. (b) Shultz, D. A. IlMagnetism: Molecules
E.-G.; Langfelderova, H.; Mazur, M.; Mier, L.; Paulus, H.; Pelikan, to Materials Miller, J.-S., Drillon, M., Eds.; Wiley-VCH: Weinheim,
P.; Rudolph, M.; Valko, MInorg. Chem.1993 32, 4131-4138. (e) Germany, 2001; Vol. Il, pp 281306.
Leung, W.-H.; Chan, E. Y. Y.; Chow, W. K. F.; Williams, I. D.; Peng, (55) Adams, D. M.; Dei, A.; Rheingold, A. L.; Hendrickson, D. l.Am.
S.-M.J. Chem. Soc., Dalton Tran$996 1229-1236. (f) Vilas-Boas, Chem. Soc1993 115 8221-8229.
M.; Freire, C.; de Castro, B.; Christensen, P. A.; Hillmann, Alrierg. (56) (a) Pierpont, C. G.; Lange, C. \Wrog. Inorg. Chem1994 41, 331—
Chem.1997, 36, 4919-4929. 442. (b) Pierpont, C. GCoord. Chem. Re 2001, 216, 99—125.

Inorganic Chemistry, Vol. 44, No. 15, 2005 5481



Glaser et al.

a class Il delocalizatiotf of the central phenoxyl radical  the efficiency of a chiral pocket formed by a mononuclear
Ni" species over all three phenolate'dites. The entropy  salen complex to a chiral half bowl created by a triplesalen
gain associated with the Nispecies might then be attributed ligand in enantioselective catalysis is currently being pursued.

to the degeneracy of the thfe(?IISit?If' for thé Niidation. The oxidized trinuclear nickel triplesalen complexes are
Thus, tge mixed valence NiNi" Ni" form should be of jntrinsically mixed valence because of three nieksdlen
class II: subunits. Additionally, this oxidized species exhibits a

valence tautomerism between a metal-centered oxidation to
Ni"" and a ligand-centered oxidation to a phenoxyl radical.
We have synthesized a series of triplesalen ligands thatThe comparison between [(taleft2)Nis] " and [(talef¥O2)-
bridge three salen coordination environments imata Nis] ™ establishes that the ligand-centered oxidation occurs
phenylene arrangement by a common phloroglucinol back- at the central benzene ring. The delocalization of this
bone. The hexa-anionic forms are triple tetradentate ligandsphenoxy! radical over three nickephenolate subunits
and are capable of coordinating three transition metal ions, stabilizes this radical compared to the analogous phenoxyl
as demonstrated by the synthesis of their trinuclear nickel radical of a mononuclear [(salgNi] . This delocalization
complexes. The three nickesalen subunits are electronically proves the strong electronic communication of the three
conjugated through the system of the central phloroglucinol  nickelsalen subunits through the central phloroglucinol unit.
unit, which might be useful for cooperative effects in The use of paramagnetic transition-metal ions with a triple-
catalysis. Moreover, theert-butyl-substituted complex salen ligand is currently being pursued in our laboratory.
[(talert~B%)Ni"5] forms a chiral half bowl. The interconver-
sion between the two racemic forms is fast on the NMR time ~ Acknowledgment. T.G. gratefully acknowledges Profes-
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are options for the application of the trinuclear triplesalen
complexes in enantioselective processes. The comparison og(_

Conclusions
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