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The title compound, [Rux(O,CCF3)4] (1), has been obtained without any exogenous ligands and crystallized by
deposition from the gas phase at 170 °C. Its crystal structure has been determined for the first time to confirm an
infinite chain motif built on axial Ru-+-O interactions of the diruthenium(ll,Il) units. The X-ray diffraction studies at
variable temperatures showed no phase transitions in the range of 295-100 K but revealed a significant decrease
in the volume per atom from 14.2 to 13.3 A3, This noticeable thermal compressibility effect is discussed in connection
with the solid-state packing of the [Ru,(O,CCF3)4].. chains. The highly electrophilic character of the diruthenium-
(11,11) units has been shown by the gas-phase deposition reaction of [Ru,(0,CCF3)4] with an aromatic donor substrate,
namely [2.2]paracyclophane (CigHi). As a result of the above reaction, a new arene adduct [Ru(O,CCF3),-
CisHie] (2) has been isolated in crystalline form. It has an extended one-dimensional (1D) chain structure comprised
of alternating building units and based on the rare bridging mode of [2.2]paracyclophane, [Rux(O2CCF3)s* (257
7?-C16H1s)]. The magnetic susceptibility of 1 and 2 has been measured and compared in the range of 1.8-300
K. In addition, in the course of synthesis of 1 by the carboxylate exchange reactions, a new mixed-carboxylate
diruthenium(l1,11) core complex [Ru,(02CCF3)3(0,CC,Hs)] (3), bearing no exogenous ligands, has also been isolated
and structurally characterized. It exhibits an interesting polymeric structure in which the ruthenium(ll) centers selectively
form axial interdimer contacts with the O-atoms of the propionate groups only.
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ligands? In general, the preparation of dimetal tetracarboxy- Scheme 1

late complexes without exogenous ligands exhibiting ex-

tended or discreet structures represents a significant synthetic

challenge’® For the former, the sublimatierdeposition

procedures have been successfully used to obtain solvent-

free crystals of volatile complexé$,but the number of

structurally characterized dimetal units having no exogenous

ligands is still limited. For the diruthenium(ll,Il) core

carboxylates, attempts to obtain unligated JUCR)]

complexes in noncoordinating solvents were unsucceSsful,

and no crystallographic data for such complexes have been

reported yet. Because such structural data were not available,

the ground state for the [RD-CR),] complexes having two

unpaired electrons has been theoretically derived using

molecular geometry and average geometrical parameters

taken for known ligated compouné& Moreover, the nature

of the ground state of the doubly bonded paramagnetic

[Rux(O,CCRs)4] species is still in question due to the fact

that thedo* and 7 HOMO orbitals are nearly degenerdfe.
The synthesis of diruthenium(ll,1l) tetra(trifluoroacetate)

has been accomplished by Wilkinson and co-workers in 1987

with three of its bis-adducts being structurally characterized in the range 295100 K to show a noticeable thermal

. 14 -
since ther!:* More recently, the eIectrophlhc [B(OZC.CE”)“] ... _compressibility effect. We have also tested the reactivity of
unit has been used as a paramagnetic electron-rich building, ¢ =" = [RYO-CCRs)4] units in the gas

R:OCK fortthle ffrm?non off (ter:(tended r][ybnd géterlélébqtt phase toward an aromatic donor substrate, [2.2]paracyclo-

N qrysda Eruc ur_(la_ho f € paren '[f@c?z tthE)“] uni i phane (GeHi¢). The resulting organometallic product has

remained unknown. theretore, we carmed outine preparationy,. o , structurally characterized, and its magnetic susceptibility
of_d|ru_then|um(||,||) tetr_a(tnflu_oroacetate_) frge of exogenous has been compared with that of the parent diruthenium(ll,-
axial ligands and achieved its crystallization from the gas 1) trifluoroacetate complex. The results of these studies are

(7) () Lindsay, A. J.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B. ~ discussed below.
J. Chem. Soc., Dalton Tran$985 2321-2326. (b) Lindsay, A. J.;
Wilkinson, G.; Motevalli, M.; Hursthouse, M. B. Chem. Soc., Dalton i i
Trans.1987 2723-2736. (c) Lindsay, A. J.; Tooze, R. P.; Motevalli, Results and Discussion

phase. Single-crystal X-ray diffraction studies of the title
complex have been performed at six different temperatures

M. rursthouse, M. B.; Wilkinson, Ghem. Commurt984 1383- Metal carboxylates are known to exhibit a variety of
(8) (a) Cotton, F. A.; Miskowski, V. M.: Zhong, B. Am. Chem. Soc.  Structures. The main-group metal trifluoroacetate complex,
1989 111, 6177-6182. (b) Cotton, F. A.; Labella, L.; Shang, Morg. [Bi»(O,CCR)4], has recently been shown to have a structure

Chim. Actal992 197, 149-158. (c) Cotton, F. A.; Daniels, L. M,; . . .o . .
Kibala. P. A - ,\ﬁatusz M.: Roth (V%,_ J.: Schwotzer, W.; Wang, W.; based on isolated dimetal units in the solid statdimetal

Zhong, B.Inorg. Chim. Actal994 215 9-15. (d) Barral, M. C; tetracarboxylates of transition metals in the absence of
Jimenez-Aparicio, R, Priego, J. L; Royer, E. C.; Urbanos, F. A aytarnal donor molecules exhibit chain polymeric structures

Amador, U.Inorg. Chim. Actal998 279 30-36. (e) Barral, M. C.; ; o . ; . .
Gonzales-Prieto, R.; Jimenez-Aparicio, R.; Priego, J. L.; Torres, M. having axial interdimer interactions of metal centers with

Edmti;%?;’°§’- ':K'it%g]v(\?;glsgohrgm Cﬁgﬁg%%i 43??&6 4%%&% ) the carboxylate oxygen atoms of neighboring units. Within
The search of CSD reveals one “unligated” §&CPh)] complex this common motif, two major packing patterns of dimetal

reported by Spohn, M.; Stnée J.Z. Kristallogr. 1987 179, 205— units have been clearly distinguished, namely “flat ribbon”

213. We found that it is an erroneously cited paper; all our attempts « : " . ;
to find the right reference for the above complex and the above authors and “venetian blind (SCheme 1, a and b, rESpecuvely)'

were unsuccessful. No atom coordinates or geometric parameters for Whereas isomorphous dirhodium(lI##jand dimolybdenum-

[Rup(O-CPh)] are available from the database. We should note here 16 i
that the unit cell parameters reported in the database fox{Ru (IL11)* tetra(irifluoroacetates) belong to the former type,

CPh)] exactly match the parameters for the BRD,CPh)CI] complex copper(ll) trifluoroacetate was found to be structurally

€]

—~

published by Abe, M.; Sasaki, Y; Yamaguchi, T.; Ito,Bull. Chem. uniguel® This diversity prompted us to pursue the X-ray

Soc. Jpn1992 65, 1585-1590. diffracti tudy of th theni 0 trifl tat |
(10) Cotton, F. A.; Hillard, E. A; Murillo, C. AJ. Am. Chem. S0@002 iffraction study of the ruthenium(ll) trifluoroacetate complex
) %2)4, 5658-5660. ) ) that was not structurally characterized in its “unsolvated”
11) (a) Cotton, F. A.; Dikarev, E. V.; Feng, Xnorg. Chim. Actal995 ;

237, 19—-26 and references therein. (b) Cotton, F. A.; Dikarev, E. V.; form_ before'_ Moreover, the Bﬁ c.ore speC|e§ deservg

Petrukhina, M. Alnorg. Chem.200Q 39, 6072-6079. special attention due to their interesting electronic properties,

(12) Chisholm, M. H.; Christou, G.; Folting, K.; Huffman, J. C.; James, pecause they exhibit, in addition to an electron-rich double
C. A.; Samuels, J. A.; Wasemann, J. L.; Woodruff, Wihtrg. Chem. .
1996 35, 3643-3568. metal-metal bond, a triplet ground state. Because dhe
(13) %a) C'a{léég'lb'é 7(3%‘24’, J('b)Cé IRekdfgrnl,_ CGM.CheJm.CSol;:.,dlfDaltoré and ther* antibonding orbitals lie very close in energy for
rans. . ark, D. L.; Green, J. C.; Rearern, C. A+ 3 I
M. J.; Quelch, G. E.; Hillier, I. H.; Guest, M. Rohem. Phys. Lett. 1€ Ru*™ core? they can be both occupied, and that can
1989 154, 326-329.
(14) Cogne, A.; Belorizky, E.; Laugier, J.; Rey,IRorg. Chem1994 33, (15) Dikarev, E. V.; Li, B.Inorg. Chem.2004 43, 3461-3466.
3364-3369. (16) Cotton, F. A,; Norman, J. G., Ji. Coord. Chem1972 1, 161—171.
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result in different electronic configurations. The latter are
determined, in part, by the ligand environment at thg*Ru
core but can also be temperature depentfeXtray photo-
electron spectroscopic studies performed on the(®x
CCR)4] complex did not allow for a definitive assignment
of the ground stat& Therefore, we attempted to correlate
here structural data on [R®.CCR), with magnetic
susceptibility measurements and performed X-ray crystal-
lographic studies at variable temperatures.
The target complex was prepared by the carboxylate-
exchange reaction starting from diruthenium(ll,1l) tetra-
(acetate) using the literature methdd®.However, the
preparation of the pure crystalline compound -
CCHRy)4), free of all exogenous ligands, was proved to be _ .
more difficult than was originally reported. The title molecule S%;”;é'stlﬁ’t‘fﬁg rgfl‘_”e dependence of the unit cell parametes ind
has a great avidity for axial ligands, and all our attempts to
completely remove THF from the bis-adduct pRO,CCF;) 4
(THF),], as suggeste®,were unsuccessful. A lack of lability
of the axial THF ligands in [RO.CCR)4(THF),] in
contrast to its rhodium analogue has also been noticed
before?2 Our successful procedure was based on the extrac-
tion of the crude ruthenium trifluoroacetate product by diethyl
etheri8followed by its recrystallization from acetone/hexanes
to form [Rw(O.CCR)s(Me,CO)).1° Acetone was then
removed by heating the bis-adduct at temperatures around._. . .
120 °C for 3 days under reduced pressure. Even suchdggupfr;é, Z“:g{f e;;?;éﬂecl zrgs_lymenc chain in [H@CCR)4 (1)
treatment was insufficient to completely eliminate the
coordinated solvent, and multiple separations of the more is isostructural to dirhodium(ll,If2and dimolybdenum(ll,-
volatile acetone adduct by sublimation at 3460 °C were 1116 tetra(trifluoroacetates) and crystallizes in the triclinic
added to obtain the title product without any detectable tracesP1 space group. Although no phase transitions in this
of acetone, as it was confirmed by IR and by elemental temperature range were observed for the ruthenium complex,
analysis. It was a challenge to grow crystals of diruthenium- a noticeable decrease of the unit cell volume from 425.1(2)
(I,I) tetra(trifluoroacetate) and to handle those, because the A3 at 295 K to 398.77(8) Aat 100 K has been detected.
compound is highly hydroscopic and rapidly absorbs mois- The overall effect of temperature on the lattice parameters
ture from the air or from incompletely dried glassware. In of 1 has been examined. The plot shown in Figure 1 indicates
addition to that, the ruthenium(ll) complex was found to be that there is a substantial gradual increase of the parameter
not as volatile as analogous rhodium(ll), molybdenum(ll), cin the range 106295 K, whereas the parametersindb
and copper(ll) trifluoroacetates. Sublimation of the powder, do not exhibit a temperature dependence. The angle
obtained as described above, was performed at176°C steadily decreases from 83.493(2) to 79.45%(®hereass
in an evacuated sealed tube to afford very thin, red-brown increases from 83.698(2) to 85.705(5and v is almost
needles of “unligated” [Ry{O.CCFs)4] (1). constant (86.921(2) and 86.776{pn the same temperature
The single-crystal X-ray diffraction studies of the JRDx- range (see Supporting Information). This results in the
CCR)4 complex have been performed at six different significant overall thermal compressibility in the structure
temperatures ranging from 295 to 100 K. The title compound of [Ru,(O.CCRs)4] to give a calculated volume per atom of
14.2 and 13.3 Aat 295 and 100 K, respectively. Similar
(17) Cotton, F. A.; Murillo, C. A.; Reibenspies, J. H.; Villagran, D.; Wang, ~ behavior has been detected in the variable-temperature X-ray
(18) )((:'r'y\ggll(lgggan’fc;r: [&82&%%2?&%?34 fo?}ngji}cﬁﬁlimom; diffraction study of blsmu_th(l_l) trifluoroacetate that showed
fw = 802.46;P1; a = 8.5253(5) A,b = 9.9951(5) A,c = 9.7803(5) the 1.9% volume contraction in the same temperature rénge.

A; o = 67.5940(10), p = 88.5460(10), y = 77.3920(10; V = The effect is even more pronounced for JRL,CCFs)4], with
675.28(6) B, Z = 1; T = 173 K; Deaca = 1.973 glcri; u = 1.247 0

mm~%; 5909 reflections measured, final R1 and wR2 values are 0.0213 & 6.3% volume decrease.

and 0.0527 for 3034 independent reflections>[ 20(1)]. Selected The title ruthenium complex exhibits the expected one-
distances and angles: R&u, 2.2920(3) A; Rtt+Oay, 2.3152(13) A;

RU-RU++Ons, 176.96(4) dimensional (1D) polymeric structure based on axiai-Ru
(19) Crystal data for [R{O,CCFs)a(Me2CO)]: formula GygH1oF12010- O interactions (Figure 2). It is now proved that RO,
Ru; fw = 770.38;P2y/n; a = 8.7288(6) A,b = 8.9709(7) A,c = CCRy)4] forms “flat ribbon” chains similar to those of

15.1089(11) A = 96.7520(10); V = 1174.90(15) A, 2= 2; T = ; :
173 K; (Dc v g_m glcré: (MU): 1.428 mm—l(; 9)831 reflections  rhodium(ll) and molybdenum(ll) trifluoroacetates and com-

measured, final R1 and wR2 values are 0.0399 and 0.0944 for 2751 mon for many other dimetal tetracarboxy|ates (Scheme 13_)_

independent reflectiond [> 20(1)]. Selected distances and angles: . o .
Ru-RU, 2.2866(6) A: Rt-Ogy 2.288(3) A: RuRur+-One, 176.76- The dimetal [Ry(O.CCFs)4] unit is centrosymmetric,

(8)°. having an inversion center at the midpoint of the metal
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Table 1. Selected Distances (A) and Angles (deg) in the Structures of
[Ruz(O2CCRs)4] (1), [Rux(O2CCFs)4°CieH1g] (2), and
[Rux(O2CCRs)3(02CCoHs)] (3)

1 1 2 3

T, K 100 243 213 243
Ru—-Ru 2.2679(5) 2.2627(5)  2.2993(5)  2.2613(7)
RU—Ogq (av) 2.066(2)  2.061(3)  2.064(3)  2.064(3)
RU—Ogq(+-*Ru)  2.091(2) 2.085(3) 2.084(3)
Rur++Oax 2.363(2) 2.377(3) 2.347(3)
RU—RU—Ogy 167.07(6)  167.64(7) 167.97(8)
Ru-++C 2.670(3)

2.757(3)
Ru—Ru—-C 164.93(8)

165.16(8)

metal bond. The RuRu distance irl is 2.2679(5) A at 100 Figure 3. Solid-state packing of [R¢O,CCFs)4].. chains along the axis.
K and 2.2627(5) A at 243 K (Table 1). Thus, the metal

metal distance in the “unligated” [R{D.CCF;)4 complex

is slightly shorter than those in the structurally characterized

bis-adducts [RgO.CCR)4L2]: 2.276(3) (L= THF),’? 2.293-

(1) (L = Tempo)** 2.2920(3) (L= diethyl ether)'® and

2.2866(6) A (L= acetone}? It is even shorter than the Ru

Ru distance of 2.278(1) A in [R(0.CCF)s] that has a Rif*

core with one less electron in the metahetal antibonding

orbital2° For comparison, the shortest RRu bond of 2.238-

(1) A was found in [Rymph)] (Hmph = 6-methyl-2-

hydroxypyridine), but that was attributed to the discreet

nature of the complex having no axial interactions as well Figure 4. Fragment of the 1D polymeric chain in [HG:CCR)e Cagthd
as to electronic and steric effects of the mph ligands that ) Ry purple. O red, F green. C dark gray, H light gray (the same color
encourage metalmetal bond formatioft scheme is used in Figure 5).

A comparison of major distances and angles in the 14 ghoy the coordinatively unsaturated nature of diru-

structure of1 at different temperatures shows very subtle yhanum111) trifluoroacetate, we have tested the reactivity
changes in the geometry of the dimetal JRLCCF).] of the “unligated” [Ry(O.CCFs)s] units toward a weak

complexes (Table 1 and Supporting Information). These 5 omatic donor. Cosublimation of the volatile electrophilic
changes in characteristic parameters within the dimetal un'tsdiruthenium(ll Il) complex in the presence of [2.2]paracy-

as well as some intermolecular distances and angles for theclophane produced the corresponding deraarceptor adduct

1D chain are statistically insignificant and cannot be i, crystalline form in moderate yield. In contrast to extremely
responsible for the observed thermal compressibility effect. hydroscopic starting materidl, the new complex is only

For the latter, the overall packing of the polymeric chains gjightly moisture sensitive. The IR spectra showed the
themselves is a major factor. From variable-temperature presence of both aromatic and carboxylate functions. The
X-ray measurements, it is clear that the orientational motion composition of this product was confirmed to be jRDb-

of the Ck; groups of trifluoroacetates is more hindered at CCRy)s]—(CiHie) = 1:1 by elemental analysis, and its
low temperatures and becomes essentially free at temperamglecular structure was determined by X-ray diffraction.
tures above 173 K (GFgroups are heavily disordered at  The new complex consists of the alternating diruthenium-
this and higher temperatures). The “freeze” of thesCF (|1 1) units and [2.2]paracyclophane ligands (Figure 4) that
rotation at low temperatures is an important factor that allows gssemble 1D polymeric chains [RO.CCFs)4(u2-CieH16)]w
chains to come closer to each other alongdiaeis (Figure (2). The organometallic network is built on interactions
3). The estimated change in interchain spacing is ca. 0.4 A, petween the Ru(ll) centers and the carbon atoms of aromatic
which is calculated as the difference between the two closestrings_ Each ruthenium atom has the two closest-Ru
middle points of the Re#Ru bond in neighboring chains at  contacts with [2.2]paracyclophane at 2.682(4) and 2.764(4)
100 versus 295 K. This thermal compressibility may A resulting in any?type coordination of GHie in respect
significantly affect the interchain open void space and to each metal center. Interestingly, the internal (bridgehead)
micropore volumes of the 1D polymeric materials and, carbon atoms are involved in metal binding. Although
therefore, should be accounted for, for example, when gascomplexes of [2.2]paracyclophane are known to exhibit a
occlusion properties of ruthenium carboxylates are studied variety of coordination mode® 2 represents a rare example

at variable temperaturés. of the transition-metal complex having both aromatic rings
of [2.2]paracyclophane involved in coordination. Such
(20) 4(1:307tt20n' F. A.; Matusz, M.; Zhong, Baorg. Chem1988§ 27, 4368~ complexes, in which GHjs acts in the bridging-72%7?-
(21) Berry, M.: Garner, C. D.; Hilier, I. H.. MacDowell, A. Anorg. Chim. mode, have been previously known qnly in the case of silver-
Acta 1981, 53, L61—L63. (1).2 We have recently reported the diruthenium(l,) complex
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Figure 5. Fragment of the 1D polymeric chain in [R@D.CCFs)3(O--
CCHs)] (3).

[RUx(O,CCR;)2(CO)y CiH16], 24 that has a similar 1D chain
structure build on the,-%%n?-coordination of [2.2]paracy-
clophane.

We have also attempted to prepare diruthenium(ll, ) tetra-
(trifluoroacetate) by the ligand-exchange reactions from the
corresponding propionate, [{®,CC;Hs),4]. From that reac-
tion, we have isolated crystals of the new carboxylate
complex3in low yield along with the major produdt The
IR spectrum of the new compleX shows the presence of
both carboxylate groups: the intense bands at 1634 and 154
cm ! are due ta/a5,n(CO,) in O,CCR;~ and QCCHs ™, and
the weaker bands at 1467 and 1430 énare due to
Ysym(COy) in O,.CCR~ and QCCHs™, respectively. The
X-ray diffraction study has revealed the composition,[Re+
CCR)3(0,CCHs)], and the crystal structure of the new
mixed-carboxylate diruthenium(ll,Il) complex that also bears
no exogenous ligands (Figure 5).

Complex [Ry(O.CCHR;)3(0.,CCHs)] (3) exhibits a chain
polymeric structure built on axial R4O interactions of
2.347(3) A. The Ru-Ru distance of 2.2613(7) A is slightly
shorter than that in diruthenium(ll,ll) tetra(trifluoroacetate).
The axial interdimer interaction of the dimetal units bridged
by three electron-withdrawing trifluoroacetates and by one
propionate is based on the contacts of the Ru(ll) centers with
the O-atoms of the propionate only. This is consistent with
the greater electron-donating properties of the propionate
groups. The RuO equatorial bond distance to the propionate
ligand (2.084(3) A) is notably longer than those to the
CFRCOO ligands (average is 2.057(3) A). Such axial
binding results in the unique 1D chain motif (Scheme 1c).

(22) (a) Plitzko, K. D.; Rapko, B.; Gollas, B.; Wehrle, G.; Weakley, T.;
Pierce, D. T.; Geiger, W. E., Jr.; Haddon, R. C.; Boekelheide].V.
Am. Chem. Sod99Q 112, 6545-56. (b) Dyson, P. J.; Johnson, B.
F. G.; Martin, C. M.Coord. Chem. Re 1998 175 59-89. (c)
Schooler, P.; Johnson, B. F. G.; Scaccianoce, L.; Tregonning, R.
Chem. Soc., Dalton Tran999 16, 2743-2749. (d) Masahiko, M.;
Naoki, H.; Takayoshi, K.-S.; Yusaku, S.; Megumu, Morg. Chim.
Acta 2002 328 254-258. (e) Masahiko, M.; Naoki, H.; Kunihisa,
S.; Takayoshi, K.-S.; Yusaku, S.; Megumu, Morg. Chim. Acte2003
344, 143-157.

(23) (a) Megumu, M.; Liang, P. W.; Gui, L. N.; Takayoshi, K.-S.; Masahiko,
M.; Yusaku, S.; Naoto, MJ. Am. Chem. S04999 121, 4968-4976.
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M.; Yusaku, S.; Hisashi, K.; Hisao, Nhorg. Chem2005 44, 1686-
1692. (c) Liu, S. Q.; Konaka, H.; Kuroda-Sowa, T.; Maekawa, M.;
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Similar selectivity in axial binding has previously been
observed in the mixed-carboxylate rhodium tetramers,
{[ha(OzCCFg)z(OQCC(st(Z,4,61P|'3))2]L}2, in which inter-
dimer interactions occurred between the Rh centers and the
O-atoms of 2,4,6-triisopropylbenzoates but not with the
electron-withdrawing trifluoroacetate groufss.

The isolation of [Ry(O,CCR;)3(0,CC;Hs)] (3) is consis-
tent with the idea that the carboxylate substitution is a
stepwise process and also reminds us that care should be
taken to drive such reactions to completion. Our attempts to
optimize the yield of this mixed-ligand [R(O.CCFs)3(O--
CC;Hs)] complex, which should be the last intermediate step
to the fully substituted tetra(trifluoroacetate), were unsuc-
cessful. Nevertheless represents the first mixed carboxylate
of diruthenium(ll,Il) and the second example of the “unli-
gated” Ry*" core that also shows an interesting structural
pattern and, therefore, is worth mentioning. Several mixed-
valent diruthenium(ll,Ill) complexes having various mixed-
carboxylate bridges have been prepdfetut none was
crystallographically characterized. The only other structurally
confirmed example includes the diruthenium(ll, 1) carboxy-
late—carbonate complex [R(O.CCioH15)3(COs)(CHsOH),).8°

Il the above mixed-carboxylate complexes were also
solated as intermediates in the ligand exchange processes.
In general, the target formation of mixed-carboxylate com-
plexes is a very challenging task, with major problems being
the control over carboxylate substitution and stereochemis-
try,?” the possibility of the mixed-ligand positioA% low
product yields, and the need for efficient separation tech-
niques? Some successful synthetic approaches have recently
been developed for the dirhodium core complexes having a
pair of cis sites blocked off with chelating dicarboxylate
ligands®

Magnetic Susceptibility Studies. (1) [Ru(O2CR)4]. The
Rw** core complexes attract special attention due to their
interesting magnetic properties. For the triplet ground state,
different electronic configurations are known, and they can
be affected by various ligand environments at thg*Roore
and also by temperature. First, room-temperature magnetic
measurements have been carried out on a series of diruthe-
nium(ll,1l) tetracarboxylates, such as acetate, propionate,
benzoate, as well as trifluoroacet&teThen, a series of
unligated diruthenium(ll,Il) long-chain tetracarboxylates that
form liquid-crystalline phases has also been studied, but no
correlation with crystallographic data was available tffeh.
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Figure 6. Temperature dependence of jfeproduct ofl. The solid lines
represent the theoretical fits with= 2.0 (fixed),D/ks = 467(4) K (322(3)
cm™Y), ymip = 2.3(5) x 1074 cm® mol~%, andp = 0.7(1)% (blue line) and
g = 2.0(1), D/ks = 320(11) K (220(8) cm?), zJ = —70(24) K (49(17)
cm™Y), ymp = 7 x 1074 cm® mol™%, andp = 0.7% (red line).

The obtained values gfT at room temperature varied from
1.08 to 1.24 cihK mol™%, depending on the length of the
alkyl chain (from decanyl to dodecanyl), and were consistent
with a triplet stateS = 1. The overall shape of thevs T

plot strongly deviated from a paramagneBc= 1 system
and was interpreted as arising from a strong zero-field
splitting (ZFS) with the following parametersy, from 1.92

to 2.07,gp from 2.11 to 2.22y7p from 5 x 1074 to 7 x
104 cm® mol™%, andD from 388 K (270 cm?) to 452 K
(314 cnmY). No intermolecular interactions were detected,

ature-independent paramagnetism (TIP) that is always present
for the Ruy** dimers:

%= Q= Ptryy t PCin/ T+ xip )
whereCinp is the Curie constant for the extrinsic paramag-
netic impurity. As a first approach, the susceptibility given
by eq 2 was used to model the experimental results obtained
for 1. The fitting procedure led to unphysiogivalues, and
a qualitatively good fit was obtained only whgmwas fixed
to 2.0. In this case, the best set of parameters obtained is
D/ks = 467(4) K (322 cm?), ymp = 2.3(5) x 104 cm?
mol~1, andp = 0.7(1)% (blue line, Figure 6). To qualitatively
improve this fitting to account for close contacts between
the Ru** dimers along the 1D chain (vide supra), magnetic
interactions have been introduced in the frame of the mean
field approximation (eq 3):

—a XRu
x=( p)l 573

— ek
NGug

+ PCimp/T + X7 )

whereJ is the magnitude of the interdimer interaction, which
is assumed to be an intrachain magnetic interaction between
theS= 1 centers. To minimize the usual problems of refining
several parameterg,(D, zJ, ymie, andp), the least-squares
calculations were performed step by step. Figstwas

and the main reason for that was assigned to the nature ofevaluated by fitting they vs T plot below 20 K. Using this
the ground state. We expected that the presence of the fouvalue as a starting point, the fitting of the whol& vs T

highly electrophilic trifluoroacetate groups bridging the;Ru
core in1 should enhance the interdimer interactions along
the 1D chain compared with those of the above diruthenium-
(IL,1) alkylcarboxylates.

The temperature dependence of thie product for 1,
measured between 1.8 and 300 K, is shown in Figure 6.
exhibits a continuous decrease of th€ product with a
lowering of the temperature from 0.95 &4 mol~* at 300
K to 0.018 cni K mol™! at 1.8 K. The overall magnetic
behavior is very similar to that of the other [R(O,CR)]
compounds that possess g ground state and, therefore,
exhibit an important ZFS contributich#ab82.14 For these

data was performed witg fixed at 2.0. Finally, the fitting
procedure was made with all free parameters. The best set
of parameters obtained was= 2.0(1),D/ks = 320(11) K
(220 cnY), zJ = —70(24) K, ymp = 7.0(5) x 10°* cm?
mol~%, andp = 0.7(1)% (red line, Figure 6). The obtained
values ofD, g, andyme are close to the values previously
obtained for the Rit" S= 1 dimers (vide supra)Although

the accounting of interaction between the diruthenium(ll,Il)
dimers in the model clearly improves the quality of the
fitting, the determination of the corresponding parameters
iS not very accurate, as seen by the error values. Fitting of
they or 1/ vs T plots led to the same problem. Unfortu-
nately, the magnetic data and their fit do not allow for an

compounds, the magnetic susceptibility has been modeledaccurate estimation of the magnetic interaction between the

using the expression given by eq 1 for an isolagd 1
center with a ZFS contribution.

NGPu
KT
{exp(D/kgT) + (2kgT/ID)(1 — exp(~D/ksT))}
1+ 2 expDI/KgT)

XRuz“ =

)

At low temperatures, thgT product ofl (Figure 6) is not
extrapolating well to zero fof = 0 K. Therefore, as shown
by eq 2, an extrinsic Curie-type paramagnetic contribution
was taken into account in addition to the recurrent temper-

Rw*" S= 1 dimers in1, andzJ must be taken with great
caution. Moreover, the structural changes detectedlfor
between 100 and 295 K (and highlighted in Figure 1 and
Table 1) may also influence the magnetic parameters, such
asD andzJ complicating the fitting procedure.

(2) [Rux(02CCF3)4*(CieH16)]. The [2.2]paracyclophane
ligand was long considered to be an interesting bridge for
connecting the paramagnetic metal centers to form extended
organometallic polymeric network323The unusual structure
of CieHis, With the close proximity of two aromatic rings
resulting in the nonplanarity of the benzene moietiesas

(31) (a) Brown, C. J.; Farthing, A. QNature 1949 164, 915-916. (b)
Lonsdale, K.; Milledge, H. J.; Rao, K. \Proc. R. Soc. London, Ser.
A 196Q 255, 82—-100. (c) Hope, H.; Bernstein, J.; Trueblood, K. N.
Acta Crystallogr., Sect. B: Struct. Sdi972 28, 1733-1743.
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375(3) K) but did not indicate any interdimer interactions
along the organometallic chain. A new complex of the
diruthenium(ll,Il) core, [Ry(O.,CCRs)3(0.CCHs)] (3), has
been isolated as an intermediate in the carboxylate-exchange
reactions. It shows an interesting 1D structure and represents
the first recorded example of diruthenium(ll,Il) carboxylate
with mixed bridges.

Experimental Section

General Procedures.All manipulations were carried out in a
dry, oxygen-free, dinitrogen (HP 99.998) atmosphere by employing
Figure 7. Temperature dependence of iEproduct of2. The solid line standard Schlenk techniques. Elemental analysis was performed by
re?)reser{ts Fialtiouloivy fitpwing 2-00(1),D§JkB:375(3.)K(261 pancly Chemisar Laboratories Inc., Ontario, Canada. IR spectra were
andyrip = 8.0(5) x 104 cm® mol (red line). recorded on a Nicolet Magna 550 FTIR spectrometer using KBr
pellets. NMR spectra were recorded on a Varian Gemini spectrom-

expected to facilitate magnetic interactions along the chain €ter at 300 MHz for proton and at 282 MHz for fluorine. Chemical

in the above paramagnetic complexes. The 1D polymeric shifts for 19F are reported relative to internal standard GFCk

complex2, in which [2.2]paracyclophane acts as a bridge 0.0 ppm. [Ry(O-,CCHs)4] was prepared according to the literature
’ o . ocedure?

between two paramagnetic ruthenium(ll) centers, allowed the procedur

. [Ru2(0O2CCF3)4] (1). Freshly prepared [RO,CCH;s)4] (0.5 g)
performance of the magnetic measurements to support Olwas heated under reflux in degassed trifluoroacetic-atitluo-

refute the above assumption for the first time. roacetic anhydride (9:1, 30 mL) containing £FO,Na (1.0 g) for

The temperature dependence of gleproduct measured 4 days. The deep-red solution was then evaporated to dryness. The
between 1.8 and 300 K is shown f@rin Figure 7. The residue was extracted into ether, which was then removed to leave
overall magnetic behavior is very similar to that of the parent a dark-brown residue. The solid was recrystallized from acetone/
[Rux(O,CCRs)4] complex (). 2 also exhibits a continuous  hexanes to afford red-brown crystals of JRD,CCFs)*(CsHsO)],
decrease of thgT product with lowering the temperature, which were dried at ambient temperature. Yield: 0.53 g (60%,
from 0.92 crd K mol~t at 300 K to 0.01 chK mol-tat 1.8 calculated for the bis-acetone adduct).

K. Again, the magnetic susceptibility f@rhas been modeled Thus obtained [RYO,CCR)a-(CsHsO)e] (0.25 g) was first heated

ina the expression given 1 for an isol 1 at 120°C for 3 days under reduced pressure. Then the product
antgrtW?ﬂ? ap;:; ?:Ongt]ribeuti(?ri/ €a or an isolafeet was sealed in an ampule under vacuum and heated atC46r

. . 24 h to give a few crystals of the more volatile acetone adduct in
The best set of parameters obtainedis = 375(3) K the cold zone and leaving the less volatile unligated(Q¢CCF),]

(261(2) cnm?), ymip = 8.0(5) x 107* cm® mol™, andg = product in the hot end of the tube. These sublimatiseparation
2.00(1) (red line, Figure 7). The obtained valuesDofg, procedures were repeatee 2 times at 146-160°C to finally give
andyrp are close to the values previously obtained for the an orange-brown powder of the title complex. Yield: 0.17 g (70%).
Ruw*" coreS= 1 dimers?*4&b8al4Ng interdimer interaction Crystals of [Ru(O,CCFs)4], suitable for X-ray diffraction study,

is detected in this case, confirming that the-Ru-arene were obtained by sublimation under vacuum at-3T@5°C to give
bonding is weak and the [2.2]paracyclophane ligand doesthin orange-brown needles deposited in a cold zone of the ampule.
not facilitate magnetic interactions along the 1D chai@.in ~ Decomposition of [Ry(O,CCRy)] with a formation of the “Ru
In conclusion, herein we presented the first structural mirror” was observed when the product was heated in a sealed
) o _ 1)-
characterization of the diruthenium(il,ll) tetracarboxylate 27Pule at 216220 °C for 1-2 days. IR (KB, cm): 1634 s,

1467 m, 1262 sh, 1194 s, 1166 s, 862 m, 777 w, 736 m, 535 w,
complex, [RU(OCCR)4 (1), that bears no exogenous g,g., 495\ 454 wi9F NMR (22°C, CDCE) &: —74.3. Anal,

ligands. The v_ariable-temperature X-ray_ s_t_ructural studies -cd for GFLO:RW: C, 14.69: H, 0.00: O, 19.57: F, 34.85: Ru,
revealed a noticeable thermal CompreSS|b|I|ty effect due to 30.90. Found: C, 14.22; H, 0.00; O, 19.78; F, 34.27: Ru, 30.52.
a change in the packing of the 1D polymeric chains. The  [Ru,(0,CCF3)s(CigH19)] (2). A mixture of 1 (0.030 g, 0.046
magnetic measurements performedloronfirmed theS= mmol) with [2.2]paracyclophane (0.010 g, 0.048 mmol) was sealed
1 ground state of the Rt dimer with a large ZFSi/kg = under vacuum in a small glass ampule that was placed in an electric
320(11) K). The presence of interdimer antiferromagnetic furnace at 147C. In 5 days, brown, plate-shaped crystals were
interactions along the chain is strongly suggested by the deposited in the “cold” end of the ampule, where the temperature
fitting procedure, but they have been only roughly evaluated Was set ca. 140C. Yield: 35-40%. Anal. Calcd for Ry
at—35 + 12 K (taking into account the 1D nature bfand CodF1206H1s C, 33.42)H, 1.87. Found: C, 33.75; H, 2.02. IR (KBr,

z = 2). Lewis acidity of the electrophilic ruthenium(lly ~S™ ) 3035w, 3015 w, 2953 w, 2929 m, 2889 w, 2852 w, 1894
centers in trifluoroacetate was confirmed by reactiori of W, 1684 sh, 1647 s, 1634 sh, 1594 sh, 1559 w, 1506 w, 1468 w,

ith ic li d 2.2 looh A | 1440 w, 1415 w, 1194 s, 1170 sh, 1088 w, 1020 w, 945 w, 937 w,
with an aromatic ligand, [2.2]paracyclophane. As a result, 897 w, 862 m, 809 m, 779 m, 737 s, 720 m, 624 NMR (22

an interesting organometallic polymer, [R0.CCR), °C, acetonedk): ¢ 3.10 (s, 8H, CH), 6.54 (s, 8H, C-Haron). 1F
CieHidl (2), built on the bridgingu,-n*n>coordination of  NMR (22 °C, acetoned): ¢ —74.3.

[2.2]paraqyc|ophane, has .been isolated and structurally  x-ray Crystallographic Procedures. X-ray data sets fof—3
characterized. The magnetic measurements perform@d on were collected on a Bruker APEX CCD X-ray diffractometer
confirmed theS= 1 ground state with a large ZF®/Iks = equipped with graphite-monochromated Max Kadiation ¢ =
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0.71073 A). Forl, the same crystal was studied at six temperatures Table 2. Crystallographic Data and Structural Refinement Parameters

in the range 106295 K (Bruker KRYO-FLEX); the crystal was

for [Rux(O2CCRs)4] (1), [Rux(O2CCF3)a-Ci6Hag) (2), and
[RUx(O2CCR3)3(02CCoHs)] (3)

kept at the given temperature at least ® h prior an X-ray

experiment. The frames were integrated with the Bruker SAINT 1
software packag&? and the data were corrected for absorption formula GF1,08R U
using the program SADAB&?® The structures were solved and  fw 654.22
refined using the Bruker SHELXTL software (Version 639. cryst syst triclinic
Crystallographic data and X-ray experimental conditionslfc2, Zp(z‘;e group 512485(6)
and 3_are I!sted in Table 2. Selected distances and angles-f8r b (A) 8:6377(10)
are given in Table 1. c(A) 8.9147(10)

Magnetic Measurements The magnetic susceptibility measure- ¢ (geg) 32'233(?
ments onl (11.6 mg) and2 (11.5 mg) were obtained on finely g&ég; 86:921523
ground polycrystalline samples with the use of a Quantum Design v (A3 398.77(8)
SQUID magnetometer MPMS-XL. The dc measurements were Z 1
collected from 1.8 to 300 K and from70 to 70 kOe. Experimental T (E) 100(2)
data were corrected for the sample holder, and the diamagnetic ’é( )(g e 9) g'%gn
contribution was calculated from Pascal’'s constéhts. #c(ar'ﬁmfl) 2.069

) data/restr/params  1743/0/136
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Y|Fol. ©WR2 = [F[W(Fo? — F)Z/ T [W(Fo?)?] 2

2 3
CosH16F1208RL,  CgHsFgOgRWp
862.51 614.27
triclinic monoclinic
P1 P2;/m
8.9689(6) 8.6643(5)
9.1449(6) 9.0576(5)
10.8909(7) 11.1165(7)
114.557(1) 90.00
104.483(1) 100.779(1)
99.843(1) 90.00
747.35(8) 857.01(9)
1 2
213(2) 243(2)
0.71073 0.71073
1.916 2.380
1.130 1.893
3343/18/259 2122/0/157
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1.041

0.0378, 0.0957
0.0525, 0.1046

1.035

Nparama]llz- PR1= Y IFol = [Fell/

and angles at different temperatures, plots of temperature depen-
dence of the unit cell parameters, cell volume, and density for

in CIF format. Tables of crystallographic data and selected distancesIRU2O2CCR)4] (1), fully labeled ORTEP diagrams for structures
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