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Abstract 

Techniques have been developed for the synthesis of complexes of the type [Cr,O(O,CR),(L),]+ where R=phenyl 
or tolyl and L=H20 or py in non-aqueous solvents. Additionally, the synthesis of an unsymmetric trinuclear 
complex, [Cr,o(o,CPh),(oH)(py),1, is reported. These complexes have been characterized by a number of 
spectroscopic and magnetic techniques including X-ray crystallography, electronic and infrared spectrophotometry, 
NMR and EPR spectroscopy, mass spectrometry, and solutron and solid state susceptibility measurements. 
[Cr,0(OzCPh)6(py)s]C10, crystallizes in the hexagonal space group P6, which has a = 13.387(4), c = 19.186(6) A 
and Z=2. The structure was refined to give R =7.6 and R,= 10.1. 

Key words: Crystal structures; Chrommm complexes; 0x0 complexes; Carboxylate complexes, Trinuclear 
complexc: 

Introduction** 

Trinuclear oxo-centered metal carboxylate assemblies 
of the general composition [M30(02CR)&j”+ have 
been of intense interest for several decades, even before 
the first structure determination by X-ray diffraction 
in 1965 [l]. The importance of this class of compounds 
draws from many areas, as emphasized by the ap- 
pearance of a recent review article [2]. These compounds 
serve as important models to test theories of magnetic 
coupling between metal ions in multinuclear systems 
[3-8] and as precursors to larger multinuclear assemblies 
whose novel magnetic properties are only now being 
realized [9-121. The use of these complexes as precursors 
to larger assemblies has been limited primarily to Mn 
and Fe (see however refs. 13 and 14), where the solubility 
of the complexes of these metal ions in non-aqueous 
solvents has been utilized to prevent complications due 
to hydrolysis. To date, the synthesis of these assemblies 
where M =Cr(III) have been performed almost solely 
in water, which limits the accessible range of carboxylate 
ligands which can be utilized. 

*Author to whom correspondence. should be addressed. 
**NMR, Nuclear magnetrc resonance; ESR, electron spm res- 

onance; py, pyrrdine; p-tol, para-toluate; DMF, drmethylformam- 
rde; 4-CNpy, 4cyanopyridine. 

Reports of unsymmetric members of this class of 
compounds are rare [2]; for M= Cr(III), reports are 
limited to a few examples characterized only by ele- 
mental analysis prior to 1930 [15-171. Herein are re- 
ported the synthesis and characterization of symmetric 
and unsymmetric oxo-centered chromium(II1) benzoate 
assemblies. 

Experimental 

Syntheses 
Reagents were obtained commercially and used as 

received. [Cr,O(O,CPh),(py),lC10, (1) WI and 
[Cr,O(O,CMe),(H,O),]Cl [19] and their deuterio an- 
alogues were prepared as previously described. Other 
compounds containing deuterium-labelled ligands were 
prepared in analogous fashions to the protio analogues 
substituting DOzCCSDS, D,O or N&D, as required. 

Caution: Appropriate care should be taken whenever 
perchlorate salts are heated. 

[Cr,O(O,CPh),@y),]CI (2)*$CH,Cl,.3H,O 
A mixture of 10.87 g CrCl,.6H,O (40.79 mmol) and 

12.20 g HO,CPh (99.9 mmol) was stirred in 100 ml 
pyridine, heated to reflux for 4 h, allowed to cool to 
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room temperature, and then filtered to reveal a green 
microcrystalline solid. The product was washed copiously 
with Et,0 and dried in ZIUCUO. Yield c. 55% based on 
Cr. Recrystallization can be accomplished from CH,Cl,/ 
hexane. Anal. Found: C, 54.09; H, 4.23; N, 3.22; Cl, 
7.40; Cr, 12.32. Calc. for Cr 0 C 3 16 5775 H NCl,,:C, 525 3 

53.80; H, 4.10; N, 3.26; Cl, 6.87; Cr, 12.10%. IR: 1615(vs), 
1580(s), 1225(m), 1185(w), 1170(s), 1080(m), 1050(w), 
1020(m), 755(s), 720(s), 7OO(vs), 64O(vs), 515(vs) cm-‘. 

[Cr,O@-tol), (py),]CIO, (3) . l.KH,Cl, 
A mixture of 18.70 g Cr(ClO,), .6H2O (40.79 mmol) 

and 12.20 g p-toluic acid (89.61 mmol) was refluxed 
for 4 h in 100 ml pyridine, allowed to cool, stored at 
4 “C overnight and filtered. The green solid was washed 
copiously with Et,0 and dried in ~UCICUO. Yield c. 70% 
based on Cr. Recrystallization was accomplished from 
CH,Cl,/hexanes. Anal. Found: C, 52.35; H, 3.96; N, 
1.75; Cl, 10.27; Cr, 10.70. Calc. for Cr,O,,H, gCW8- 
N,Cl,,: C, 52.86; H, 4.15; N, 2.85; Cl, 11.07; Cr, 10.59%. 
IR: 162O(vs), 1580(s), 1305(w), 1275(m), 1250(w), 
1230(m), 1190(s), 1170(m), 109O(vs), 1050(m), 1025(m), 
955(w), 850(s), 765(vs), 740(s), 7OO(vs), 660(s), 640(s), 
625(vs), 510(s), 495(s), 485(s) cm-‘. 

[Cr,O(O,CPh),(H,O),lNO, (4)*H,O 
A mixture of 16.00 g Cr(NO,),.9H,O (40.0 mmol) 

and 9.76 g benzoic acid (80.0 mmol) was stirred in 120 
ml EtOH, refluxed for 21 h, allowed to cool to room 
temperature, stored overnight at c. - 20 “C and filtered. 
The blue-green microcrystalline solid was washed cop- 
iously with Et,0 and dried in WCUO. Yield c. 57% 
based on Cr. Recrystallization was accomplished from 
MeCN. Anal. Found: C, 49.17; H, 3.59; Cr, 15.07. Calc. 
for Cr,O,,C,H,,N: C, 48.84; H, 3.71; Cr, 15.10%. IR: 
1625(vs), 158O(vs), 1300(s), 1180(m), 1165(m), 1075(w), 
1025(m), 940(w), 850(w), 815(w), 72O(vs), 680(sh), 
66O(vs), 620(sh), 52O(vs) cm-‘. 

[Cr,O(O,CPh),(H,O),]ClO, (S)~l.lCC1,~2H,O 
3.51 g Cr(ClO,),.6H,O (7.66 mmol) and 4.88 g 

benzoic acid (40.0 mmol) were dissolved in 50 ml MeCN 
to give a blue-purple solution. After refluxing 4 h, the 
resulting turquoise-colored solution was allowed to cool 
and stored overnight at c. 4 “C. After filtering to remove 
precipitated benzoic acid, the solution was striped to 
dryness under vacuum. The solid was extracted with 
30 ml deionized water and filtered. The blue filtrate 
was discarded, and the solid was extracted with 60 ml 
Ccl, to remove excess benzoic acid. The mixture was 
filtered; extracting the solid with 15 ml acetone gave 
a deep green solution. Allowing the solution to con- 
centrate gave green crystals which were filtered, washed 
copiously with CCL,, and dried thoroughly in vucuo. 
Yield c. 10% based on Cr. Anal. Found: C, 46.03; H, 

3.55; Cl, 3.79; Cr, 13.99. Calc. for Cr,O,,CI, 25C42.W25H40: 
C, 46.02; H, 3.67; Cl, 4.04; Cr, 14.2%. IR: 3450(br, vs), 
163O(vs), 1585(s), 1320(m), 1295(w), 1250(w), 1190(m), 
109O(vs), 1030(m), 940(w), 850(w), 820(w), 790(w), 
72O(vs), 685(s), 625(s), 525(vs) cm-‘. 

A mixture of 10.87 g CrCl, .6H,O (40.8 mmol) and 
12.20 g HO,CPh (99.9 mmol) was stirred in 100 ml 
pyridine, heated to reflux for 4 h, allowed to cool to 
room temperature, and filtered. The solid was washed 
copiously with Et,O. The dried solid was refluxed in 
40 ml MeCN for 3 h. The mixture was allowed to cool 
and was then filtered. The resulting green solid was 
washed with Et,0 and dried zn vucuo. Yield c. 35% 
based on Cr. Anal. Found: C, 57.30; N, 2.19; H, 4.18. 
Calc. for Cr,C,,H,,N,: C, 57.19; N, 2.57; H, 3.97%. 
IR: 1625(vs), 1585(vs), 1320(w), 1225(m), 1185(m), 
1165(m), 1075(m), 1050(m), 1025(m), 940(w), 845(w), 
815(w), 760(m), 72O(vs), 700(s), 680(s), 650(sh), 645(s), 
600(sh), 515(vs) cm-‘. 

Instrumental methods 
‘H and 2H NMR spectra were obtained using a 

Bruker AM-360 and a Bruker AM-500 spectrometer, 
respectively at c. 25 “C. Chemical shifts are reported 
on the 6 scale (shifts downfield are positive) using the 
solvent protio- or deutero- impurity signal(s) as ref- 
erence. Assignments were made on the basis of relative 
intensities and broadening and by substitution of ap- 
propriate ligands [18]. IR spectra (as nujol mulls) were 
recorded using a Perkin-Elmer 283B spectrophotometer. 
A Hewlett-Packard 8451A spectrophotometer was used 
to obtain UV-Vis spectra. Fast atom bombardment 
mass spectra were obtained using a VG Autospec high 
resolution mass spectrometer. Solution susceptibility 
measurements were acquired using the Evan’s NMR 
method [20], employing hexamethyldisiloxane as the 
reference peak; solid state susceptibilities were acquired 
using a Johnson-Matthey susceptibility balance. Dia- 
magnetic corrections were employed using Pascal’s con- 
stants. ESR spectra were collected on a Varian E-12 
spectrophotometer equipped with an Oxford ESR 900 
cryostat. 

X-ray crystallogruphy 
Single crystals of [Cr,O(O,CPh),(py),]ClO~ (1) were 

sealed in thin-walled glass capillaries. Final lattice pa- 
rameters as determined from the least-squares refine- 
ment of the angular settings of 24 high angle reflections 
(28>30”) accurately centered on an Enraf-Nonius 
CAD4 diffractometer are given in Table 1. Data were 
collected by the 0-20 scan techniques as described in 
the literature [21]. The intensities were corrected for 
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TABLE 1. Crystallographic data for [Cr,O(O,CPh),(py),]ClO~ 

(1) 

Formula Cr3C&&17N3C1 
Molecular weight 1235 44 
Space group P6 

a (A) 
6 (A) 

13.387(4) 

c (A) 

13 387(4) 
19 186(6) 

(1 (“) 90 

P (“) 90 

: $3) 
120 
2978 

Z 2 

k.k (g cm3) 1.383 

w (cm-‘) 6.39 
Radiation MO Kti 
R 0.076 

RW 0.101 

Lorentz and polarization effects, and an empirical ab- 
sorption correction based on psi scan data was per- 
formed. Calculations were carried out using the SHELX 
system of computer programs [22]. 

Structural solution was accomplished with the aid of 
the direct methods program SHELX86 [23]. All non- 
hydrogen atoms were refined with anisotropic thermal 
parameters except atoms (01) (011) and Cl). Hydrogen 
atoms were placed at calculated positions. Hydrogen 
atom parameters were not refined. Refinement con- 
verged with R=0.076 for 2723 observed reflections. 
The final fractional coordinates are given in Table 2. 
Relevant bond lengths and angles are given in 
Table 3. 

Results and discussion 

Synthesis and stmctures 
In general, oxo-centered chromium(II1) trimers have 

been prepared by the reaction of carboxylic acids with 
freshly prepared chromium(II1) hydroxide [2, 19, 24, 
25, and refs. therein] or oxidation of chromium(I1) 
acetate (unstable to air) by ozone or an ozone/air 
mixture [25, 261. By allowing the reaction mixtures to 
evaporate, green oils or syrupy solids result which are 
probably comprised of a polymeric array of these tri- 
nuclear units bridged by carboxylates. Recrystallization 
in the presence of anions or mineral acids and a terminal 
ligand L (usually pyridine or water) gives species of 
the formula [Cr,O(O,CR),(L),]X, where X is a mono- 
anion. However, as demonstrated herein these trimers 
can be synthesized in one pot reactions in high yield 
using a variety of commercially available, inexpensive 
chromium(II1) salts, carboxylic acids, and non-aqueous 
solvents. This reaction is summarized in eqn. (1). 

TABLE 2. FractIonal atomic coordinates and equivalent isotropic 
displacement parameters (A’) with e.s.d.s m parentheses 

Atom x/a ylb Z/C rr, 

Wl) 
00) 
O(2) 
O(3) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
N(A1) 
C(A1) 
C(A2) 
C(A3) 
Cr(2) 
O(l1) 
O(21) 
O(31) 
C(11) 
C(21) 
C(31) 
C(41) 
C(51) 
C(61) 
C(71) 
N(B1) 
C(B1) 
C(B2) 
C(B3) 

0.5120(4) 
0.6666 
0.464( 1) 
0.531(l) 
0.494(l) 
0.428(2) 
0.325(2) 
0.261(2) 
0.292(2) 
0.395(2) 
O&7(2) 
0.325(2) 
0.284(2) 
0.173(2) 
0.106(4) 
0.212(3) 
0.3333 
0.126(l) 
0.285( 1) 
0.117(2) 
0.18(l) 

- 0.053(2) 
- 0.135(2) 
- 0.137(2) 
- 0.068(2) 

0.021(2) 
O.OSl(2) 
0.027(2) 

-0.051(l) 
- 0.087(3) 

0.2992 
0.3333 
0.184( 1) 
0.417(l) 
0.112(l) 
0.025(2) 
O.OlO(2) 

- 0.067(2) 
-0.152(2) 
- 0.147(2) 
- 0.070(2) 

0.252(2) 
0.246(2) 
0.227(3) 
0.217(4) 
0.5098(4) 
0.6667 
0.523(l) 
0.459(l) 
0.608(2) 
0.593(2) 
0.480(2) 
0.471(2) 
0.558(3) 
O&3(2) 
0.686(2) 
0.343(2) 
0.271(2) 
0.158(2) 
0X1(2) 

0.5000 
0.5000 
0.4231(7) 
0.4323(8) 
0.4057(7) 
0 359( 1) 
0 325(l) 
0 285( 1) 
0.260( 1) 
0.293(2) 
0.341( 1) 
0.5000 
0.439( 1) 
0.447(2) 
0.5000 
0.0000 
0.0000 
0.0755(6) 
0.0678(8) 
0.086( 1) 
0.143( 1) 
0.162( 1) 
0 211(l) 
0 243( 1) 
0.227( 1) 
0.70(l) 
0.0000 
0.062( 1) 
0.066( 1) 
0.0000 

0.30(6) 
0.038(8) 
0.038(4) 
0.024(g) 
0.017(8) 
0.048(3) 
0.048(S) 
0.073(7) 
0.079(29) 
0.093(65) 
0.063(24) 
0.057(47) 
0.042(12) 
0.091(35) 
0.085(22) 
0.030(3) 
0.028(8) 
0.040( 16) 
0.046(8) 
0.063(37) 
0.037(15) 
0.046(16) 
0.051(S) 
0.074(26) 
0.058(5) 
0.038(13) 
0.026(5) 
0.076(13) 
0.060(14) 
0.078(70) 

TABLE 3. Relevant bond lengths (A) and angles (“) 

Bond distances 
Cr( l)-N(A1) 2.245(2) Cr(2)-N(B1) 2 04(2) 

Cr(l)W(l) 1.883(4) Cr(2)-O(11) 1.903(4) 

Cr(lW(2) 2.00( 1) Cr(2)-O(21) 1.96(l) 
Cr(l)-O(3) 1.96(2) Cr(2)-O(31) 1.94(l) 
Cr( l)-Cr( 1)’ 3.263(8) Cr(2)-Cr(2)’ 3.295(8) 

Bond angles 
N(Al)-Cr(l)-O(1) 178.1(6) N(Bl)-Cr(2)-0(11) 178.3(6) 
N(Al)-Cr(l)-O(2) 84.3(5) N(Bl)-Cr(2)-O(21) 84.4(5) 

O(l)-Cr(l)-0(3) 96.8(5) O(ll)-Cr(2)-O(31) 95.4(4) 
N(Al)-Cr(l)-O(3) 84.6(6) N(Bl)-Cr(2)-0(31) 85.(6) 
0( l)-Cr(l)-O(2) 94.5(4) O(ll)-Cr(2)-O(21) 94.5(4) 

0(2)-Cr(l)a(3) 89.8(6) 0(21)-Cr(2)-O(31) 89.3(5) 

Cr( l)-O( 1)-0(l)’ 120.0 Cr(2)-0(11)-Cr(2)’ 120.0 

3CrX,. (H,O), + 6H0,CR + 3L - 

[Cr,O(O,CR),(L),]X + 8HX + (z - l)H,O (1) 

Thus, the need to use freshly prepared chromium(II1) 
hydroxide or use an air-sensitive precursor is eliminated. 
The reaction protocol can be extended to carboxylic 
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acids other than benzoic acid and its derivatives, such 
as to acetic acid (J. Vincent, unpublished results). 

As almost all prior syntheses of these Cr(III), species 
have been performed in water, benzoate complexes are 
quite rare and limited to two previous examples. The 
EPR spectrum of the first, presumably [Cr,O(o- 
O,CC,H,Cl),(H,O),][o-O,CC,H,CI] + (H,O),, was re- 
ported in 1971; however, the specific composition and 
synthesis of the material was not provided [27]. The 
second, compound 4 [28, 291, was synthesized by the 
reaction of Cr(NO,), .9H,O and benzoic anhydride and 
recrystallized from MeOH. Elemental analytical data 
and the solid state susceptibility at nine temperatures 
were reported; however, no mention of the yield or of 
any spectroscopic properties was made. The use of 
moisture-sensitive benzoic anhydride in the synthesis 
of 4 is avoided using the one-pot procedure. 

Consequently, complexes l-3 represent the first 
Cr(II1) benzoate trimers with terminal ligands other 
than water; this has allowed X-ray structure quality 
crystals to be accessible. No structure of a Cr(II1) trimer 
with terminal ligands other than water had been reported 
previously. 

The synthesis of the unsymmetric Cr(III), species, 
complex 6, simply results from thermal stress. 

Description of struch.ue 
-Complex 1 crystallizes in the hexagonal space group 

P6. Two independent Cr, cations are arranged such 
that the C, axis is perpendicular to both Cr, planes 
and passes through the central oxygens 0( 1) and 0( 11). 
An ORTEP projection of cation 1 is shown in Fig. 1. 

Fig 1. Structural diagram of cation 1 of [Cr,0(02CPh)6(py)3]C10., 
(1). Thermal ellipsoids are at 50% probabUy. 

Each cation possesses imposed C,, symmetry such that 
each set of three chromic ions is an equilateral triangle. 
Thus, Cr(l), O(1) and N(A1) are coplanar; likewise, 
Cr(2), 0(11) and N(B1) are coplanar. The coordination 
about the chromic centers is slightly distorted octahedral 
with four oxygen atoms from bridging benzoate groups, 
the central triply-bridging oxygen, and a terminal pyr- 
idine nitrogen atom completing coordination to each 
trivalent ion. Each cation, thus, possesses the ‘basic 
carboxylate’ type structure found for many transition 
metal complexes [2]. This is the first example of a 
structurally characterized basic carboxylate complex of 
all chromic ions with terminal ligands other than water 
[l, 30-361. All Cr-0 bond lengths fall within the ranges 
of the previously characterized complexes. The structure 
of the cations is also similar to the mixed valent 
Cr(III),Cr(II) complexes Cr,O(O,CCF,H),(py), and 
Cr,O(O,CCF,H),(4-CNpy), [37]. However, in these 
complexes, the pyridme rings are coplanar with the 
Cr, units. In complex 1, the pyridine rings are essentially 
perpendicular to the Cr,O planes, probably as a result 
of increased steric interactions between the pyridine 
rings and the phenyl rings of the benzoate ligands [lo]. 

Also of interest is the difference in the Cr-O(oxide) 
and Cr-N distances of the cations of complex 1: 
Cr(l)-O(l), 1.883, Cr(l)-N(Al), 2.25; Cr(2)-O(ll), 
1.903, Cr(2)-N(Bl), 2.04 A. The short Cr-0 bond is 
tram to the long Cr-N bond and vice versa. 

The anion of complex 1 is unexceptional. 

Electronic spectroscopy 
The visible spectra of pseudo-octahedral chrom- 

ium(II1) complexes are expected to display two dominant 
bands, corresponding to the spin-allowed 4A,,--+ 4T2g 
and 4A,, -+ 4T,,(F) transitions. The trinuclear benzoate 
complexes, like their acetate counterparts, are not ex- 
ceptions with these bands at c. 580-590 and 430-440 
nm, respectively (Fig. 2 and Table 4). A series of weaker 
transitions at lower energy corresponding to formally 
spin-forbidden transitions result in weak bands between 
c. 660 and 730 nm. A third spin-allowed d-d transition 
is expected in the UV region but cannot be resolved 
from the ligand r+r* transitions. 

Most interesting are two features which appear as 
shoulders at 348-352 and 358-362 nm. Previously, such 
features have been assigned to simultaneous pair ex- 
citations, where a d + d excitation occurs simultaneously 
at two chromiums [38, 391. The results compiled in 
Table 4 are in agreement with this assignment; the two 
bands for the various species assigned to the spin- 
allowed transitions shift as the energies of the d-td 
transitions of the species shift. 

Comparison of the spectra of the benzoate complexes 
of Table 4 with those of the acetate complexes reveals 
that the nature of the R group of the carboxylate has 
little effect on the electronic spectra of these trinuclear 
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Fig. 2. Electronic spectrum of MeCN solution of complex 6 (6 03 
mM Cr) 

complexes, as has been suggested previously [40]. The 
nature of the terminal ligand, however, does appreciably 
effect the ligand field of the chromium ions; complexes 
with pyridine as the terminal ligand have larger ligand 
field splitting than complexes with terminal aqua ligands. 
The changes in splitting are essentially identical whether 
R is Me or Ph. 

Note for complex 6 the energy of the d -+ d transitions 
is intermediate between those of the complexes where 
the terminal ligands are all pyridine or all water (Table 
4); this is consistent with the (py),(OH) formulation. 
The presence of the two features at 352 and 362 nm 
in the spectrum of 6 (Fig. 2) indicates 6 retains a 
multinuclear configuration. 

Infrared spectroscopy 
For a series of trinuclear Cr(II1) acetate and formate 

complexes and their deuterio analogues, Cannon and 
co-workers [19, 391 have convincingly assigned the IR 
spectra and identified the vibrational modes of the 
central Cr,O modes. Assuming D,, symmetry for the 
core of the symmetric complexes, the planar Cr,O unit 
should have four fundamental vibrational modes. The 
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highest in energy of these is doubly degenerate, E’; 
and for Cr,O complexes, this band was assigned to a 
strong transition at 640-660 cm-’ [19]. When one of 
the Cr(II1) ions is replaced with Fe(III), the degeneracy 
is removed; and the band splits [39]. 

As shown in Table 5, a similar approach has been 
taken to assign the spectra of the trinuclear benzoate 
complexes. For all the symmetric complexes, a strong 
band at c. 640 cm-‘, which does not shift in the deuterio 
analogues, has been assigned to the E’ vibration of the 
Cr,O unit. For the unsymmetric species 6, where one 
of the pyridine ligands is replaced, the D, symmetry 
no longer exists. While the loss of pyridine is readily 
evident from loss of intensity of pyridine-derived features 
in the spectrum of the unsymmetric species versus the 
symmetric complexes with three pyridine ligands, the 
c. 640 cm-l feature is retained. Thus, loss of symmetry 
in the terminal ligands is insufficient to result in break- 
down of the effective symmetry about the Cr,O core; 
but this provides conclusive evidence for retention of 
the Cr,O core structure. 

For the aqua complexes, substituting the H,O with 
D,O resulted in no clearly discernable changes in the 
lower energy portion of the IR spectra; consequently, 
locating the transitions corresponding to vibrations of 
the coordinated water was not possible. 

NMR spectroscopy 
A recent study [18] has shown that the ‘H NMR 

spectra of oxo-centered trinuclear chromium carboxylate 
assemblies possess readily discernable signals, despite 
the long electronic spin-lattice relaxation time of the 
chromic ions; this results from the reduction of the 
effective magnetic moment per Cr as the chromium 
centers are antiferromagnetically coupled. As shown in 
Table 6, complexes l-6 all possess paramagnetically- 
shifted resonances in their ‘H NMR spectra, although 
signals resulting from protons in closest proximity to 
the metal centers are broadened beyond detection. 
However, in combination with ‘H NMR, all proton/ 
deuteron signals can be observed [18]. 

TABLE 4. UV-Vis spectra of trmuclear chrommm compounds 

Compound h,,, (nm) (dCr) (M-’ cm-‘) Reference 

[Cr30(0~CPh)~(py)~1C104a 352(124), 362(99.1), 434(79.0), 568(47.1), 682(15.8), -7lO(sh), -730(sh) this work 

[Cr,O(O,CPh),(py)~lC1” 352(136), 362(107), 434(87.2), 570(51.0), 682(14.6), -7lO(sh), -730(sh) this work 

[Cr,O(p-toluate),(py)a]CIO~a 352(137), 362(116), 432(80.5), 564(48.4), 682(19.1), -7lO(sh), -730(sh) this work 

ICr,O(O,CPh)~(py)~(OH)1” 352(110), 362(857), 444(61.4), 664(20.7), -7lO(sh) this work 

[Cr,0(0*CPh)6(Hz0)31N03 348(79.8), 358(59.3), 442(57.8), 590(49.7), - 660(sh), - 720(sh) this work 

[Cr~0(0~CPh)6(HZ0)~1C104C 348(79.3), 358(59.2), 434(52.2), 592(45.8), - 660(sh), - 720(sh) this work 

lCr@(OKMe)&y131+ d 351, 361, 435, 565, 678, 703, 724 38 

[Cr30(0,CMe),(H,0),If d 332, 339, 358, 442, 585, 656(sh), 671(sh), 702(sh), 717 38 

aDMF. ‘MeCN. ‘(CH,),CO. dDiffuse reflectance spectra. 
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TABLE 5. IR spectra (cm-‘) of selected complexes 

1620(br, vs) 
1580(s) 
1560(s) 

1620(br, vs) 
157O(vs) 

1310(m) 
1230(m) 

1310(w) 
1225(m) 
1185(m) 

2 Assignment 
- 

1630(br, vs) 
159O(vs) 

1510(s) 
1330(s) 

1615(br, vs) 
158O(vs) 

1330(w) 
1225(m) 
1185(m) 

1170(m) 

1020(m) 

940(m) 

850(m) 
820(w) 

755(s) 

72O(vs) 
700(s) 
680(s) 
64O(vs) 
610(sh) 

515(vs) 

O,CPh/py 
02CPh 
CZCGDS 
GD,N 
0,CPh 

::CPh 
QCGD, 
O&Ph 
C,CC,Ds 
OzCPh 
cio, 
PY 

PY 

NCSDS 
O,CC,Ds 
0,CPh 
NGD, 
CzCGDs 
C,CC,Ds 
0,CPh 
OzCPh 

PY 

0,CPh 
PY 
OzCPh 
Cr,O 

!&D, 
NGD, 
QCGDs 
NGD, 
02CPh/02CC6DS 
CKGD~ 

1190(m) 

1175(m) 

1160(w) 
1090(br, vs) 

1180(w) 

1170(w) 
1170(m) 

1155(m) 
llOO(br, vs) 
1050(w) 

1090(br, vs) 
1050(m) 
1040(w) 
1020(m) 

1030(m) 

lOlO 
985(m) 

1030(m) 

965(m) 
940(w) 
895(m) 

940(w) 

880(s) 
850(s) 

850(m) 
820(w) 

815(s) 
755(s) 
735(s) 

7OO(vs) 

755(s) 

72O(vs) 
7OO(vs) 
69O(vs) 
65O(vs) 
610(m) 

72O(vs) 

685(s) 
@ws) 
62O(vs) 

615(s) 
6OO(sh) 

540(s) 
52O(vs) 

545(w) 

515(vs) 
440(m) 

52O(vs) 

TABLE 6. ‘H NMR” of trinuclear chrommm compounds in d,-MeCN 

Compound Chemtcal shift (ppm) Reference 

py: 2H, n o.,~ 3H, + 11.2; 4H, -14.4 OJPh 
a, n.o.;d m, +7.4; p. to.5 

18 

py: 2H, n.o.; 3H, +11.3; 4H, -14.4 0,CPh: 
0, no.; m, +7.4; p, +0.5 

this work 

O&Ph: W, no.; m, +7.4; p, +0.5 
0,CPh: o, n.o ; m, + 7.4; p, +0.6 
py: 2H, n.o.; 3H, + 11.2’; 4H, - 14.4 p-tol: 
a, n.0.; m, +7.4; CH3, +11.2’ 

thts work 
this work 
18 

py: 2H, n.o.; 3H, + 11.3’; 4H, - 13.1 O&Ph. 
0, no.; m, +7.4; p, +0.5 

this work 

[CaO(O2CPh)~(H2O)~lNO~ 
[Cr30(02CPh)6(H20)~1C104 
[Cr,O@-toluate),(py),1C10, 

-44.8 ppm. cIntegration fits for two overlapping signals. dZH NMR, +3.2 ppm. ‘Intensity ‘n.0. = not observed. b2H NMR, 
ratio 3H: m= 1.0:3.1. 
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The ‘H NMR spectrum of 1 displays four distinct 
resonances. Two of these resonances (+ 11.2 and - 14.4 
ppm) can be readily assigned to the pyridine ligand as 
they disappear in the ‘H NMR of the NCSD, derivative. 
The third pyridine resonance is readily located for the 
NC,D, derivative by ‘H NMR. (By using ‘H NMR, 
signals in a given environment should be narrower than 
the corresponding ‘H NMR signal by up to yH2/ 
yr,* = 42.5, where yH and yD are the gyromagnetic ratios 
of the proton and deuteron, respectively.) The broadness 
(H4 <H3 -=z H2) of these signals readily allows them 
to be assigned. The alternating sense of shift between 
the 3-position and 4-position protons (downfield and 
upfield) is consistent with a r delocalization mechanism, 
that expected for a t2g 3 ion. (Also dipolar contributions 
to the isotropic shifts should be minimal for a tZg3 ion.) 

The other two resonances in the ‘H NMR spectrum 
of 1 can readily be assigned to the benzoate ligand, 
with the ortho proton broadened beyond detection. The 
ortho-deuteron is readily located in the *D NMR of 
the deutero-benzoate analogue (Fig. 3). The ‘H res- 
onance at +0.5 ppm disappears in the p-toluate de- 
rivative, 3, and is replaced by a new resonance at + 11.2 
ppm. Hence, the +OS ppm signal and the +7.4 ppm 
signals are readily assigned to theparu and meta protons, 
respectively. Note the para-methyl proton resonance of 
the toluate ligand is shifted downfield, in contrast to 

m 

P 

l 

0 

I , I I 1 , I I I I I 50 40 30 20 10 F&4 -10 -20 -30 -40 -50 

Fig. 3. ‘H NMR spectrum of [Cr-,0(0,CC6D5)6(py)s]C10., in 
MeCN. * = solvent. 

thepara-proton resonance which is shifted upfield com- 
pared to free benzoate, providing conclusive evidence 
for the existence of a dominant rrdelocalization pathway. 

The resonances of the pyridine and benzoate ligands 
of the other trinuclear complexes are essentially identical 
to those of these ligands in complexes 1 and 3 (Table 
6). This provides evidence that the unsymmetric complex 
6 possesses approximately the same structure and cou- 
pling as the symmetric complexes. Integration of the 
‘H NMR resonances of 6 produces a pyridine to benz- 
oate ratio of 2:3.1, within error of the expected 2:3 
ratio. 

Mass spectrometry 
FAB mass spectra of these trinuclear complexes as 

DMF or DMF/glycerol solutions all display a distinctive 
set of ions with masses corresponding to the series 
P-30(02CWx1 + , x=4, 5 or 6, regardless of the nature 
of the carboxylate (Table 7). In some cases the ion 
corresponding to x=3 is observable. For the aqua- 
containing trimers, the aqua ligands are lost, such that 
the parent ion is not observed. When the terminal 
ligands are pyridine, the parent ion is observable in 
some cases along with ions derived from successive loss 
of pyridine molecules (Table 7). Similar terminal ligand 
loss has recently been observed in electrospray mass 
spectrometric studies of trinuclear Cr(II1) assemblies 
[41]. Loss of carboxylates was only observed in colli- 
sionally activated decomposition mass spectrometric 
studies [41]. 

For the unsymmetric complex 6, the observed ions 
are exactly those expected if the hydroxo (aqua) ligand 
is lost as in the symmetric aquo complexes (Table 7). 
This provides strong evidence for the proposed for- 
mulation and structure of 6; however, ions resulting 
from rearrangement reactions in the spectrometer have 
been observed for larger Cr carboxylate assemblies (J. 
Vincent, unpublished results). 

Magnetic susceptibility studies 
The chromic ions (S = 3/2) of trinuclear oxo-centered 

chromium(II1) carboxylate assemblies are antiferro- 
magnetically coupled with a coupling constant (.I) of 
C. - 10 cm-’ (H= -2TS, .S,), resulting in an S= l/2 
ground state [2]. Consequently, the room temperature 
magnetic moments of these complexes (T= 290-298 K) 
are generally in the range 3.1-3.5 BM. The solid and 
solution room temperature magnetic moments of com- 
plexes l-6 (including the unsymmetric complex) fall 
within this range (Table 8). 

ESR spectroscopy 
At low temperatures where only the S= l/2 ground 

state of the coupled trinuclear assemblies is substantially 
populated, the ESR spectra of these complexes are 
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TABLE 7. Mass spectra of trmuclear chromium complexes 

Compound 

[Cr3O(O,CPh),(H,O),INO, 

[Cr~o(o,CMe),(H,o),lCl 

[Cr3O(O,CPh),(py),lC10, 

[Cr30(p-toluate),(py),]C10, 

Mass Assignment Relative height (%) 

898 [CrdXOD%l+ 100 

777 lCr@(QCPh),l+ 97 

656 lCr30(02CPh),l+ 80 

535 lCr30(OZCPh)31+ 86 

526 [Cr30(02CMeh1+ 100 

467 D@(OOfeM+ 36 

408 P30(0Dfehl+ 21 

1135 W~O(O~CPh)~(py)X 13 

1056 tCr~O(O~Cph)~(py)~l 36 

997 lCr3O(O&W&y)l+ 45 

898 [Cr30(02CPhM+ 100 

856 lCr30(OZCPh)5(py11f 6 

777 PdX0&PhM+ 51 

656 [Cr30(02CW41+ 28 

535 [Cr&(0G’hM+ 30 

1056 D~O(OG’hMpyM+ 25 

977 lCr@(QCPh)&y)l+ 43 

898 lCr@(OQ’h),l+ loo 
777 lCr@(0Q’h)X 48 

656 D@(02CPhM+ 25 

535 1Cr@(OQ’h)31+ 25 

1140 [Cr,o(p-toluate)6(py)21+ 8 

1061 [Cr,O@-toluate),(py)] + 21 

982 [Cr,O@-toluate),] + 100 

847 [Cr,O@-toluate),] + 34 

712 [Cr30@-toluate),]+ 18 

577 [Cr,O(p-toluate),]+ 21 

TABLE 8. Magnetic moments of trmuclear chromium complexes 

PICr PlCr 
(solid state) (Evans) 

(BW (BM) 

~~~3~~~~~~~~~~~~~~1~104 3.10 a 

[Cr,O(OzCPh)6(PY)&l 3.10 3.19b 

[Cr3O(OKPh)&I~O)~]NO~ 3.05 3.31’ 
[C~~O(O~CPh)~(H~O)lC10, 3.15 3 06d 

]CrsO(O&ph)r,(PY)z(OH)1 3 39 a 

[CrsO@-toluate)6(py)s]ClO~ 3.17 3.18d 

‘Insufficient solubmty. bd-chloroform. ‘d,-DMSO. dd,-MeCN. 

comprised of a single signal with a g value of - 2 (for 
example, see refs. 27, 40, 42). The spectra of the 
trinuclear benzoate species are no exception. For ex- 
ample as shown in Fig. 4(b), the ESR spectrum of an 
ethanol glass of complex 4 at 10.8 K reveals a sharp 
signal at an apparent g value of -2.0, nearly identical 
to that reported for polycrystalline [Cr,O(O,CMe),- 
(H20)3] l at 4.2 K [40]. In contrast, the powder spectrum 
of unsymmetric complex 6 displays a signal with some- 
what more asymmetry (g apparent =2.0) (Fig. 4(a)). 
Such asymmetry, however, is not atypical and has pre- 
viously been observed for polycrystalline samples of 

trinuclear acetate complexes at low temperature [42]. 
This spectrum suggests that 6 is not a mixture of 
symmetric (py), or symmetric (H20)3 complexes but a 
unique species. 

Supplementary material 

Additional material comprising all bond distances 
and angles, thermal parameters, and structure factor 
amplitudes are available from author J.B.V. on request. 
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Fig. 4. (a) Powder EPR spectrum of complex 6. (b) EtOH glass 
EPR spectrum of complex 4. Conditions: 10.8 K, gam, (a) 2 x lo*, 
(b) 8; scan time, 4 min; time constant, 0.25 s; modulation amplitude, 
10 G; fieldset, 2600 G; scan range, 5000 G; power, 1 mW; 
frequency, 9.2 GHz. 
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