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A Nickel(II) Azide Cubane: Characterization of
the Magnetic Exchange Interactions Mediated hy
a Triply Bridging Azide Group Bound End-On"'*
Malcolm A. Halcrow, John C. Huffman, and
George Christou*

We have a long-standing inlerest in manganese carboxylah:
aggregates as models for the M n4 cluster in the active center of
green plants and cyanobacteria for photosynthelic waleI' oxida­
tion.[l] We prepared severaJ Mn~IMntV compJexes containing
the distorted cubane [Mn403X]6+ core (X = halide, carboxyl­
ate),12] and also the cubane [C0404]4+ core, together with proto­
nated versions of the latter.131 As an extension to this work, wc
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recently turned our altention to cubane complexes containing
other metal iom, to in\'Cstigate the electronic and magnetic
properties of thi'; interesting class of compound further. We
report here the ,,,I1ilne complex I: this is the lirst paramagnetic

dbl1ll1 = dib~l1/(1yll1lelhal1~

moleuile to contain end-on-comdinakd. triply bridging azide
ligands.'·1 hi and Ihus provides an opportunity 10 charac­
terize the n.agl1l:tic exchange inleraclions mcdiated by
azide in this rare bridging mode. The structure oi' one olher
IM.(N.,).]'" cubane species is known. nanlely diamagnetic
[1'1.( N J ).( CI-I .1)12] .151

A ()I]e-pot reaction of Ni(CI04)2' 61120. Na N.,. and Na(dbm)
(in a I: I : I molar ratio) in EtOl1 at room temperature yields a
bright green precipitate containing I and a little NaCI04. Re­
crystallization from CH2CI2/EtOI-l affords large green cryslals
of pure I in 7S 'Y.,overall yield. The IR spectrum of I as a Nujol
mull shows. in addition to bands arising from dbm- and coor­
dinated EtOI-1. a very strong absorption at 20~7 cm- I attribu­

table to the \',,,,,.,(N-N-N) stretching vibration of coordinated
azide:17! ihis band appears at 20S<J cm-I in CHCI3 solution. The
I',,,,,(N-N-N) and ,)(N-N-N) vibrations also expected from a
ni<:tal-bound azide(7) were masked by absorptions from the
dbm- ligand and could not be positively identified. The U VIVis
spectrum of I in CI-ICI, is typical of an oClahedral Nil1 com­
plex.IH! while the 11-1NM R spe<:trum of I in CDCI3 shows Ihe
paramagnetically shifted resonances of only a single enl'iron­
ment fordbm- and EtOI-l.

The slructure of the bis(toluene) solvale of I (Fig. 1)1'" <:on­
tains a Idranuclear [Ni.(JlJ-NJ).]4< cubane'<:or<:; the mokcuk
has I'irtual C2 symmetry and lies on a general positi()nwilhinlhe
unit <:1:11.[ach Ni ion is octahedrally coordinated by three <:nd­
on-coordinated. triply bridging azi,k ligands. one chelating dbm­
ligand, and one ethanol ligand. btch elhalwlligand is i11lramokc­
ularly hydi'ogen-bonded to an 0 atom in a dbm ligand that is

Fig. I. ()RTEP n.:prcscnlalion or l'ompk\ I (ellipsoids ;Il the 5()~~1prohahilil)
II..'\d). hlr cLII·jty. only Iht.: i/'_wl:arhnn ahH\h of the dhm plh.:llyl rin,!!s arc ~hU\\Il.

Sekclod d,,(,,"c'os /"1 aod angb II: Nitll . Ni(2) .1.lhXtli. Nil II'" N.t31
.1.I~(,tl). Ni( II'" Ni(4)1.2JI(!). Ni(21'" Ni(.1) .12.\')( I). Ni(2)'" Ni(4) .1177(1).
Ni(31'''Nil~13.IS('II). Ni(l) NiSI2.141(S)' Ni(11 N(X) 2. I 3b(l,). Ni(l) N(14)

2.OY~15). Ni(2) N(S) 2.117(5), Ni(2) NtXI2.III(S). Ni(2) N( 11I2.1.18(h). Ni(.1)
N(S) 2. 1.12(h). Ni(3)- N( III 2.100(S). NitJI N( 14) 2.1.12(S). Ni(4) NIX) 2.111')(6).

Nil41 N( I!) 2.ISO(SI. Ni(4) N( 1412.II.I(hl. Ni( II-N(51-NiI2) %.1(2). Ni( 1)-N(S)·

N(3) ~4.812). Ni(2)-~I(S)·Ni(31 ~'i4(2), Ni( I )-N(X)·Ni(2) %.5(21, Nil II-NI~)-Ni(4)

~~.1(2). Ni(2)-N(8)-Ni(4) '17.7(2). Ni(21-N( II )-Ni(.11 <)9.712). Ni(2)·N( II )-Ni(4)
~S.b(2). Ni(.1)-N( II I-Ni( 1) 95.'1(2). Nil 1)-Nt 14)-Nit3) 96.2(2). Ni( I )-NI141-Ni(4)
111114(2). Ni(3)-N( 14)-Ni(4) %.1121.
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bound to a neighboring Ni atom (averaged 0···0 = 2.703 A);

this results in a distortion of the [Ni4(N,)4IH core from 'I:, to
/)c" symmetry which results in the four lilces of the eubane
spa nned by hydrogen bonds having shorter Ni --Ni distances
and more acute Ni-N-Ni angles and Ni-N-N-Ni dihedral angles
than the two filces not bridged in this filshion (average values for
Nil-N5-NR-Ni2. Nil-N5-NI4-Ni3. Ni2-NR-NII-Ni4,. and Ni3­
N It-N 14-Ni4: Ni ... Ni = 3.1 (,2 A. Ni-N-Ni = %.1 p. Ni-N-N­
Ni = 1(,7.1; 1'01' Nil-NR-NI4-Ni4 and Ni2-N5-NII-Ni3:
Ni··· Ni = 3.235 A. Ni-N-Ni = ')').6'. Ni-N-N-Ni = 175.5').
This fCature is also exhibited by several [Ni4(OR)4J4' cubanes
that contain coordinated aleohol ligands intramolecularly hy­
drogen bonded in this manner.1 1('. "I The azide ligands arc each
symmetrically coordinated to three Ni ions. ,tud the Ni - N dis­
tances and Ni-N-N angles about each azide show pnly small
differences with no discernable pattern. The Ni-N and Ni-O
bond lengths for I arc unremarkable. while the N-N distances
within the azide ligands display the same "IIH11' -short" pattern
shown by Nill complexes containing end-on·i.:()ordinated. dou­
bly bridging azides.

Variable-temperature magnetic suso;ptibility measurements
were performed on a powder sample of I betwecn 320 and 5.00 K.
The observed effective magnetic moment Ileff for I rises from a
value of 6.46 ~ln at 320 K to a maximum 01'9.66 ~Inat 20 K. before
slightly decreasing below ').00 K (Fig. 2); the value at 20 K may

10 ,---,
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Fig. 2. A pint of effective magnctic Illdlllcnt l'cH per Ni~ unit vs. tcmperature r ror

comple\ I. The s"lid line represents Ihe least-squares Iii I" a "ne-.1 (1;, symmetry)
model: sec the text ror the lilting parameters. Only data for T~ 30 K were em­

ployed to avoid problems at lower tcmperature arising from zero-field splitting or
the S = 4 ground state.

be comparcd with the spin-only (g = 2) value of 8.')4 Pn calculat­
ed 1'01' an S = 4 ground state expected for four ferromagnetically
coupled high-spin Nill ions. The data for temperatures;:::: 30 K
were fit according to a one-J model (1;, symmetry) incorporating
a Weiss constant II to account for intermolecular interactions in

thc solid statelill (fitting parameters J = + 11.,)±0.5 cm-I•
g = 2.05. II = + 3.0 K; .i( = - 2.1 S,' S2; Fig. 2); utilization of
a two-J model (/)201 symmetry) did nol result in improved tits or
in significant splitting ( < 0.1 cm-') of the two .I parametcrs.

It is interesting that the distortions within the cubane core
noted above arc not refleeted in the magnetic properties of I;
this contrasts with the behavior of alkoxide-bridged cubanes.
which show .I values that arc very sensitive to the Ni-O-Ni
bridging angles within the t~lces of the cubailL' structure.lll -13J

Specifically. the complex [Ni4(OMe)4(dbttl).(MeOH)4]' which

exhibits similar patterns of MeOH ... dbni hydrogen bonding
and structural distortions within the [Ni4(p.\-OMc)4]4+ unit, is
best described by a two-J model incorporating both fcrroma­
g,lIietic and ant ilerromagnetic contributions.1121 The observed .I

value for I is weaker than any reported for coupling across a
[Ni 2(1/1./1-N,hJ bridge, consistent with the presence of triply, as
opposed to doubly bridging azides in 1.114)

Two mechanisms for the transmission of superexchange inter­
actions through azide ligands bridging end-on have been pro­
posed. which involve accidental orthogonalityl151 or spin polar­
ization [161 as the dominant factor determining the sign of the
observcd coupling; both or these models predict ferromagnetic
coupling bctweenmetal ions bridged by azide in end-on fashion
in most (accidental orthogonality) or all (spin polarization) cas­
es. J n particular, a theoretical study of accidental orthogonality
in Cu" complexes containing a planar [CU2(1/1.ll-N3)2JH bridge
predicted a switch from ferromagnetic to anti ferromagnetic cou­
pling for Cu-N-Cu angles greater than 103°.1151 In this regard, it
is noteworthy that the average Ni-N-Ni bridge angle in I is
')7.3". which is unusually small for an azide bridging end-on in
a dinuclear metal complex and is substantially below the pre­
dicted crossover value. While the use of Nill rather than CUll as

metal center and the nonplanarity of the [Ni2(II-N3)2] bridges in
I might be expected to cause small deviations from the pub­
lished mode!,ll?1 the nature of the magnetic interactions present
should be similar in the two types of compound. since both Nill
and Cu" only possess magnetic orbitals of a symmetry. The lack
of dependence of the coupling constant J on the Ni-N-Ni angle
in I is difficult to reconcile on the basis of the accidental orthog­
onality model. but is consistent with the spin polarization mod­
e!.ll "I However, Ill1liji'rrul/1llgl1l'lic coupling mediated by end­
on-coordinated. doubly bridging azide groups with an even
more acute Ni-N-Ni angle of 84° was reported.1181 Clearly, the
mechanism of superexchange coupling through end-on azide
bridging ligands deserves further study, and the present work
has provided an additional bridging mode for inclusion in these
considera tions.

1:·.\peri//II'I1II1{ I'rucl'dure

Solid NaN, (CUlig. 4.9mmol) and Na(dbm) (1.210'. 4.9mmol) were added 10 a
solution or Ni(CI0.1,·6 H,O (1.8 g. 4.9 mmol) in EtOH (100 mL), and the mixture

was stirred at room tcmperature for 4 h. The resultant green precipitate was filtered

oil. washed wilh EIOH, and dried in air. Recrystallization from CH,et,jEtOH

a/lorded deep green blocks. which were nol of X-ray quality (1.4 g. 78 %); crystal­
lization I'rom tolucnejEtOH gave a lower yield of crystals suitable for an X-ray

dil'l'raclion study. Correct C.H.N.Ni analysis I'or C.,H"NI2012Ni4' IR (Nujol);
\ = 3586 (w). 3270 (hr), 3061 (w). 2087 (vs). 1618 (w), 1595 (s), 1554 (5),1516 (s),

1454(m). 1442(w). 1402 (m). 1383 (s). 1312 (s). 1292 (m), 1267(w), 1242(m), 1229

(w).1 183(wI.I157(w), 1129(w).1086(w).1073(w).1057(m), 1047 (m), 1024(m).
111111(w). 941 (m). 882 (w). 785 (w), 754 tm). 725 (s), 691 (m), 637 (m). 530

(m)em-'. IR (CHCt,) i' = 2089cm-'. UVjVis (CHet,; Am'. (f.m,,); 246 (sh), 258

(85.520). 280 (sh). 364 (77.610). 412 (sh), 652 nm (41 dm'mol - Iem -I). 1H NMR

01111MHz. CDCI,); ,) = 57.2, 50.4 (CH,CI/,OH), 12.8,11.7,10.2.9.3 (dbm 0-, /n­

and !,-phenyl, CI/,CH,OH), -17.3 (dbm meso-ClI).
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A

Schcmc I. The \\')I~()I'
CI1rc.\ ill IW,,(lI),(Oi)'!')!.I]'

[W,III-il ),(OiPr),(dlllpC),]

Fig. I. ORTEP drawing showing the crystal structure or t (50'/~.probability ellip­

soids). Pertinent bond lengths [AI and angles 1'1,avcraged where appr"prialc: WoW
1.4%(1). W-O 1.~6(1), W-PI6,1I) 2.41~12), W(I)-p13.14) 1.48(11). W-W-I'(6.1I)
1J7.511). W-W-P13,14) 131UII), W-W-0(13,31) 110.3m. W-W·0119.17) ~~.~m.

was obtained as a dark brown crysta!!ine solid. The solid-slate
structure of I (Fig. I) reveals that one W atom is coordinated to
four OiPr ligands and the other to two dmpe ligands. The struc­
ture is superficia!!y similar to that of [Mo!(OiPrUdmpe)!],I~1
but the M-1\1 distance in I (1\1 = melal) is notably longer and

p[ex involving non bridged W - W
bonds between tungstcn atoms in
oxidation states + 5 and O.

The compound [W2(iBu)2(OiPrU
and dihydrogen react in hydrocarbon
solvents to give the hexanuclear
hydridotungsteu cluster [W.,(H),­
(OiPr)IJ],121 whose W"'ls01.1 core is
shown pictorially by A in Scheme I.
We reasoned that [W,,(l-l)s(OiPr)1J1
was formed stepwise from the cou­
pling of reactive [W2(11)2(OiPrU
fragments. Ligand scrambling may
account for the odd number of hy­
drido and alkoxido ligands in the product, and the formal oxi­
dation slate of each tungsten atom is maintained at + 3.

Consequently in an attempt to trap [W2(H)!(OiPrU we have
carried out the ~lydrogcnation of [W!(iBu)!(OiPr)~] in the pres­
ence of chelating diphosphanes.l-ll In the presence of bis­
(dimethyiphosph:lllo)ethane (dmpe), Ihe dinuclear complex I

Dedicated to Professor F. A. Cot 1011

011 tile occasioll of his 65111hirillda}'

Complexes with Polar W-W Multiple Bonds:
IW2(OiPr)4L(dmpehl (L = (H)2, CO) and
IW2(0)4 (JI-O){W (CO)( dmpe h} 21'':*
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The recent highlight by Herberho]d and Jinll) focused atten­
tion on heterometallic complexes with unbridged, polar meta[­
metal bonds. We describe here reactions in which a symmctric
homonuclear complex containing a W - W triple bond yields
asymmetric complexes with polar W - W bonds. One of Ihe
products described is a novel watcr-soluble tetranuclcar com-

[0] Prof. M. H. Chisholm, Dr. K. S. Kramer, Dr. W. E. Slreib

Department of Chemistry and Molecular Structure Cenler
Indiana University
Bloomington, IN 47405 (USA)
Telel'ax: Inl. code + (812)855-7148

e-mail: Chisholm(II!UCS.lndiana. Edu

[00] This work was supported by the })epartmel1l of Energy. Omce of Basic
Sciences, Chemistry Division. dmpe = bis(dimelhylphosphanu)elhane.

the coordination of the M(dmpe)! unils is different. In
[1\102(OiPrUdmpe}z] all the 1\10-1\10-1' bond angles range from
9S.0( I) to IOO.S(1t, and the Mo- Mo bond lenglh of 2.236( I)A
is Iypical for a Mo-Mo triple bond. In compound L howev..:r,
the W - W bond length of 2.496( 1) A is in Ihe range expected for
a W-W double bond, and two sets of W-W-P bond angles
97.S( I) and 130.3( I )0] define four positions of the oClahedral
coordination about W(2) In the structure shown in Figure I the
Iwo /I-I-! ligands arc placed in proposed positions (hydride locat­

ing program XHypEX),ISI and compound I is therefore for­
mulated as [W2(/I-II),(OiPr)~(dmpe)!]. In solution compound I
is Iluxional; al IlIw temperatures at least two iSlJmers are
present, as is evident from the hydride and phosphorus signals.
Owing to the broadness of the .III' NI\1R signals al -SO"C, the
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