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The heterobimetallic complek, [LV(u-O)u-OAc)MnL] (where L = hydridotris(pyrazolyl)borate), has been

synthesized and characterized. X-ray crystal st

ructural analysigafe the following parameters:4E1,0B2N130s-

VMn, Cmey, a = 13.364(2) Ab = 17.383(3) A,c = 14.132(3) A,z = 4,V = 3289.9(16) A. An analysis of
the structure, optical and resonance Raman spectroscopies, and magnetic measurements indicatés@at a V
Mn" valence formulation is the best description of the oxo-bridged corg aithough other resonance forms

must also contribute.

Introduction

Oxo-bridged units have been found to be an important
structural motif in the chemistry of first-row transition metals,
particularly manganeseron,? and vanadiuni. These units are
also ubiquitous in biological systems with a growing body of
metalloproteins and metalloenzymes having been isolated which
incorporateu-oxo-bridged motifs at their active sites to carry
out a wide range of functions. For exampley-@xo-bridged
dimetal unit has been structurally characterized by single-crystal
X-ray crystallography in iron-containing hemerythrinand
ribonucleotide reducta®ewhile the involvement ofu-oxo-
bridged as well as dié-oxo-bridged dinuclear units has been
implicated in manganese-containing catalases from spectroscopi
probes of structure. The tetramanganese water oxidase enzyme
of the green plant photosystem Il is also believed to contain an
oxo-bridged active sité and involvement of a *O—V dimer
in the biology of vanadium is suspected on the basis of
spectrochemical evidenée.

These oxo-bridged active sites also display unique electronic
and magnetochemical properties stemming from the superex-

change pathways mediated by the bridging oxide, such as strongat

O — M charge-transfer (CT) transitions in the visible region
and varying degrees of magnetic coupling. The CT and
magnetic interactions that take place through the agency of an
oxo bridge reflect the overlap between metal and oxygen orbitals
and, hence, depend on the extent of metedygen interactions.
Subtle changes in the MO interactions as a function of the
electronic configuration of the metal atom can thus lead to
variable, and sometimes different, ground and excited state
electronic properties.
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Of the various known structural types of oxo-bridged metal
dimers, perhaps the best studied are the bent cobridged structures
represented by [MD(O,CCHs)(HB(pz)s)2] and their TACN
analogs. The molecular structures of complexes with iron(lll),
manganese(lll), and vanadium(lll) have all been solved and their
M—O—M vibrational signatures elucidated by a number of
resonance Raman studi€s!? In particular we have extensively
investigated the physicochemical properties ef@—V dimers
and compared them with the analogous Fe and Mn compléxes.
Using resonance Raman spectroscopy and calculations based
on a triatomic harmonic oscillator approximation it was shown
that decreasing patterns of interaction constants from Fe(lll) to
V() implicated an increased dynamic stabilization of an

%xcited state that is increasingly asymmetrical due to differential

electronic interaction of the oxygen with the two metal ions of
the M—O—M core. In this work we describe a stable ground
state structure that resembles the excited state geometry
implicated by the previous work.

Experimental Section

Materials. All synthetic procedures were carried out under an
mosphere of pure dry argon or nitrogen by utilizing standard Schlenk
techniques. Subsequent workup was carried out in air unless otherwise
noted. Solvents were distilled under nitrogen from the appropriate
drying agents (Caplor Na/benzophenone). DMF was Burdick and
Jackson “distilled in glass” grade and was used as received following
storage under nitrogen. All other materials were reagent grade and
used as received. Potassium hydridotris(pyrazolyl)borate was synthe-
sized according to the reported metiéds was [HB(pz]VCI,.DMF.15
Synthesis. [HB(pz)}V(u-O)(u-OAc),MnHB(pz)3] (1). To a solu-
tion of [HB(pz)]VCI.DMF (0.82 g, 2.0 mmol) dissolved in 450
mL of CH;CN was added, with constant stirring, 0.49 g of Mn(OAc)
(2.0 mmol). To the resulting deep reddish brown solution was added
an equimolar quantity of KHB(pz)0.50 g, 2.0 mmol). The solution
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Table 1. Crystallographic Data and Data Collection Parameters Table 2. Bond Lengths (A)

for 1 Mn(1)—N(8) 22095  Mn(1}-0(3) 2.120(4)
param 1 Mn(1)—0(2) 2.201(5) Mn(1>N(7) 2.234(5)
Mn(1)—N(8A) 2.209(5) Mn(1)-O(3A) 2.120(4)
formula gZ4F§9BzM”N1305V V(1)~0(2) 1667(6)  V(LO(1) 2.008(4)
fgﬁwgc’“p 23‘8 1 V(1)—-N(@3) 2.124(4) V(1)N(Q2) 2.242(6)
a Ap' 13.364(2) V(1)—0(1A) 2.008(4) V(1}-N(3A) 2.124(4)
b, A 17.383(3) N(8)—Mn(1)—0(3) 89.2(2) N(8>-Mn(1)-0(2) 91.2(1)
c, A 14.132(3) 0O(3)-Mn(1)—0(2) 87.2(1) N(8-Mn(1)—N(7) 83.2(1)
Vv, A3 3282.9(16) O(3)-Mn(1)—N(7) 97.9(1) O(FMn(1)-N(7) 172.4(2)
Poalcs g CNT3 1.431 N(8)—Mn(1)—N(8A) 85.9(2) O(3)-Mn(1)—N(8A) 174.9(2)
z 4 0(2)-Mn(1)—N(8A) 91.2(1) N(7F-Mn(1)—-N(8A) 83.2(1)
fw 707.1 N(8)—Mn(1)-0O(3A)  174.9(2) O(3FMn(1)—O(3A) 95.5(2)
cryst size, mm 0.8 0.8x 0.8 0O(2)-Mn(1)—0O(3A) 87.2(1) N(7»-Mn(1)—O(3A)  97.9(1)
w, et 7.24 N(8A)—Mn(1)—O(3A) 89.2(2) O(2}V(1)—O(1) 97.9(2)
radiation Mo Ko 0(2)-V(1)—N(3) 96.6(2) O(1)FV(1)—N(3) 90.6(1)
scantype 0—-20 O(2)-V(1)—N(2) 177.4(2) O(1}V(1)—N(2) 84.0(2)
data collection range, deg 385 N(3)—-V(1)—N(2) 81.5(2) O(2yV(1)—O(1A) 97.9(2)
Rmerge %0 2.24 0(1)-V(1)—0O(1A) 89.7(2) N(3»V(1)-O(1A)  165.3(2)
no. of unique data 1292 N(2)—V(1)—O(1A) 84.0(2) O(2)V(1)—N(3A) 96.6(2)
no. of obs datef: > 4.0sf) 1262 O(1)-V(1)—N(3A) 165.3(2) N(3)-V(1)—N(3A) 85.5(2)
data:param ratio 5.4:1 N(2)—-V(1)—N(3A) 81.5(2) O(LAXV(1)—N(3A) 90.6(1)
transm 0.8417/0.9051
R2% 3.16
Ru.? % 4.26
max diff peak, e/& 0.30
Alo(mean)

0.004 £ < &) C13)

aQuantity minimizedow(F, — F¢)?, R = Z|F, — F¢l/wFo. Ry =
(wW(Fo — Fo)A=(WF,))M2,

was heated to dissolve the potassium hydridotris(pyrazolyl)borate, and 11
the dark cloudy green reaction mixture was filtered. Upon standing
overnight, crystals ofl suitable for X-ray analysis were isolated by
filtration and air-dried. Yield: 0.44 g, 33%. Anal. Calcd fb1CHs-

CN: C,40.77; H,4.13; N, 25.75. Found: C, 40.73; H, 4.13; N, 25.49.
IR (cm™) 2518, 1594, 1502, 1398, 1300, 1207, 1109, 1049, 979, 930,
772, 717, 537.

Physical Methods. Preliminary determinations of magnetic sus-
ceptibilities were made at room temperature using a Johnson-Mathey
magnetic susceptibility balance while variable temperature measure-
ments were performed as previously described over the rarGé@

Results
K employing a SQUID magnetomet¥r.UV —vis spectra were recorded . .
on an HP8452A diode array spectrophotometer. Resonance Raman Synthesis. The LVCLDMF/Mn(OAc), reaction system was

spectra were recorded and analyzed as previously repdréd. 0”9'”6_‘”3’ |nvest|gatled by us as a route for preparing hetero-
Elemental analyses were performed by Desert Analytical Services. metallic acet‘f"te'b”dged. trlnuclgar species analogous to the

X-ray Crystallography. Crystals ofl were sealed in a Lindeman phosphat_e_-brldged Species previously repoftéd. However,
glass capillary and mounted on a Siemens P4 diffractometer. Unit cell UPON @ddition of 0.5 equiv of Mn(OAgjo LVCI.DMF followed
constants were determined by least squares refinement of the angulaPy tWo sequential additions of sodium acetate, an orange brown
settings of 20 well-centered relatively high angle reflections. Systematic Solution was obtained which yielded a small croplofipon
absences did not unambiguously determine the space group, but theevaporation to dryness. On the basis of analysis of the product,
|E*E—1] statistics clearly favored a noncentric group, of whizine; it was clear that there was insufficient tris(pyrazolyl)borate in
was the most common. Successful solution and refinement, achievedthe reaction mixture to produdein good yield. This suggested
using the SHELXTL-PLUS crystallography software from Siem&ns,  the modification used in the “rational” synthesis reported here
vglidated this c_hoice. Positions for' all the non-hydrogen atoms of the \yhich produced, although still only in fair yield. Encouraged
dimer were evident on thE-map with the V, Mnu-O, B, and two  y this injtial success we attempted to produce analogous
Faaton aiso became evident on subsedent sleciron densty diferencey, <.~ M heterobimetallic complexes where # Co, Ni and

N Y Fe. Unfortunately in all cases the only crystallographically

maps. Hydrogen atoms were calculated and given isotropic thermal . A i
parameters fixed at 0.082A Pertinent parameters regarding crystal characterizable product was the correspondiglg tsandwich

data, data collection, and structure solution and refinement can be foundcOmMplex. Likewise, attempts to synthesize the mixed-ligand

in Table 1, with selected bond lengths and angles in Table 2. complex, [HB(pz3]V(u-O)(u-OAc)Mn[HB(3,5-Mepz}], also
met with failure.

Description of Structure. The structure ofl, shown in
(17) Czernuszewicz, R. S\ppl. Spectroscl986 40, 571-573. Figure 1 with the atom-labeling scheme, displays a number of
(18) Czernuszewicz, R. S.; Johnson, M Afapl. Spectroscl983 37, 297 notable features with respect to the corresponding M(IIl)

(19) Czernuszewicz, R. S. INMethods in Molecular BiologyJones, C., homometallic dimers of relevance to the question of the
Mulloy, B.,Thomas, A. H., Eds.; Humana Press: Totawa, NJ, 1993,
Vol. 17, pp 345-374. (21) Dean, N. S.; Mokry, L. M.; Bond, M. R.; O’Connor, C. J.; Carrano,
(20) Sheldrick, G. MSHELXTL-PC Version 4.1; Siemens X-Ray Analyti- C. J.Inorg. Chem 1996 35, 3541.
cal Instruments, Inc.: Madison, WI, 1989. Scattering Factors from (22) Dean, N. S.; Mokry, L. M.; Mohan, M.; Bond, M. R.; O’Connor, C.
the following: International Tables for X-Ray Crystallographpers, J.; Otieno, T.; Sportalian, K.; Carrano, C.ldorg. Chem 1997, 36,
J., Hamilton, W., Eds.; Kynoch: Birmingham, U.K., 1974, Vol. IV. 1424.

showing complete atomic labeling.

(16) O’Connor, C. JProg. Inorg. Chem1982 29, 203.
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Table 3. Observed Infrared and Raman Spectral Bands {@and
Proposed Assignments for [VOMn{OCH;:)2(HB(pz))2] (1) 5)
IR? RR assignmerit “ [Mn,O(0Ac),L,]
287 sh Y(M—N),;,
304 (11 Y(MN—0)oy0
353 sh 354 »(M—0O:CR)
387 387 sh »(M—0,CR)
542 br 542 L
621 619 w L 2
661 661 4(0—C—-0) 2 3
—C— |
i S :
725 sh 2 3
761s 760 vw o "
779 sh L z
793 792 vw
853 vw, br 851w, br s
885 w, br Es
926 sh (36) 925 vs (37) Y(V=0)oxo [MnOV(OAc),L,] &
932 m 931 sh I
943 sh 941 sh 5}
975 974 w g
988 sh 982 sh g
1022 sh 1017 br |
1050 s 1048 vw
1072 sh 1072 w I 1 I | 1 1 1
1088 sh 1089 sh L 200 400 600 800 1000 1200 1400
1095w 1093 Raman Shift / cm™
ﬂgg zh ﬁég \gh Figure 2. Resonance Raman spectraldbottom),2 (middle), and3
1214 s 1216 (top). All spectra were obtained via backscattering in KCI pellets at
1304 s 1302 room temperature2(and 3) or 77 K (1) by using 406.7 nm3) and
1310's 1309 676.4 nm @) Kr* and 457.9 nmX) Ar* ion laser excitations (200
1344 1345 vw mW) and 5 cm? slit widths.
1392 1391
1405 s 1404 sh 1(0O—C-0) Infrared and Resonance Raman Spectroscopy.Table 3
1422 sh 1425 L summarizes the principal infrared and resonance Raman vibra-
1593s 1594 m, br vas(O:CfO) tional frequencies and proposed assignment$.faConspicuous
1842 (74) 2(V=Olorc” features in the infrared s h lylb ligand
2475 y(B—H) pectrum are the pyrazolylborate ligan

B—H stretching band at 2475 crh the broad, intense{(OCO)
#IR spectra in KBr pellet® Resonance Raman (RR) in KCI_ pellet  gnd va{OCO) stretching bands at 1405 and 1593 &m
\vaegkatslr']q”s'ﬁotﬁ Jgp%?rat}?gzavs_y”;ggﬁh 3 ftrgg%;rr;‘nétirgﬁ?}'”@ W respectively, for the carboxylato bridges, and a number of sharp,
’ ) , , - 1 - 1WVs — .
symmetric stretchyas= asymmetric stretch, & assigned as vibration ~ Nténse peakslglitsween 600 and 1500 tdue to the pyrazolyl
of HB(pz). “ Numbers in parentheses indicate thé80 — u-1%0 ring vibrationst A broad, multicomponent band of medium
isotopic shift upon exchange with,H 0. € Overtone. intensity is centered at+930 cntl. One of its components
I . . occurs at~926 cnt! and is assigned to the stretching vibration
oxidation assignment between the two metals. Most prominent of the V—O—Mn bridge on the basis of the appearance of a
i’;lmor;]g 'ghes;:‘ ggt;le,&?ec'ﬂei asymmegyzlg S 1eAOuf Mnhbc?nd dominant, polarized peak at 925 chrin the resonance Raman
engths,.e, 1.66 or the former and 2. or the latter. spectra ofl in both the solid state (Figure 2) and solution (Figure
The V-0 bond is considerably shorter (0.11 A) than that seen 3) when excited with blue-green Aiion laser lines. As shown
in the analogous divanadium(lll) complex and is almost in the in Figure 3 for1 in CHCl, solution and with a 457.9 nm
range seen for V(IV) vanadyl oxo groups (1‘59'62 A) while excitation wavelength, this band shifts to 889 ¢mvith 120
the Mn—0 is some 0.42 A longer than that seen in the Mn(lll) exchange in the bridge, confirming its assignment to the

i 12 i i ith! eee N N ) 4 X
dimer: Thus_the structure Is more consistent with 'é*/0 vibrational mode involving a motion of an oxo group. Also
Mn' formulation than the alternative "-O—Mn'"" one. evident is a peak at 1842 cr which can be assigned as the

i - I RO— i : .
Wleghardt and co-workers have reported a formally ) first overtone of the 925 cmt fundamental, and which shifts
VIV dimer which shows the same asymmefryAlso consistent 1 1

. e / . . to 1768 cn1! uponu-180 exchange.

with the IV—II formulation is the evident “trans” effect seen The symmetric %) and asymmetrici) V—O—V bridge
S,

around the vanadium, with the-MN bond trans to the bridging . S

’ . . . . stretches in the homometallic dimer, JO(OAc)(HB(pz)s)2]
0X0 group 0.1 A longer than the two cis\N |nteract|on§. This (2), occur at 536 (strong) and 687 ch(weak), respectively
resylt is the expected one fqr a V(IV) oxo center, as is t_he 0.26 (Figure 2, middle} while typical V=0 stretching vibrations
A d|splaceme_nt O.f the vanadium from the mean equatorla_l Plane o cur in the 1016-880 cnrt range?*25 Also characteristic for
toward the bridging oxygen. The °O"V'.” ang!e of 123 is dimer2 is a resonance Raman band of medium intensity at 1344
10° less than that found in the all-vanadium dimer but nearly cm-L assigned to 2,{VOV).13 The analogous:(MnOMn)

. . . . St ’

the same as that found in all other metallodimers of this class. v2{MNOMn), and Z{MnOMn) vibrations in the resonance

Finally, the \+--Mn distance of 3.412 A is considerably longer
than that found in either homometallic dimer but consistent with Raman spectrum of [MIO(OACK(HB(pz)).] (3) are located

V=0...Mn i
the W=0---Mn assignment. (24) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compoundsith ed.; Wiley: New York, 1986.
(23) Hotzelmann, R.; Wieghardt, K.; Floerke, U.; Haupt, HAhgew. (25) Czernuszewicz, R. S.; Nakamoto, K.; Okawa, H.; Kiddn8rg. Chim.

Chem., Int. Ed. Engl199Q 29, 645. Acta 1978 27, L101-L102.
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v(VO) 147
2 o [MNOV(OAc),L,]
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l
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Figure 4. Relative Raman intensityl,{) profile for the v(V=0---
Mn) stretching mode at 925 crhof crystallinel, superimposed on its
N electronic spectrum in acetonitrile. Raman band intensities were
determined relative to the 984 chw;(SO?) band and normalized to
the intensity at the 406.7 nm excitation wavelength.
PR L L L s | 1
900 1000 1700 1800 1900 5.9
Raman Shift / cm™ 58
Figure 3. Room-temperature resonance Raman specttaroCHCIz '
and itsu-1%0 analog obtained via frontscattering from a spinning NMR 57
tube by using 457.9 nm Avrion laser excitation (200 mW) and 6 cin
slit widths. “L” marks bands associated with internal modes of HEB(pz) 56
ligands. An asterisk marks bands due to incomplée — %0 ’
exchange. =
= 55
at 554, 710, and 1409 crh respectively (Figure 2, top}. o
Hence, on the basis of its energy and sensitivity to isotopic 54
oxygen substitution, we assign the 925 @énpeak of1l to a 53
V=0-+-Mn stretching vibration which is almost pure=O in ’
character. Indeed, using a two-atom vibrational model without 5.9
considering the Mn contribution, the 925 chband is expected
to downshift to 885 cm! upon’80 exchange, which compares 5.1
well with that observed (889 cm). Only one other oxygen
sensitive peak is observed in the resonance Raman spectra of 5.0 [ — , — T
1, which is at 304 cm?! (Figure 2, bottom) and shifts to 294 0 50 100 150 200 250

cm! when 180 is substituted in the ¥O—Mn bridge (not

shown). The same simple two-atom calculation as used T(K)

previously, this time with the mass contribution of the vanadium Figure 5. Plot of 4T vs T for 1 over the range 2300 K. The open
being ignored, predicts that the band at 304 &mshould be circles are the data points, and the curve was generated by fits to the
downshifted to 291 ¢ for a pure Mn-O stretch. This again ~ Model described in the text.

compares well with the observed shift, confirming the assign- »(V=0---Mn) Raman band, measured relative to the 984%tm

ment. These results indicate that, unlike symmetrie M v, band of S@ present as an internal standard, with the
bridges in homometallic dime&and3, the V—O—Mn bridge absorption spectrum df. A well-defined maximum is seen in
in 1 represents an uncoupled triatomic oscillator due to the large the EP, at~500 nm, indicating an underlying-O — V(IV)
difference in force constants for thex0 and Mn-O bonds, charge-transfer transition in the visible electronic spectrum.
in agreement with the X-ray data. Magnetism. The magnetic susceptibility dfwas measured

Optical Spectroscopy. The spectrum ot is shown in Figure over the range 2300 K. At room temperaturgT has a value
4. It does not at all resemble the V(Ill) homonuclear dimer somewhat above the uncoupled limit for a noninteractg
but has similarities to the Mn(lll) analdg. The major feature 1/, and S = 5, dimer but well above that expected for the
of the spectrum is the broad envelope centered at about 400equivalentS= 1 andS= 2 description. As the temperature is
nm which clearly consists of at least three overlapping bands. lowered,y T increases monotonically (Figure 5), reaching at peak
Also evident is a very weak band centered above 820 nm which near 50 K before falling again below this temperature. This
may be a characteristic-al band of the W=0O unit. The behavior is indicative of moderate ferromagnetic coupling
magnitudes of the extinction coefficients (399 Mem™1 at 392 between the metal centers with a weak antiferromagnetic
nm and 311 M cm~! at 430 nm) are consistent with either interdimerinteraction. The interaction between a V(IV) and a
d—d bands of the Mn(ll) which, although formally spin  Mn(ll) gives rise toS = 2 andS = 3 pair states while that
forbidden, have gained intensity due to the exchange interactionbetween a V(IIl) and a Mn(lll) give$=1,S= 2, andS= 3
or with charge transfer transitions of the-X0—Mn core. The states. Not surprisingly that data could be adequately fitted
importance of this latter mechanism is demonstrated by Figure employing either oxidation state formalism using the Heisen-
4, which compares the excitation profile (EP) for the 925¢m  berg—Dirac—VanVleck Hamiltonian with an averaggvalue
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and a molecular field correction. The fit (Figure 5) for the
former description was, however, slightly better than for the
latter and gave parametets= +22.8 cntl, g = 1.979,2J’
—0.03 cntl. The integral spirS = 3 ground state implied by

Dean et al.

in nature the overall coupling is ferromagnetic despite the fact
that such couplings are generally weaker than antiferromagnetic
ones. The magnitude of the coupling seef is slightly greater
than that in the MH —O—Mn", but much less than that in the

this fit is consistent with the lack of an observable EPR spectrum V'"—O—V'"", homometallic dimers. The increase in coupling

between 298 and 77 K.

Discussion

for 1 with respect to the former can be rationalized by the
absence of the AFM pathway which is available in the all-Mn
dimerZ” while the decrease from the divanadium system has

The present complex complements those studied in previoustwo possible origins. First, the increasing¥! distance caused

work and allows a more detailed examination of the bonding
and spectroscopic properties of bent-Kd—M units. Specif-

by the long Mn-0O bond is expected to attenuate the magnitude
of the coupling whether it be FM or AFM in nature. Secondly,

ically one of the following resonance structures may represent as the M-O—M angle decreases from 18@ward 120, the

the bonding in the M-O—M unit.
AN

M 1 M it M I M v

A B C
In a homometallic complex, forms A and C are equivalent, while
they are different in a heterobimetallic species. In the specific
case of the V-O—Mn dimer, they represent the\=0---Mn'",
VI'—O—Mn""| and V'---O=Mn'" formulations. On the basis
of our chemical intuition the latter formulation is unlikely to
contribute significantly, containing as it does both a strong
oxidant in Mn(lV) and a strong reductant in V(Il). From the
structure ofl it is clear that form A must be the dominant one.

interaction between the metals is expected to become less
ferromagnetic as the gain in orbital energy obtained through
spin pairing exceeds the spin-pairing energy itself.

The optical spectrum df is noteworthy in that it derives at
least partly from oxo to metal charge transfer within the
M—0O—M unit as confirmed by resonance Raman spectroscopy
as well as ligand field and simultaneous pair excitations whose
intensities are increased by the spin coupling in theO#~Mn
systen?® Although on the basis of the structure one might be
tempted to viewl as a W=0 with only a very weak Mn
interaction, such an interaction must be significant as simple
VWV=0---V!V head to tail dimers and polymers or mononuclear
VIV or Mn'" complexes which have similar structural parameters

Nevertheless the magnetism and the optical and resonancélo not display such optical spectra.

Raman spectroscopy all indicate that form B probably also
contributes.
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