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A series of dinuclear complexes of Mn(lll), Fe(lll), and Co(lll) with two diazine Schiff bases, Hpsalhn and H,-
mesalhn, is reported. The Schiff bases are prepared by condensation reactions of hydrazine with salicylaldehyde
(Hzsalhn) and with 2-hydroxyacetophenone (H.mesalhn) in 1:2 mol ratio. X-ray crystallographic characterization
reveals triple helical structures of [Coy(salhn)s], [Coy(mesalhn)s], and [Fex(mesalhn)s]. In each complex, three
dinucleating O,N,N,O donor ligands provide three diazine (=N—-N=) bridges between the metal ions and facial
O3N3 coordination spheres around them. The ligands are twisted about the N-N single bond and coordinate to the
two metal ions in a helical fashion to generate the triple helical structure. The dicobalt(l1l) complex of mesalhn?~
is Ds-symmetric, while the diiron(lll) analogue is very close to being of this symmetry. On the other hand, the
dicobalt(lll) complex of salhn?~ significantly deviates from the ideal Ds-symmetry due to the large range covered
by the twist angles of the three ligands. In the crystal lattice of these complexes, intermolecular C—H-+-O, C—H-
+*N, O—H---0, C-H---Cl, and sr— interactions involving the complex and the solvent molecules lead to one- and
two-dimensional supramolecular structures. The complexes [Fex(mesalhn)s] and [Co,(mesalhn)s] are redox active
and display two successive metal-centered reductions on the cathodic side of Ag/AgCI reference electrode. Weak
antiferromagnetic spin-coupling is operative between the two metal ions in [Mny(salhn)s] (J = -0.57(1) cm~?) and
in [Fex(mesalhn)] (J = —2.82(4) cm™Y).

Introduction metal ions that prefer octahedral coordination afford triple
helicates with such ligands possessing bidentate binding
Sllmits.3 Bis Schiff bases derived from hydrazine fall in this
class of ligands, in which the two chelating sites are
connected directly by a single bond. These easily prepared
and inexpensive diazine ligands which provide thbl—

N= fragment as the bridging unit between the two metal

ions are extremely efficient in producing dinuclear metal-

The study of helical coordination complexes or helicates
has become an area of intense research activity over the pa
decadé-. The interest in such complexes is primarily due to
their potential applications in enantioselective processes,
designing optical devices and magnetic materials, probing
DNA structures, and understanding helical self-organization
processes operative in natd@Design and synthesis of such
hehcaFes r_equ're ligands containing two or more metal (2) (a) Kahn, OMolecular MagnetismVCH: Weinheim, Germany, 1993.
chelating sites that are connected to each other by a spacer. ~ (b) Chen, C.-T.; Suslick, K. SCoord. ChemRev. 1993 128, 293.

; ; ; ; ; (c) Kesanli, B.; Lin, W.Coord. Chem. Re 2003 246, 305. (d)
!f the cqordlnatlon of metal ions to t.he chelapng S|Fes results Matthews. C. J.- Onions, . T.. Morata. G.: Davis. L. 1 Heath, S. L.
in a twist along the spacer, a helical configuration of the Price, D. JAngew. Chem., Int. EQ003 42, 3166. (€) Vaquez, M.;
ligand around the metal ions is produced. Metal ions that Taglietti, A.; Gatteschi, D.; Sorace, L.; Sangregorio, C.; Gonz'alez,
. . . A. M.; Maeiro, M.; Pedrido, R. M.; Bermejo, M. RChem. Commun.
prefer tetrahedral coordination afford double helicates, and 2003 1840. (f) Schoentjes, B.; Lehn, J.-Miely. Chim. Acta1995

78, 1. (g) Meistermann, I.; Moreno, V.; Prieto, M. J.; Molderheim,
*To whom correspondence should be addressed. E-mail: spsc@ E.; Sletten, E.; Khalid, S.; Rodger, M.; Perberdy, J.; Isaac, C. J.;

uohyd.ernet.in. Rodger, A.; Hannon, M. JProc. Natl. Acad. Sci. U.S.£2002 99,
T Dedicated to Professor Animesh Chakravorty on the occasion of his 5069.

70th birthday. (3) (a) Lehn, J.-M.; Siegel, J.; Harrowfield, J.; Chevrier, B.; Moras, D.

(1) (a) Lehn, J.-M.Supramolecular ChemistrytCH: Weinheim, Ger- Proc. Natl. Acad. Sci. U.S.A987, 84, 2565. (b) Constable, E. C.
many, 1995. (b) Piguet, C.; Bernardinelli, G.; HopfgartnerCBem. Tetrahedronl992 48, 10013. (c) Kiaer, R.; Lehn, J.-M.; Marquis-
Rev. 1997 97, 2005. (c) Williams, AChem—Eur. J.1997, 3, 15. (d) Rigault, A.Proc. Natl. Acad. Sci. U.S.A993 90, 5394. (d) Houghton,
Albrecht, M.Chem. Re. 2001, 101, 3457. (e) Hannon, M. J.; Childs, M. A.; Bilyk, A.; Harding, M. M.; Turner, P.; Hambley, T. WJ.
L. J. Supramol. Chem2004 16, 7. Chem. Soc., Dalton Tran4997, 2725.
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lohelicates due to the twisting along the-N single bond. 1,'* the two pseudooctahedral metal ions are bridged by three
The neutral -donor Schiff baséN,N'-bis(picolinylidene)- diazine EN—N=) moieties from the three ligands and each
hydrazine was the very first ligand of this type used to ligand is twisted along the NN single bond in these
synthesize dinuclear complexes of bivalent transition metal complexes. In the solid state, barring the molecule$ thie
ions# Triple helical structures were suggested for these molecules of the other two complex&sand5) do not have

cationic complexes. The X-ray structure of a dicobalt(ll)
complex with the Schiff base derived from 2-acetylpyridine
and hydrazine was the first confirmation of the triple helicate
motif in this type of complexe3In recent times, a number
of structurally characterized helical complexes have been
reported withN,N'-bis(picolinylidene)hydrazine or its deriva-
tives$ In contrast, there are very few reports on structurally
characterized complexes with the very similasQ¥-donor
Schiff baseN,N'-bis(salicylidene)hydrazine @gdalhn, two H's
stand for the dissociable phenolic protons). The crystal
structure of Hsalhn is knowr. The compound is in the usual
trans configuration with two intramolecular----N hy-
drogen bonds. Two complexes, [(GEh(u-salhn)Rh(COy8

and [ CosL(CH3;COO)(CHO)3} 2(u-salhn)P (Hal is 2,6-bis-
((salicylideneamino)methyl)-4-methylphenol), reported ear-
lier contain salh#r as the bridging ligand. In both the
complexes, the diazine fragment of sathris the only
bridging unit between the two metal ions and it is in trans

the idealDs; symmetry.

Experimental Section

Materials. The Schiff bases k$alhn and Hmesalhn were
prepared in~95% yield by condensation reactions of 1 mol equiv
of hydrazine and 2 mol equiv of salicylaldehyde or 2-hydroxyac-
etophenone in methanbi13All other chemicals and solvents used
in this work were of analytical grade available commercially and
were used without further purification.

Physical MeasurementsMicroanalytical (C, H, N) data were
obtained with a Thermo Finnigon Flash EA1112 series elemental
analyzer. Infrared spectra were collected by using KBr pellets on
a Jasco-5300 FT-IR spectrophotometer. A Shimadzu 3101-PC UV/
Vis/NIR spectrophotometer was used to record the electronic spectra.
The proton NMR spectrum was recorded with the help of a Bruker
400 MHz spectrometer. The EPR spectra were recorded on a JEOL
JES-FA200 spectrometer. Solution electrical conductivities were
measured with a Digisun DI-909 conductivity meter. A CH-
Instruments model 620A electrochemical analyzer was used for
cyclic voltammetric experiments with dimethylformamide solutions

configuration as in the free Schiff base. Recently, we have 4 5 and3 and dichloromethane solutions 4fand5 containing
reported a diruthenium(lll) complex, [ROl(PPR)o(u-Cl)-- tetrabutylammonium perchlorate (TBAP) as supporting electrolyte.
(u-salhn)], where due to the additional two chloride bridges The three-electrode measurements were carried out at 298 K under
and the trans arrangement of the terminal chlorides the a dinitrogen atmosphere with a platinum disk working electrode, a

salhr¥~ is in near cis configuratiotf. Before this diruthenium-
(1) complex, we reported a neutral diiron(l1l) complex of
salhrf~.*! In [Fex(u-salhn}] (1), the three ligands provide

the three diazine bridges between the metal ions and each"

of the three ligands is twisted along the-N bond. This
complex is the first example of a helical species prepared
from Hysalhn. Recently the structures bénd an analogous
complex with a substituted derivative of sathrhave been
reported once again by another research gféup.

R
\ HO
N_
OH A\
R
Hjsalhn (R = H)

Hpmesalhn (R = Me)

In this study, we have described a series of neutral
dinuclear manganese(lll), iron(lll), and cobalt(lll) complexes
with the diazine Schiff bases,shlhn and Hmesalhn. The
complexes, [Ma(u-salhn}] (2), [Cox(u-salhn}] (3), [Co,-
(u-mesalhng] (4), and [Fe(u-mesalhrg] (5), have been

characterized by analytical, spectroscopic, cryomagnetic, and

platinum wire auxiliary electrode, and an Ag/AgCl reference
electrode. Under identical conditions tBg, (=(Epa+ Ep)/2) and

the AE, (=Eya — Epo) values of the Ft/Fc (Fc, ferrocene) couple

ere 0.57 and 140 mV, respectively. The potentials reported in
this work are uncorrected for junction contributions. The variable-
temperature (18300 K) magnetic susceptibility measurements with
powdered samples were performed using the Faraday technique
with a setup comprising a George Associates Lewis coil force
magnetometer, a CAHN microbalance, and an Air Products cryostat.
Hg[Co(NCS)] was used as the standard. Diamagnetic corrections

(6) (a) O’'Connor, C. J.; Romananch, R. J.; Robertson, D. M.; Eduok, E.
E.; Fronezek, F. Rnorg. Chem1983 22, 449. (b) Xu, Z.; Thompson,
L. K.; Miller, D. O. Inorg. Chem.1997, 36, 3985. (c) Thompson, L.
K.; Xu, Z.; Goeta, A. E.; Howard, J. A. K,; Clase, H. J.; Miller, D. O.
Inorg. Chem.1998 37, 3217. (d) Xu, Z.; Thompson, L. K.; Miller,
D. O.; Clase, H. J.; Howard, J. A. K.; Goeta, A. lorg. Chem.
1998 37, 3620. (e) Xu, Z.; Thompson, L. K.; Matthews, C. J.; Miller,
D. O.; Goeta, A. E.; Wilson, C.; Howard, J. A. K.; Ohba, M.; Okawa,
H. J. Chem. So¢Dalton Trans.200Q 69. (f) Dong, G.; Chun-ying,
D.; Chen-jie, F.; Qing-jin, MJ. Chem. So¢Dalton Trans.2002 834.
(g) Hamblin, J.; Jackson, A.; Alcock, N. W.; Hannon, MJJChem.
Soc, Dalton Trans.2002 1635. (h) Dong, G.; Ke-liang, P.; Chin-
ying, D.; Cheng, H.; Qing-jin, Mlnorg. Chem.2002 41, 5978. (i)
Bernhardt, P. V.; Chin, P.; Richardson, D. R.Chem. So¢Dalton
Trans.2004 3342.

(7) Arcovito, G.; Bonamico, M.; Domenicano, A.; Vaciago, A.Chem.
Soc. B1969 733.

(8) Gopinathan, S.; Pardhy, S. A.; Gopinathan, C.; Puranik, V. G.; Tavale,
S. S.; Row, T. N. Glnorg. Chim. Actal986 111, 133.

electrochemical measurements. The X-ray structures are (9) Mikuriya, M.; Fukuya, M.Chem. Lett1998 421.

reported for the solvated crystals 8f5. As observed for

(4) (a) Stratton, W. J.; Busch, D. H. Am. Chem. S0d.958 80, 1286.
(b) Stratton, W. J.; Busch, D. H.. Am. Chem. Sod.958 80, 3191.
(c) Stratton, W. J.; Busch, D. H. Am. Chem. S0d.96Q 82, 4834.
(d) Ball, P. W.; Blake, A. BJ. Chem. Soc. A969 1415. (e) Stratton,
W. J.Inorg. Chem.197Q 9, 517.

(5) Boyd, P. D. W.; Gerloch, M., Sheldrick, G. M. Chem. So¢Dalton
Trans.1974 1097.
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(10) Pal, S. N.; Pal, Snorg. Chem.2001, 40, 4807.

(11) Saroja, J.; Manivannan, V.; Chakraborty, P.; Paln&g. Chem1995
34, 3099.

(12) (a) Hong, M.; Dong, G.; Chun-ying, D.; Yu-ting, L.; Qing-jin, M.
Chem. So¢.Dalton Trans.2002 3422. (b) Hong, M.; Chen-jie, F.;
Chun-ying, D.; Yu-ting, L.; Qing-jin, MJ. Chem. Sog¢Dalton Trans.
2003 1229.

(13) (a) Umland, F.; Hohaus, E.; Brodtke, &hem. Ber1973 106, 2427.
(b) Hohaus, EZ. Anorg. Allg. Chem1983 506, 185. (c) Hpfl, H.;
Farfan, N. Can. J. Chem1998 76, 1853.
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calculated from Pascal’s constalftaere used to obtain the molar
paramagnetic susceptibilities.

Preparation of the Complexes. [Mn(u-salhn)] (2). To a
suspension of kfalhn (241 mg, 1 mmol) in methanol (20 mL) was
added 112 mg (2 mmol) of KOH, and the mixture was stirred at
room temperature until a clear yellow solution was obtained. To
this clear solution was added 235 mg (0.67 mmol) of [Mn(agac)
and stirred at room temperature in air for 4 h. The brown solid
separated was collected by filtration, washed with methanol,
and dried in air. Yield: 110 mg (40%). Anal. Calcd for
Mn,CyH30NgOs: C, 61.17; H, 3.67; N, 10.19. Found: C, 61.15;
H, 3.83; N, 9.96. Selected IR bands (cth 1601 (vs), 1576 (s),
1526 (s), 1468 (s), 1439 (s), 1373 (w), 1281 (m), 1192 (s), 1148
(s), 1015 (w), 976 (w), 926 (w), 903 (m), 756 (s), 685 (w), 579
(m), 457 (m), 419 (w). Electronic spectral data in ({MCHO
(A, nm €, M~Lcm1)): 420 (10 600%, 370 (31 000Y, 356 (34 700),
295 (38 600).

[Coy(u-salhn)] (3). To a 5:1 mixture of methanol and dichlo-
romethane (30 mL) were added 241 mg (1 mmol) géadhn and
112 mg (2 mmol) of KOH, and the mixture was stirred at room
temperature until a clear yellow solution was obtained. To this
solution was added 159 mg (0.67 mmol) of Ce6H,0, and the
new solution was stirred at room temperature in air for 6 h. The
complex precipitated as a brown solid was collected by filtration,
washed with methanol, and dried in air. Yield: 175 mg (63%).
Anal. Calcd for CeCsH30NeOs: C, 60.59; H, 3.63; N, 10.09.
Found: C, 60.21; H, 3.42; N, 9.78. Selected IR bands{¢gm1608
(vs), 1570 (s), 1539 (s), 1470 (s), 1445 (s), 1370 (w), 1279 (s),
1190 (s), 1150 (s), 1036 (m), 961 (m), 897 (m), 860 (m), 754 (s),
685 (m), 584 (s), 486 (m), 449 (s), 415 (w). Electronic spectral
data in (CH),NCHO (A, nm €, M~ cm™1): 457, 426" 331, 300.

[Coa(u-mesalhny] (4). Homesalhn (268 mg, 1 mmol) and KOH
(112 mg, 2 mmol) were taken in 30 mL of methanol and stirred at

On the other hand, single crystals of batland5 were obtained

by slow evaporation of dichloromethanacetonitrile (1:1) solutions

of the complexes. The compl&«crystallizes a8-2(CH;),NCHO-

H,0 in theP1 space group, wheredsand5 crystallize agi-2H,0
and5-2CH,Cl, in the space group®3 andP1, respectively. Unit

cell parameters and the intensity data 82(CHs;),NCHO-H,0
and5-2CH,Cl, were obtained on a Bruker-Nonius SMART APEX
CCD single-crystal diffractometer, equipped with a graphite mono-
chromator and a Mo K fine-focus sealed tubel (= 0.710 73 A)
operated at 2.0 kW. The detector was placed at a distance of 6.0
cm from the crystal. Data were collected at 298 K with a scan
width of 0.3 in w and an exposure time of 30 s/frame. The SMART
software was used for data acquisition, and the SAINT-Plus
software was used for data extractirn each case, an absorption
correction was performed with the help of SADABS progrém.
Unit cell parameters for-2H,O were determined by the least-
squares fit of 25 reflections havin@Zalues in the range 1&1°

on an Enraf-Nonius Mach-3 single-crystal diffractometer using
graphite-monochromated ModKradiation ¢ = 0.710 73 A). The
data were collected by the-scan method. The stability of the
crystal was monitored by measuring the intensities of three check
reflections after every 1.5 h during the data collection. No decay
was observed during the 110 h exposure to X-ray. kscand’

of 4 reflections having andy values within 413 and 82-87°,
respectively, were used for an empirical absorption correction. The
programs of the WinGX packatfewere used for data reduction
and absorption correction. In each case, the structure was solved
by direct methods and refined d# by full-matrix least-squares
procedures. All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were included in the structure
factor calculation at idealized positions by using a riding model
but not refined. The SHELX-97 prografsvere used for structure
solution and refinement. The ORTEX8and PlatoA' packages

room temperature. When a clear yellow solution was obtained, solid were used for molecular graphics. Significant crystallographic data

CoChL-6H,0 (159 mg, 0.67 mmol) was added and stirred again in

for 3-2(CHz),NCHO-H,0, 4-2H,0, and5-2CH,Cl, are summarized

air at room temperature for 4 h. The complex was precipitated as in Table 1.

a dark brown solid. It was collected by filtration, washed with cold
methanol, and dried in air. Yield: 220 mg (72%). Anal. Calcd for
C02C48H42N606Z C, 62.89; H, 4.62; N, 9.17. Found: C,62.72; H,
4.45; N, 8.91. Selected IR bands (ch 1595 (s), 1560 (s), 1522
(s), 1437 (s), 1335 (s), 1240 (s), 1140 (m), 1020 (m), 937 (m), 862
(s), 754 (s), 621 (W), 577 (m), 521 (w), 446 (m), 415 (w). Electronic
spectral data in CHCl, (4, nm €, M~1 cm™1)): 450 (14 900), 370
(15 5005", 290 (54 000Y, 265 (83 400).

[Fex(u-mesalhny] (5). Hamesalhn (100 mg, 0.37 mmol) and
N(C:Hs)3 (0.12 mL, 87 mg, 0.86 mmol) were taken in 10 mL of
CH3CN, and the solution was refluxed for 10 min. To the resulting
clear yellow solution was added 50 mg (0.31 mmol) of Re&hd
the mixture was refluxed for another 15 min. It was then cooled to

room temperature and stirred in air for 1 h. The complex separated

as a brown crystalline material was collected by filtration, washed
with cold methanol, and dried in air. Yield: 75 mg (67%). Anal.
Calcd for FeCugH4oNsOs: C, 63.31; H, 4.65; N, 9.23. Found: C,
63.14; H, 4.55; N, 9.11. Selected IR bands (émn 1595 (s), 1564

Results and Discussion

Synthesis and Properties.The complexes have been
synthesized in moderate to good yields by reacting the metal
ion starting material, the corresponding Schiff base, and the
base (KOH or N(GHs)3) in ~2:3:6 mole ratio. The elemental
analysis data are satisfactory with the general molecular
formula [My(salhn}] (M = Mn (2), Co @)) and [M,-
(mesalhng] (M = Co (@), Fef)). The trivalent metal ion
starting materials, [Mn(acag)and FeC}, have been used
for the synthesis o2 and>5, respectively. On the other hand,
for the synthesis 08 and4 cobaltous chloride has been used
as the starting material. As the reactions were performed
under aerobic condition, the oxygen in air is the likely
oxidizing agent during the synthesis of the two dicobalt(l11)

(s), 1530 (s), 1437 (s), 1327 (s), 1240 (s), 1149 (w), 977 (w), 1034 (15) SMARTV5.630 and SAINT-plusV6.45; Bruker-Nonius Analytical

(m), 916 (m), 860 (m), 756 (s), 611 (M), 527 (w), 497 (w), 422
(w). Electronic spectral data in GBI, (4, nm (¢, M~ cm™1)): 515
(5800%", 440 (77009, 348 (27 5009, 274 (41 300).

X-ray Crystallography. Single crystals o8 were grown by slow
evaporation of a dimethylformamigecetonitrile (1:1) solution.

(14) Hatfield, W. E. InTheory and Applications of Molecular Paramagnet-
ism Boudreaux, E. A., Mulay, L. N., Eds.; Wiley: New York, 1976;
p 491.

X-ray Systems Inc.: Madison, WI, 2003.

(16) Sheldrick, G. MSADABSEmpirical Absorption Correction Program
University of Gdtingen: Gitingen, Germany, 1997.

(17) North, A. C. T.; Philips, D. C.; Mathews, F. &cta Crystallogr.,
Sect. A1968 24, 351.

(18) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.

(19) Sheldrick, G. M.SHELX-97, Structure Determination Software
University of Gadtingen: Gitingen, Germany, 1997.

(20) McArdle, P.J. Appl. Crystallogr.1995 28, 65.

(21) Spek, A. LPLATON, A Multipurpose Crystallographic TodJtrecht
University: Utrecht, The Netherlands, 2002.
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Table 1. Crystallographic Data foB-2(CHz),NCHO-H-0, 4:2H,0, and5-:2CH,Cl»

Sreerama and Pal

param 3-2(CHg),NCHO-H,0 4-2H,0 5:2CH.Cl,
formula CQC48H46N809 C03C43H46N608 FQC|4C50H46N606
fw 996.79 952.77 1080.43
cryst syst triclinic trigonal triclinic
space group P1 R3 P1
a A 12.5167(8) 14.282(2) 11.931(3)
b, A 14.8098(9) 14.282(2) 13.555(4)
c, A 15.1124(9) 37.451(6) 15.319(4)
o, deg 62.845(1) 90 82.267(5)
f, deg 66.846(1) 90 88.161(4)
y, deg 65.940(1) 120 76.548(4)
vV, A3 2200.8(2) 6616(2) 2387.6(11)
z 2 6 2
w, mmL 0.822 0.814 0.889
reflens colled 18 608 10507 25088
unique reflcns 7991 3379 9506
reflens! = 20(1) 4560 1351 4826
params 608 195 619
R22[l = 20(1)] 0.0510 0.0840 0.0786
WR2[I > 20(1)] 0.1029 0.1834 0.1454
GOF onF? 0.867 0.981 0.990

aR1= S (||Fol| = IFell)/3|Fol. PWR2 = [T (W(IFo|? — |Fcl)A/T (WIFo|A]Y2 ¢ GOF = [SW(|Fol?2 — |Fc[?3/(n — p)¥2 wheren is the number of reflections
andp is the number of refined parameters.

complexes. Despite our several attempts we could not preparghe methyl group protons. The appearance of a solitary signal
[Mny(mesalhng]. Both 4 and 5 are soluble in less polar for the methyl group protons suggests that not only all the
solvents such as dichloromethane and chloroform. However,three ligands but both halves of each mesalhin [Co,-
2 and3 are insoluble in nature. They are sparingly soluble (mesalhnj] are magnetically equivalent at least on the NMR
in dimethylformamide and dimethyl sulfoxide only. In these time scale. The aromatic protons appear as two multiplets
solvents, the solubility of the former is slightly better than centered at) ~6.48 and~7.16.
that of the latter. All the complexes are electrically noncon-  The EPR-silent nature of the dimanganese(lll) complex
ducting in solutions. As expected the dicobalt(lll) complexes (2) is consistent with the‘dconfiguration of the metal ions
3 and4 are diamagnetic. On the other hand, the dimanganese-n this complex. In principle, the diiron(Ill) compleX) can
(1) complex @) and the diiron(lll) complex %) are have spin states 5, 4, 3, 2, 1, and 0. Except for the lowest
paramagnetic. energy singlet state, the other states can give rise to EPR
Spectral Properties. In the infrared spectrum, none of signals. As observed fdt'! the room temperature powder
the complexes displays the free Schiff base phenolic OH EPR spectrum db displays a broad signal gt~ 2. Cooling
stretch. Thus, the ligands are dianionic in each complex. Thisto low temperature (120 K) causes the sharpening of this
observation together with the elemental analysis data andsignal.
the electrically nonconducting nature of the complexes Description of Molecular Structures. The molecular
suggest thet3 oxidation state of the metal ions in these structures of3—5 are shown in Figures-13. The bond
complexes. The intense band observed in the range-1608 parameters associated with the metal ions are listed in Tables
1595 cm? is assigned to the €N stretch. The &N 2—4. In all the complexes, each of the three ligands
stretches for ksalhn and Hmesalhn appear at 1624 and 1622 coordinates the two metal ions via the two phenolate-O and
cm 1, respectivelyj\:13¢ Thus, there is a substantial low- the two imine-N atoms. Thus, the metal ions are in facial
energy shift of the &N stretch due to metal coordination. O3N3 coordination spheres and connected by three diza (
The infrared spectra of the complexes of sath{i,** 2, and N—N=) bridges. The Co-Co distances i3 and 4 are
3) are essentially identical except for small shifts of frequen- 3.4301(7) and 3.4814(22) A, respectively. In comparison the
cies. The similarities in the IR spectra indicate that molecular Fe:+Fe distance it5 is significantly longer (3.8541(13) A).
structures o and3 are very similar to that of.** There is The M—O(phenolate) and MN(imine) bond lengths (Tables
a similar 1:1 correlation in the infrared spectra of the 2—4) in the dicobalt complexes8(@nd4) as well as in the
complexes of mesalfin (4 and 5) suggesting similar  diiron complex b) are consistent with thé3 oxidation state
molecular structures of both complexes. The X-ray structural of the metal iong:'11222|n each complex, the ligands are
studies (vide infra) confirm the above observations. twisted along the NN single bonds to accommodate the
The electronic spectra of the complexes display multiple two metal ions. As a result the triple helical structure is
bands in the range 53850 nm due to ligand-to-metal generated. Both the complexes of séih{l and3) crystallize
charge-transfer transitiods.The intense bands observed in the space groupl, and the asymmetric unit contains one
below 350 nm are likely to be due to intraligand transitions. full complex molecule in each case. The extent of twisting
Although both the dicobalt(lll) complexe3 and 4 are is very different for the three ligands in bottand3 (Figure
diamagnetic, we could not record the proton NMR spectrum
(22) (a) Ready, J. M.; Jacobson, E.NAm. Chem. S0d999 121, 6086.

of 3 due to .itS very p(?OI’ SO|Ubi"_ty' The proton NMR (b) Reos, R. D.; Nardin, G.; Randacciu, L.; Tayzher, G.; Vrdoijak, V.
spectrum of4 in CDCl; displays a singlet ab 2.05 due to Inorg. Chim. Acta2003 349, 249.
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Table 2. Selected Bond Distances (A) and Anglé} for
3:2(CHs),NCHO-H,0

Co(1)-0(1) 1.903(2) Co(30(2) 1.903(2)
Co(1)-0(3) 1.885(2) Co(2r0(4) 1.881(2)
Co(1)-0(5) 1.883(3) Co(2y0(6) 1.874(3)
Co(1y-N(1) 1.922(3)  Co(2yN(2) 1.913(3)
Co(1)-N(3) 1.911(3)  Co(2}N(4) 1.917(2)
Co(1)-N(5) 1.914(3)  Co(2¥N(6) 1.925(3)
O(1)-Co(1)}-O(3)  87.84(10) O(2)Co(2)-O(4)  88.74(10)
O(1)-Co(1}-O(5)  89.07(11) O(2yCo(2)-O(6)  88.61(11)
O(1)-Co(1)-N(1)  92.15(10) O(2}Co(2)-N(2)  92.56(10)
O(1)-Co(1)-N(3)  88.97(11) O(2}Co(2)-N(4) 176.20(11)
O(1)-Co(1)-N(5)  176.31(11) O(2)Co(2)-N(6)  87.93(11)
O(3)-Co(1)-O(5)  86.77(11) O(4¥Co(2)-O(6)  86.75(11)
O(3)-Co(1)-N(1) 174.73(12) O(4rCo(2)-N(2)  88.19(12)
O(3)-Co(1)-N(3)  93.49(11) O(4)yCo(2)-N(4)  92.67(11)
O(3)-Co(1)-N(5)  89.04(11) O(4yCo(2)-N(6)  176.58(10)
O(5)-Co(1)-N(1)  87.97(11) O(6)Co(2-N(2) 174.78(12)
O(5)-Co(1)-N(3)  178.00(11) O(6YCo(2)-N(4)  87.95(11)
O(5)-Co(1)-N(5)  92.72(11) O(6)Co(2)-N(6)  93.92(12)
N(1)-Co(1)-N(3)  91.78(12) N(2}Co(2-N(4)  91.02(11)
N(1)-Co(1}-N(5)  91.14(11) N(2FCo(2-N(6)  91.21(12)
N(3)-Co(1)-N(5)  89.27(12) N(4¥Co(2-N(6)  90.70(11)

Table 3. Selected Bond Distances (A) and Anglé} for 4-2H,0?

Co(1)-0(1) 1.870(4) Co(2Y0(2) 1.867(5)
Co(1)-N(1) 1.942(5) Co(2XN(2) 1.924(5)
O(1)-Co(1)-N(1) 927(2)  O(2-Co(2-N(2) 92.8(2)
O(1)-Co(1)-O(1A)  87.4(2)  O(2)Co(2-0(2A) 87.7(2)
O(1)-Co(1)-N(1A)  90.4(2)  O(2y-Co(2-N(2A) 177.0(2)
O(1)-Co(1)-N(1B) 177.8(2)  O(2¥Co(2-N(2B)  89.3(2)
N(1)-Co(1)-N(1B)  89.5(2)  N(2)-Co(2-N(2B)  90.2(2)

a Symmetry transformations: A& —x+y+1,—x+1,zB=—-y+
I,x—vyz

Table 4. Selected Bond Distances (A) and Anglé} for 5:2CH,Cl,

Fe(1)-0(1) 1.880(4) Fe(2)0(2) 1.896(4)
Fe(1)-0(3) 1.901(4)  Fe(2}O(4) 1.887(4)
Fe(1)-0(5) 1.895(4)  Fe(2}0(6) 1.896(4)
Fe(1)-N(1) 2.200(4)  Fe(2yN(2) 2.178(4)
Fe(1)-N(3) 2.205(4)  Fe(2yN(4) 2.196(4)
Fe(1)-N(5) 2.201(4)  Fe(2¥N(6) 2.204(4)
O(1)-Fe(1)-O(3)  98.88(16) O(2}Fe(2-O(4)  97.51(17)
O(1)-Fe(1)-O(5)  94.72(16) O(2}Fe(2)-O(6)  98.70(16)
O(1)-Fe(1)-N(1)  83.53(15) O(ZrFe(2-N(2)  84.38(16)
O(1)-Fe(1)-N(3)  94.66(16) O(2}Fe(2-N(4)  170.10(16)
O(1)-Fe(1)-N(5) 170.11(15) O(2YFe(2-N(6)  91.51(16)
O(3)-Fe(1}-O(5)  98.46(16) O(4YFe(2)-O(6)  97.23(18)
O(3)-Fe(1-N(1)  168.52(16) O(4YFe(2-N(2)  91.60(17)
O(3)-Fe(1)-N(3)  83.79(16) O(4yFe(2-N(4)  83.91(17)
O(3)-Fe(1)-N(5)  91.00(16) O(4yFe(2)-N(6)  170.79(17)
O(5)-Fe(1)-N(1)  92.50(16) O(6}Fe(2-N(2)  170.16(16)
O(5)-Fe(1)-N(3)  169.90(15) O(6YFe(2-N(4)  90.81(16)
O(5)-Fe(1)-N(5)  83.67(16) O(6)Fe(2-N(6)  83.21(17)
N(1)-Fe(1-N(3)  84.83(15) N(2}Fe(2)-N(4)  85.78(15)
N(1)-Fe(1-N(5)  86.79(15) N(2}Fe(2)-N(6)  87.39(16)
N(3)-Fe(1)-N(5)  86.45(15) N(4)Fe(2)-N(6)  86.88(15)

(a)

Cc3

'S

(b)

Figure 1. Molecular structure of [Cgsalhn}]. Hydrogen atoms are
omitted for clarity. (a) ORTEP diagram with the atom-labeling scheme.
All atoms are represented by their 25% probability thermal ellipsoids. (b)
Space-filling representation of the triple helical structure.

one of the three ligands is present in the asymmetric unit.
The dihedral angle between the two chelating fragments of
mesalhf is 47.70(13). Thus, the extent of the helical twist
along the N-N single bond is identical for all the three
mesalhA™ in 4 and the molecules have the idealizBgd
symmetry (Figure 2). On the other hand, the diiron(lll)
complex of mesalT (5) crystallizes in the space grofi

and the asymmetric unit contains one complete molecule of
the complex. As observed fdrand 3 the extent of helical
twist of the three ligands along the-NN single bond is
different. However, here the dihedral angles (59.88(11),
64.02(10), and 66.49(12)between the two chelating frag-
ments of the three mesafrspan significantly smaller range
than those observed fdrand3. Thus, the molecules &

are much closer to the idedd; symmetry (Figure 3)
compared to the molecules df and 3. Interestingly the
dihedral angles indicate that the helical twist of mes#ihn

in 4 is significantly smaller than the average helical twist of
mesalhd™ in 5. As a consequence the +d-e distance irb

1). In1, the dihedral angles between the two salicylaldimine g longer by~0.4 A than the Ce-Co distance ir.

moieties of the three ligands are in the range 266.8.1

Intermolecular Interactions. In the crystal lattice o3

These dihedral angles are 31.78(12), 39.49(7), and 59'41'2(CH3)2NCHO-H20, the (CH),NCHO molecules exist as

(10 in 3. Thus, although the three bridging sathrin 1
and3 are C,-symmetric, they are not identical; hence,fM
(u-salhn}] (M = Fe(lll) and Co(lll)) does not possess the
ideal D; symmetry expected for a perfect triple helicate. In
contrast,4 crystallizes in the trigonal space gro&8 and
the crystallographic 3-fold axis coincides with the molecular

dimers via C-H---O and C-H---N interactions involving

the O- and the N-atoms of the amide group and theHC
fragments of two methyl groups in a reciprocal fashion with
respect to the hydrogen bond donors and acceptors (see
Supporting Information, Figure S3The G--O and G:-N

3-fold axis that passes throth the two metal ions. Conse'(ZS) Desiraju, G. R.; Steiner, T. lfhe Weak Hydrogen Bond in Structural

quently, both the metal centers have 1/3 occupancy and only

Chemistry and BiologyOxford University Press: Oxford, U.K., 1999.
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Figure 3. Molecular structure of [F€mesalhng]. Hydrogen atoms are
omitted for clarity. (a) ORTEP diagram with the atom-labeling scheme.
All atoms are represented by their 20% probability thermal ellipsoids. (b)
Figure 2. Molecular structure of [Cgmesalhny. Hydrogen atoms are Space-filling representation of the triple helical structure.

omitted for clarity. (a) ORTEP diagram with the atom-labeling scheme.
All atoms are represented by their 20% probability thermal ellipsoids. (b)
Space-filling representation of the triple helical structure.

distances are 3.408(14) and 3.344(13) A, respectively. The
C—H---O and C-H---N angles are 164 and 152respec-
tively. The water molecule is also involved in two hydrogen-
bonding interactions (6H---O and C-H---O) as donor as
well as acceptor with two (CHLNCHO molecules (Figure

S1). The @--O and C--O distances are 2.679(10) and 3.573- \ﬁ 3\(

(11) A, respectively. The ©H---O and G-H---O angles R ”i% j} ,

are 160 and 171 respectively. The interactions involving oz “‘/ y ?jj‘ \}J}%{ i
the water molecule are roughly orthogonal to the interactions \?' ‘ ;f:;w

between the two (CE,NCHO molecules. Consequently, two
dimers of (CH),NCHO are bridged by two water molecules
and a rectangular structure is formed (Figure S1). These
rectangular motifs are bridged by the dinuclear helicates due
to two more C-H---O interactions involving the O-atoms
of the (CH;),NCHO molecules and the-€H fragments from
azomethine{ CH=N-) group (G--O, 3.177(16) A; G-H-

-0, 162) and benzene ring (€0, 3.438(11) A; CG-H:--

O, 157). Self-organization via all these noncovalent inter-
molecular interactions led to a one-dimensional supramolecular,:Igure 4. One-dimensional arrangement of salhny]-2(CHs),NCHO-
structure of the3-2(CHz),NCHO-H,O units in the crystal H,0.

lattice (Figure 4).

Unlike 3-2(CHs),NCHO-H,0, the crystal packing of- (3.32 A) H-atom to this O-atom is from a benzene ring {C2
2H,0 is apparently not directed by the trapped solvent H) of the ligand. On the other hand, the other O-atom is
molecules. Both the water molecules are disordered with 1/3located on the 3-fold axis that passes through the center of
site occupancy on the special positions. One of the O-atomsthe hexagon formed by the complex molecules. In this case
is on the same 3-fold axis that passes through the two Coalso the nearest (3.44 A) H-atom belongs to the same benzene
centers and is very close to its symmetry equivalent. The ring (C4—H). The packing of thés;-symmetric molecules
O--+O distance in this water dimer is 2.51 A. The nearest of 4 is shown in Figure 5. The molecules are arranged
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Figure 6. Two-dimensional network of [Rémesalhn]-2CH,Cl,. For
clarity one of the CHCI, molecules that does not participate in the self-
organization process is not shown.

bifurcated hydrogen bonding interaction involving two metal-
coordinated phenolate-O atoms and as an acceptor it C
--Cl interaction involving a benzene ring—@ group?32*
The G--O distances and the-H---O angles are 3.543(7)
and 3.305(8) A and 140 and 133espectively. The €-Cl
distance and €H---Cl angle are 3.655(7) A and 157
respectively. These weak interactions connect thél&-O
bridged dimers ob leading to a one-dimensional ordering
of the 5-CH,ClI; units (Figure S3 and Figure 6). One of the
benzene rings of each complex molecule in this chainlike
structure is involved int—s interaction with the benzene
ring of a molecule that belongs to the adjacent chain. The
interplanar distance and the centroid-to-centroid distances
are 3.410 and 3.646(4) A, respectively. As the successive
- & Projection of (@ h | oacki - " molecules in a particular chain are inverse symmetry related,
e B ionoeclon of (&) hecagona packing and (Bheehace 9. theser—a interactions alterate from one side to another
onto theab-plane. (c) Hexagonal morphology of the single crystal offCo  Side of each chain and a two-dimensional organization of
(mesalhrg]-2H0. the 5-CH,Cl, units is formed (Figure 6). The second &H
Cl, molecule present in the asymmetric unit is connected to
hexagonally along the-axis, which is also parallel to the  pe complex molecule by a-€H-++Cl interaction (G--Cl,
Cor--Co molecular axis. Each molecule is connected to its 3.425(9) A; G-H---Cl, 122) involving a benzene ring €H

three neighbors via €H---O interactions involving the_ group. It does not participate in any other noncovalent
hydrogen atom of a methyl group and one phenolate-O in anteraction.
reciprocal fashion (Figure 5a). The-€ distance and the Electrochemical Properties.Electron-transfer character-
C—H---O angle are 3.467(9) Aand 16¥espectively. Asa stics of all the complexes have been investigated with the
result, a nNo-dlmenslonaI layered structure parallel tcettre help of cyclic voltammetry. Due to solubility reasons the
plane is formed (Figure 5b). Interestingly, the morphology cyclic voltammograms of the dimanganese(lll) and dicobalt-
of_the single crystals 04:2H,0 is also perfectly hexagonal (1) complexes @ and 3) of salhri?~ were recorded using
(Figure 5c). _ _ _ dimethylformamide solutions. None of the two complexes
The molecules 05 form discrete dimers due to a pair of display any response withit1.5 V (vs Ag/AgCl). In2, it
reciprocal C-H---O interactions involving a metal-coordi- 5 very likely that the+3 oxidation state of each metal ion
nated phenolate-O and a benzene ringHCgroup (Figure s well-stabilized by the three salicylaldiminate ligands and

S2). The C--O distance and the-€H---O angle are 3.416-  pence reduction te-2 state is very difficult. Considering
(6) A and 134, respectively. One of the two GBI,

molecules present in the asymmetric unit acts as donor in a(24) Thallapally, P. K.; Nangia, ACryst. Eng. Commur2001, 3, 114.

-

(©)
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Temperature (K)
Figure 8. Temperature dependence of the effective magnetic moments

[ wA of [Mny(salhn}] (v) and [Fe(mesalhng] (O). The continuous lines were
generated from the best least-squares fit parameters given in the text.

distance between the metal centers obtained in the X-ray
oo structures) and assuming a continuous dielectric with a
-0.3 -0.6 -0.9 -1 X . ;
E(V)vs Ag/AgCl dielectric constant equal to that of the solvent dichlo-
' romethane used for cyclic voltammetry are 0.40 and 0.41
V, respectively. The experimentalE;, values are 0.28
and 0.44 V forl and5, respectively. The\E;,; value (0.45

that4 is redox active (vide infra), the absence of any response V) calculated for4 is very close to the difference (0.41 V)
for 3 is unexpected. Possibly very low concentratiorgof N the two cathodic peak potential,() observed in its cyclic
due to its poor solubility is responsible for not observing Voltammogram. Thus, for [E¢salhn] (1) the magnitude of
any redox response in the cyclic voltammogram. However the dielectric constant in the intermetallic space is higher
it may be noted that the analogous diiron(lll) complé ( " than that of the solvent. On the other hand, for the complexes
in dichloromethane displays two quasi-reversible metal- Of mesalnA™ (4 and5) the dielectric medium in the region
centered reduction responses-ad.52 and—0.80 V (Vs between the two metal centers is similar to that provided by
SCE). As observed fot, the complexes of mesaltin (4 the solvent around the complex molecules.

and 5) in dichloromethane display two reductions on the Magnetic Properties.The magnetic susceptibilities of the
cathodic side of the Ag/AgCI reference electrode. For the dimanganese(lll) and the diiron(lll) complexe2 gnd 5)
dicobalt(Ill) complex &) both the responses are irreversible, Wereé measured in the temperature range-3@ K at a
The values of the cathodic peak potentidts) are —0.99 constant magnetic field of 5 kG with powdered samples of
and —1.40 V. On the other hand, the responses observedthe complexes. For each complex th_e effective magnetic
for the diiron(lll) complex B) are reversible (Figure 7). The ~MOMent fer) decreases gradually with the decrease of
E.; values are-0.54 and—0.98 V. The correspondingyE, temperature indicating antiferromagnetic interaction between
values are 70 and 80 mV, respectively. The one electron the two metal ions (Figure 8). At 300 K they value (6.78
stoichiometry of these responses has been confirmed byXe) Of 2is very close to the spin-only moment (6.88) of
comparing the current heights with known one-electron redox & dimer containing two metal ions wit8 = 2 spin states.
processes under identical conditidfa! The first response | "€ moment o decreases to 6.1 at 18 K. In contrast,

is assigned to the M, to M"M" reduction, and the second the change in tha.s value on cooling is more dramatic in
response is assigned to thé'M" to M", reduction process. (€ case 0b. The uerr value (7.85us) at 300 K is slightly
The potentials of4 are shifted by~0.4 V to the cathodic ~ Smaller than the spin-only moment (8.34) expected for a.
side compared to the potentials®fThis shift is most likely diiron(lll) complex where both the metal ions are high spin
due to the larger ligand field stablilization in the low-spin (5= 5/2). At 18 K theuen value decreases to 3.85. The

dicobalt(Ill) complex 4) than that in the high-spin diiron- ~ data were fitted using the expressions farvs T derived
(Il) complex (). from the isotropic spin-exchange Hamiltoniein= —2JS-

S, whereS, = S, = 2 (for 2) andS, = S = 5/2 (for 5).28

The best least-squares fitsvere obtained witld = —0.57-

(1) cm ! andg = 1.958(3) (for2) andJ = —2.82(4) cm*
andg = 1.944(9) (for5). Very weak to strong intramolecular
antiferromagnetic coupling has been observed for dicopper-

Figure 7. Cyclic voltammogram (scan rate 50 mv of [Fe;(mesalhng]
in CH.CI; solution (0.1 M TBAP) at a platinum electrode at 298 K.

For a weakly coupled (vide infra) dinuclear complex the
difference in the metal-centered redox potentials can be
calculated with the help of an electrostatic moddihe AE,,
values calculated for the diiron(lll) complexésand5 by
using the electrostatic equati@dxE;;, = q%/4meDr (r is the

(26) O’Connor, C. JProg. Inorg. Chem1982 29, 203.
(25) Serr, B. R.; Andersen, K. A.; Elliott, C. M.; Anderson, O.IRorg. (27) Chandramouli, G. V. R.; Balagopalakrishna, C.; Rajasekharan, M. V_;
Chem.1988 27, 4499. Manoharan, P. TComput. Chem1996 20, 353.
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(I1) complexes containing one or tvveN—N= bridgest® ¢
The extent of twisting of the dinucleating ligand along the
N—N single bond largely determines the magnitude of the

pseudooctahedral metal ions enforce the twisting of the two
chelating sites of each ligand along the-N single bond to
generate the triple helical structure. The dicobalt(lll) complex

antiferromagnetic spin-exchange between the metal centersof mesalhf™ has the ideal and the corresponding diiron(l11)
in these complexes. It has been found that if the twist angle analogue has a very close Bs-symmetric triple helical

is ~70°, effective orthogonality between the magnetic

structure. On the other hand, although triple helical but as

orbitals of the Cu(ll) centers and that between the nitrogen observed previously for the diiron(lll) complexes of séthn

p-orbitals involved in the spin-exchange process is att&fnéd.

the extent of twisting of the three ligands differ considerably

Except for these dicopper(ll) complexes, magnetic propertiesin the dicobalt(ll) complex of salt. In the crystal lattice,

of very few dinuclear complexes of other 3d metal ions

self-organization via noncovalent intermolecular interactions

containing the diazine bridge are reported. These are thejnyolving the complex and the solvent molecules provide

diiron(lll) complex! of salhr¥~ (1) and some dimetal(ll) (M

= Ni,*de8d Cose and Mrf%) complexes with N,N'-bis-
(picolinylidene)hydrazine or its derivatives. All these com-
plexes contain threeN—N= bridges between the metal ions
and exhibit no spin-exchange or very weak intramolecular
spin-exchange. In the dimanganese(ll) and dinickel(ll)

one- and two-dimensional supramolecular structures. The
diiron(lll) and the dicobalt(lll) complexes are redox active
and display two metal-centered reductions. The magnetic
properties of both the dimanganese(lll) and the diiron(lll)
complexes indicate the presence of weak antiferromagnetic
spin-exchange.

complexes, the average dihedral angles between the two

chelate rings formed by each dinucleating ligand &8
and~70°, respectivelyd These twist angles are very similar
to the twist angle found as the orthogonal limit for the
dicopper(ll) complexes which contain similar neutral ligands.
Among the present series of weakly antiferromagnetic triple
helicates {, 2, and5) with the dianionic ligands salknand
mesalhA~, the X—ray structure of could not be determined
due to the lack of single crystals. Although Inthe twist
angles (26.6'56.8) are significantly lower than the orthogo-
nal limit (70°) reported before, fob these (59.8866.49)
are close to the orthogonal limit.

Conclusion

Dinuclear triple helicates of trivalent metal ions (Mn(lll),
Fe(lll), and Co(lll)) with the Schiff bases derived from 1
mol equiv of hydrazine and 2 mol equiv of salicylaldehyde
(Hzsalhn) or 2-hydroxy acetophenone (hksalhn) are
described. All the complexes have the general formulg [M
(Rsalhn)] (R = H and Me). In these complexes, two
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