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Mixed-metal molybdenum(ll)/rhodium(ll) tetra(trifluoroacetate) of the composition [(MoRh)(O,CCFs)4] has been obtained
from the gas-phase reaction between volatile carboxylates, [Mo,(0,CCF3),] and [Rhy(O,CCFs)4]. This is an interesting
system for which a single-crystal X-ray investigation fails to provide an unambiguous evidence of whether the
product consists of the initial homometallic or newly formed heterometallic paddlewheel units. In the solid-state
structure both metal atoms occupy the same crystallographic position, while the M—M and M-O distances are
averaged with respect to the parent homometallic compounds. Nevertheless, the results of mass-spectrometric
and magnetic measurements clearly indicate that the title bimetallic carboxylate contains a statistical mixture of
homometallic dimolybdenum and dirhodium units. The product can be considered as a result of cocrystallization of
isomorphous paddlewheel molecules.

Introduction molecule with distinctly different properties at two potential

Since the report of correct structure for dimolybdenum me_tal binding _S|tes (.9., strongreak _LeW|s a_C|ds or Levx_/ls_
tetraacetaténumerous paddiewheel carboxylates have been 8cid-base pair). For example, an interesting synergistic
synthesized and characteriZgtwith the vast majority of effect is observed when certain heterometalhc cataly;ts show
them being homonuclear species. Examples of heterobime-etter performance compared to their homometallic coun-
tallic compounds are limited to quadruple-bonded Group VI terparts? In general, the assembly of heterometallic paddle-
transition metal carboxylates, [(MoM)¢OR)] (M = Cr, R wheel carboxylates in the solid state can occur in two
= Me* M = W, R = 'BuS) and several dinuclear molecules different ways: (i) through formation of a “true” heterobi-
without metal-metal bonding. Although the controlled
synthesis of heterobimetallic complexes represents a signifi- (5) (a) Katovic, V.; Templeton, J. L.; Hoxmeier, R. J.; McCarley, R. E.
cant challenge, itis a very attractive idea to create adinuclear 3 am Srem Sopcio 5 9399 ((2; ey e o
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Scheme 1 Table 1. Selected Structural Parameters, Bond Distances (A) and
A B R Angles (deg) forl and Its Parent Homometallic Carboxylates,
R R A [M2(0,CCRs)s] (M = Mo, Rh)
/’\ o) o _R
o No _r A <. [Moz] [Rhy]20 1
BE TN m ] oo
|/O |/O |/0’| O-==== M;——Mj---- cryst syst triclinic triclinic triclinic
/M1—/M2 ----M,—M1-/-----o/ | 0/ | space group P1 P1 P1
0>|/o L L | oL a(hd) 5.5662(8) 5.2499(5) 5.3385(5)
) o Y o ~N b (A) 8.2207(12) 8.491(2) 8.4547(8)
N ~ R c(d) 8.9579(13) 9.172(2) 9.1418(8)
R R o (deg) 87.515(2) 88.80(1) 89.6540(10)
5 (deg) 85.862(2) 88.53(1) 89.6720(10)
metallic unit br?dged by carboxylate' ligands and further {’,geg?) fg;sllg((lzg) 3?57"‘133((11)) ngfﬁ%glo)
supported by direct metaimetal bonding (Scheme 1), z 1 1 1
providing homogenization at the molecular level, and (i) M-M 2.1036(4) 2.3813(8) 2.2888(5)
through Lewis acietbase adduct formatiorBj giving an M~O 2.115(2) 2.047(4) 2.060(3)
g acl gving an — m..0 2.678(3) 2.337(4) 2.439(3)
ordered or statistical arrangement of homonuclear units in  M—M-0 91.76(5) 88.2(1) 89.42(7)
infinite chains. To this end, we have recently reported that M—M-O 158.33(6) 169.3(1) 166.44(6)

bismuth(ll) trifluoroacetat® acts as a metalloligand toward
transition metal (M= Rh, Ru) fragments affording remark-

Table 2. Selected Bond Distances (A) f@rand the THF Bisadducts of
Homometallic Carboxylates

able heterobimetallic molecules, which adopt the paddle-

[Moz] [Rh2] 2
N . . .
wheel structureA. Herein we communicate the synthe5|s, V—M 21202(5) 2.4074(9) 23186(8)
structure, and characterization of new heterometallic mo- o 2.121(2) 2.039(3) 2.063(3)
lybdenum(ll)/rhodium(ll) tetra(trifluoroacetate})( that con- M:+-Orne 2.478(3) 2.260(4) 2.318(3)

forms to the typeB with statistical distribution of homodi-

L . Table 3. Spectroscopic Characterization of Compoundnd Parent
nuclear units in the solid-state structure.

Homometallic Carboxylates, MO,CCFs)s (M = Mo, Rh)

Results and Discussion [Mog] [Rhy] 1

. : 19 NMR (C;Ds), & —71.49 —-73.98 —71.50,—73.95
Molybdenum/rhodium trifluoroacetatel)( has been ob- g (g, C(mzlﬁ) Vasyn{CO)  1594s 1647s  1593s, 1655s
tained in the form of single crystals from the solid-state vs,n(CO) 1455 m 1465m 1458 m

UV —vis (CiHg), Amax NM 304, 315(sh) 312,356 310, 352

reaction by heating the mixture of unsolvated JRBCCR;)4]
and [Mo(O,CCR;),] at 150°C in a sealed ampule. While
the green color ofl appeared to be just a bit lighter than
that of the starting dirhodium tetracarboxylate, the new
complex exhibits noticeably greater stability toward moist
air. Compoundl is soluble in anhydrous, deoxygenated
toluene, acetone, ether, ethyl alcohol, and THF, while only
partially soluble in non-coordinating CHEZand CHCI..
Elemental analysis for the crystalline samplelajave a
Mo/Rh metal ratio of close to 1:1. An X-ray diffraction study
of the single crystals revealed that compound crystallizes in
triclinic space group with unit cell parameters similar to those
of both homometallic carboxylates (Table 1) that are, in fact,
isomorphous. Crystallographically this means that there is
one bimetallic molecule in the unit cell. The structure was
initially solved in noncentrosymmetric space grdepwith
two crystallographically independent metal positions assigne
to molybdenum and rhodium. However, the geometry around
each position appeared essentially the same, while thermal
parameters were substantially different (0.024 and 0.036,
respectively). In addition, the value of Flack parameter was
close tox = 0.5. The structure of was finally refined in
centrosymmetric space groli with one crystallographi-
cally independent metal position constrained as 50% Mo and
50% Rh, according to the results of elemental analysis. No
disorder at the metal or oxygen sites was detected. As

expected, the crystal structure is similar to those of the parent
Mo'" and RH trifluoroacetates. The major structural element
is a paddlewheel unit (Figure 1, left) with a metahetal
bond distance of 2.2888(5) A that falls between the-Mo
Mo and Rh-Rh bond lengths in corresponding homometallic
carboxylates (Table 1). The same trend is also observed for
other bond lengths and angles in the structurel.oThe
paddlewheel molecules are combined into 1D infinite chains
(Figure 1, right) through axial M-O interactions (2.439(3)

A) that are also between those for the molybdenum and
rhodium trifluoroacetates.

This is an interesting system for which the single-crystal
X-ray study clearly fails to provide an unambiguous evidence
of whether the product consists of starting homometallic
OI(Scheme 1B) or newly formed heterometallic paddlewheel
units (Scheme 1A). The previously reported structures of

he heterometallic molecules [(MoM){OR),] (M = Cr,

)45 exhibit the same problem, and other methods have been
employed to prove a “true” heterobimetallic character of
these compounds. For instance, the iodiaeetonitrile
bisadduct of the Me-Cr molecule was found to have two
ordered metal sites in the crystal structure.

Thus, we have decided to prepare a discrete bimetallic
complex by dissolution of the crystals @fin THF. Our
expectations were based on the fact that dimolybdenum and
dirhodium complexes display very different axial distances

to the oxygen atom of THF (Table 2). Indeed, pale-violet
2006 128, 2814.

(10) Cotton, F. A.; Dikarev, E. V.: Feng, Xnorg. Chim. Actal995 237, crystals of a tetrahydrofurane bisadduct, [(MORBILORs),]-
19. (THF), (2), were harvested from the solution. Unfortunately,

(9) (a) Dikarev, E. V.; Gray, T. G.; Li, BAngew. Chem., Int. ER005
44, 1721. (b) Dikarev, E. V.; Li, B.; Zhang, Hl. Am. Chem. Soc.
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Figure 1. ORTEP view (50% probability thermal ellipsoids) of the paddlewheel molecule in the structure of heterobimetallic Mo/Rh trifluoroacetate (left).

A fragment of a 1D polymeric chain built on intermolecular interaction&.in

Figure 2. Molecular structure of the bis-adduct, [(MORhYTOCR;)4]-
(THF), (2). Each metal position is refined as 50% Mo and 50% Rh.

this new complex was also found to be isomorphous to the
corresponding homometallic bisadducts with only one crys-
tallographically independent metal position in the crystal
structure (Figure 2). Here again, the-Wl and axial

The convincing evidence that the bimetallic Mo/Rh
carboxylate consists of homometallic dimolybdenum and
dirhodium units has been obtained from a mass spectrometric
investigation in the acetone solution and from magnetic
measurements in the solid state. The negative TOF mass
spectrum ofl (Figure 3) shows peaks corresponding to
homometallic [M@(O.CCRs)s]~ and [RR(O.CCHR;)s] ~ ions,
which are in perfect match with the calculated isotope
distribution patterns. Importantly, no peaks attributed to any
heterometallic fragments were found in the spectrum because
the isotope distribution pattern for heterometallic fragments
should be significantly different from those for homometallic
ions. Similarly, the magnetic susceptibility measurements on
crystalline sample ofl over the range of 60300 K (see
Supporting Information for more details) indicate diamag-
netic properties of the bimetallic complex. If the molybdenum/
rhodium trifluoroacetate was of the structure tyfethat
would result in the odd-electrorfed” configuration. How-
ever, the diamagnetic character of the compound is in a good
agreement with thB type structure containing homometallic

M---O distances fall between the corresponding distancesMO02 (d*~d%) and Rh (d"—d") units.

for the THF bisadducts of the [Mpand [Rh] molecules
(Table 2). It is worth mentioning here that a similar picture
has been observed for the bis-acetic acid adduct of the Cu
Rh acetaté! which, we believe, conforms to the structure
type B with a statistical distribution of homodinuclear units.

The results of spectroscopic investigation of bimetallic
carboxylatel suggest that it consists of homometallic units.
Thus, the®® NMR spectrum features two signals corre-
sponding to those of dirhodium and dimolybdenum tetra-
(trifluoroacetates) (Table 3). It should be noted that for a
“true” heterometallic molecule, [(BiIRh)({CCFR;)4, we
observefla single peak in the fluorine NMR spectrum. The
IR spectrum ofl shows two strong peaks at 1593 and 1655
cm for vayn(CO) that are close to the corresponding peaks
for dimolybdenum and dirhodium compounds, respectively.
Finally, the UV—vis spectrum ofl looks similar to the one
obtained for the mixture of molybdenum(ll) and rhodium-
(I1) trifluoroacetates.

(11) Antsyshkina, A. S.; Mitryakina, M. A.; Yurchenko, E. N.; Gracheva,
L. S. Russ. J. Inorg. Chen1991 36, 1725.

The bimetallic molybdenum/rhodium trifluoroacetatg (
reported here contains homometallic paddlewheel units that
form polymeric chains through Lewis acidbase interactions
in the solid-state structure. In solutiob dissociates to the
[Moy] and [Rh] units that have solvent donor molecules
coordinated to their axial positions. Thus, in solutidns
indistinguishable from the mixture of homometallic trifluo-
roacetates. However, in the solid state, the bimetallic
compound is not simply a mixture of homometallic car-
boxylates and still provides some degree of homogenization
at the molecular level. This is evident from the results of
thermogravimetric analysis. While the TGA curve for the
mixture of [Moy(O,CCR)4] and [Rh(O,CCF)4 shows a
two-step decomposition pattern corresponding to thermal
behavior of individual compounds (Figure 4), the thermal
degradation ofl is an essentially one-step process that starts
at higher temperature and results in a distinctly different
residue.

In a reference to the Schem®,lwe tend to believe that
there should be a statistical, rather than ordered, distribution

Inorganic Chemistry, Vol. 46, No. 22, 2007 9157
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Figure 3. Negative ion TOF-MS mass spectrum bfn acetone.
Experimental Section

All of the manipulations were carried out in a dry, oxygen-free,
dinitrogen or argon atmosphere employing standard ampule,
glovebox, and Schlenk techniques. All chemicals, unless otherwise
described, were purchased from Aldrich and used as received. All
solvents used were anhydrous and kept under the protection of
activated molecular sieves. The dirhodium(ll) and dimolybdenum-
(I1) tetra(trifluoroacetates) were prepared according to the literature
procedured?®13 Single crystals of [Me(O,CCRs)4] were obtained
by sublimation at 170C in a sealed, evacuated ampule. Crystals
of bis-THF adducts for [MgO,CCR;),] and [Rhp(O,CCF;)4] were
obtained from saturated THF solutions-at0 °C. UV—vis spectra
were acquired using a Hewlett-Packard 8452A diode array spec-
trophotometer. IR spectra were recorded on a Nicolet Magna 550
FTIR spectrometer using KBr pellets. NMR spectra were obtained

Figure 4. Thermogravimetric analyses of compared with parent  using a Bruker Avance 400 spectrometer at 376.47 MHZ%er
homometallic carboxylates and their physical mixture. Chemical shifts are reported in parts per million (ppm) relative to
CFCk. Electrospray mass spectra were acquired on a MDS Sciex
of homometallic dinuclear units in the crystal structurdof ~ API QStar Pulsar mass spectrometer using an electrospray ionization
That is based on observation that mixed-metal compoundssource. The spectra were acquired in the negative ion mode in an
with compositions different from that of Mo/Réx 1:1 can acetone solution of~50 uM analyte concentration. The magnetic
be prepared. We were able to isolate at least one of suchsusceptibility _measurements were performed with the use of a
bimetallic carboxylates, for which elemental analysis gives Quantum Design SQUID magnetometer MPMS-XL. The data were

obtained on finely ground crystalline samplelof23.1 mg) in an
0, 0,
a metal content of 70% Mo and 30% Rh. As expected, the applied magnetic field of 0.1 T in the temperature range of 60

unit cell dimensions, as well as the-\ (2.2152(3) A) 300 K. The magnetic data were corrected for the sample holder
and M--O (2.523(3) A) distances, in this structure are closer packground. Elemental analyses were performed by Maxima
to those of molybdenum(ll) trifluoroacetate. Laboratories, Guelph, Canada.

The formation of the bimetallic compountl can be [(MoRh)(O2CCFs3)4] (1). A mixture of [Rhy(O.CCF)4] (0.20
considered to be a result of isomorphous substitifidine g, 0.30 mmol) and [MgO,CCF)4] (0.064 g, 0.10 mmol) was
overall dimensions of the [MgO.CCFy);] and [Rh(O» sealed in an evacuated glass ampule and placed in an electric furnace

. L ) . having a temperature gradient§ °C) along the length of the tube.
CCRy)4] units are very similar with the sole exception of the The ampule was kept at 18C for 7 days to allow greenish crystals

metat-metal bond length. However, when an aggregation o 1 1o he deposited in the cold section of the container. The yield
of bimetallic units into infinite chains is considered, the was~70% (crystals collected)?F NMR (C;Dg, 22°C): ¢ —71.497
addition of intermolecular axial M-O contacts to the MM (s, CR), —73.948 (s, CB). IR (KBr, cm™%): 1655s, 1593s, 1458
bonds is giving very close distances for a chain ste$,78 m, 1238sh, 1192s, 1156sh, 860 m, 782 m, 740s, 528 m-Wi&/
and 4.72 A, respectively. In other words, the [{{land [Rh] (CDs, 22 °C) Amax, M (€, M~* cm™): 310 (6621), 352 (5803).
blocks are commensurate in the solid-state structure provid-~TOF MS (CHCE, m/2): 1400.58 ([Ma(0,CCFy)e] ), 863.20
ing a basis for isomorphous substitution. In agreement with ([RR(O:CCR)s(0,LCCR)] ), 770.80 ([RA(OLCR)s]"), 754.79
this, we have failed to o_btaln_ any new mlxed-metal_-l\/lo (IM0s(O,CCR)(CO)]). Anal. Caled for GOsFiMoRh: Mo
Rh compounds by reaction with the corresponding pivalate 14 749, Rh 15.81%. Found: Mo 14.27%. Rh 14.78%.
and trifluoroacetate complexes that are known to have [(MoRh)(0,CCF3)J(THF) (2). Crystals of [[MoRh)(GCCR)d]
significantly different dimensions that primarily affect the (1) (0.050 g) were dissolved in THF (1.0 mL) inside an NMR tube
interchange contacts. to afford a greenish solution. Hexane (3.0 mL) was then added
carefully using a syringe on top of the THF layer. The tube was

(12) (a) Kessler, V. GChem. Commur2003 1213. (b) Sulikowski, B.
Heterog. Chem. Re 1996 3, 203. (13) Cotton, F. A.; Norman, J. G., Ji. Coord. Chem1972 1, 161.
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Table 4. Crystallographic Data and Structure Refinement Parameters

1 2 [Mo2] [Mo2](THF)2 [RR2](THF),
formula MoRhQCgF12 MoRhOyoC1eH16F12 Mo,0gCsgF12 M02010C16H16F12 RhpO10C16H16F12
fw 650.93 795.14 643.96 788.17 802.11
cryst syst triclinic triclinic triclinic triclinic triclinic
space group P1 P1 P1 P1 P1
a(A) 5.3385(5) 8.7543(6) 5.5662(8) 8.7817(7) 8.5503(8)
b (A) 8.4547(8) 9.0902(6) 8.2207(12) 9.0928(7) 9.1936(9)
c(R) 9.1418(8) 9.4058(6) 8.9579(13) 9.4597(7) 9.4802(9)
a (deg) 89.6540(10) 63.1370(10) 87.515(2) 62.7350(10) 63.5900(10)
£ (deg) 89.6720(10) 78.3180(10) 85.862(2) 78.2750(10) 77.0350(10)
v (deg) 77.0450(10) 77.8010(10) 80.617(2) 77.4510(10) 76.5830(10)
27E) 402.11(6) 647.72(7) 403.15(10) 650.70(9) 642.92(11)
Z 1 1 1 1 1
pealca(g cP) 2.688 2.038 2.652 2.011 2.072
w (mm1) 1.980 1.255 1.729 1.097 1.418
transm factors 0.69290.9250 0.8439-0.9063 0.39950.8471 0.71350.8441 0.79450.9197
temp (K) 173(2) 173(2) 173(2) 173(2) 173(2)
data/restraints/params 1790/18/146 2925/36/232 1768/0/137 2893/36/231 2851/36/199
R12wR2>
I > 20(1) 0.0301, 0.0766 0.0388, 0.1049 0.0220, 0.0574 0.0373, 0.0984 0.0467,0.1164
all data 0.0305, 0.0769 0.0399, 0.1038 0.0222, 0.0576 0.0380, 0.0994 0.0597, 0.1244
GOP 1.081 1.050 1.050 1.047 1.014

AR1 = 3||Fo| — |Fc|l/3|Fol. PWR2 = [T [W(Fo? — FAA/ 3 [W(FA] Y2 ¢ GOF = [F[W(Fo?® — FcA)/(Nobsa — Nparamd] % based on all data.

kept in a freezer at-20 °C for one week to allow pale-violet crystals ~ Bruker SHELXTL (version 6.12) software packaelhe coordi-
of 2 to be deposited at the bottom. nates of metal atoms for the structures were found in direct method
In an alternative approach, crystals of [[MORWCTR)4] (1) E maps. The remaining atoms were located after an alternative series
(0.050 g) were dissolved in THF, and the solvent was then gently of least-squares cycles and difference Fourier maps2f@nd the
evaporated. The solid residue was sealed in an evacuated glasgis-THFE adduct of [Me(O,CCFs),], the hydrogen atoms were
ampule and placed in an electric furnace having a temperature|ocated and refined independently; for the bis-THF adduct of
gradient (-5 °C) along the length of the tube. The ampule was [Rn,(0,CCF;)4], hydrogen atoms were included in idealized posi-
kept at 100°C for 3 days to allow pale-violet crystals @fto be tions for structure factor calculations. The fluorine atoms of some
deposited in the cold section of the container. CF; groups appeared to be disordered over three rotational

_>t<-[)6|ly fCr);?taIIograpihﬁ: Proc:,_duresl. S_elected smglf cr)t/stals | orientations. Anisotropic displacement parameters were assigned
surtable for A-ray crystallographic analysis were used for structural 4, -, non-hydrogen atoms, except the disordered fluorine atoms.

determination. The X-ray intensity data were measured at 173(2) Relevant crvstalloaraphic data are summarized in Table 4
K (Bruker KRYOFLEX) on a Bruker SMART APEX CCD-based fystafiograp :

X-ray diffractometer system equipped with a Mo-target X-ray tube Acknowledgment. This work is dedicated to the memory
(A = 0.71073 A) operated at 1800 W power. The crystals were

. oo of Professor F. Albert Cotton. Acknowledgment is made to
mounted on a goniometer head with silicone grease. The detector, . . .
was placed at a distance of 6.140 cm from the crystal. For eachthe Donors of the American Chemical Society Pej[roleum
experiment, a total of 1850 frames were collected with a scan width Research Fund, Grant 44770-AC3, for support of this work.
of 0.3 in w and an exposure time of 20 s/frame. The frames were We also thank the National Science Foundation, Grant NSF-
integrated with the Bruker SAINT Software packégesing a 0619422 (X-ray diffractometer).
narrow-frame integration algorithm to a maximumd 2angle of
56.54 (0.75 A resolution). The final cell constants are based upon  Supporting Information Available: Magnetic measurements
the refinement of the XYZ-centroids of several thousand reflections data, —TOF-MS, NMR, IR, and U\W-vis spectra, and X-ray
above 20(1). Analysis of the data showed negligible decay during crystallographic files in CIF format. This material is available free
data collection. Data were corrected for absorption effects using of charge via the Internet at http://pubs.acs.org.
the empirical method (SADABS). The structures were solved and

refined by full-matrix least-squares procedures|B# using the IC7009012

(14) SAINT, Data Reduction Softwareversion 6.22; Bruker Analytical

(15) Sheldrick, G. M.SHELXTL, version 6.12; Bruker Analytical X-ray
X-ray Systems, Inc.: Madison, WI, 2001.

Systems, Inc.: Madison, WI, 2000.
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