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Abstract: Two types of Ln(ll)—Co, isocarbonyl polymeric arrays, {(Et;0)3—(THF)xLn[C04(CO)11]} (1—3;
x=0, 1) and {(THF)sEu[C04(CO)11]}» (4), were prepared and structurally characterized. Transmetalation
involving Ln(0) and Hg[Co(CO)4). in Et,0 yields { (Et,0)sLn[C04(CO)11]} (1, Ln = Yb; 2, Ln = Eu). Dissolution
of the solvent-separated ion pairs [Ln(THF),][Co(CO)4]. (Ln = Yb, x = 6; Ln = Eu) in Et,O affords { (Et,0),-
(THF)Yb[C04(CO)11]} » (3) and {(THF)sEu[C04(CO)11]} = (4). In these reactions, oxidation and condensation
of the [Co(CO)4]~ anions result in formation of the new tetrahedral cluster [Co4(CO)11]>~. The two types of
Ln(l1)—Co,4 compounds contain different isomers of [Co4(CO)11]?~, and, consequently, the structures of the
infinite isocarbonyl networks are distinct. The cluster in { (Et,0)s-«(THF),Ln[C04(CO)11]}« (1—3) possesses
pseudo Cs, symmetry (an apical Co, three basal Co atoms; one face-bridging, three edge-bridging, seven
terminal carbonyls) and connects to Ln(ll) centers through #2,u4- and 5?,us-carbonyls to generate a 2-D
puckered sheet. In contrast, { (THF)sEu[C04(CO)11]}» (4) incorporates a C,, symmetric cluster (two unique
Co environments; two face-bridging, one edge-bridging, eight terminal carbonyls), and isocarbonyl linkages
(n?,us-carbonyls) to Eu(ll) atoms create a 1-D zigzag chain. Complexes 1—4 contain the first reported #?,u4-
CO bridges between a Ln and a transition-metal carbonyl cluster. Infrared spectroscopic studies revealed
that the isocarbonyl associations to Ln(ll) persist in solution. The solution structure and dynamic behavior
of the [Co4(CO)11]?> cluster in 1 was investigated by variable-temperature °Co and **C NMR spectroscopies.

Introduction adduct formatiort, metathesi§®¢’M—X bond cleavagé M—M
bond cleavage (Tetransfert6c°reduction in liquid ammoni&®
amalgam reductidd), and transmetalatio#:61213 Cumula-
tively, these studies have revealed three possible kinds-eM.n
interactions (Chart 1): LAM direct bonds|), solvent-separated
ion pairs (1), and isocarbonyl linkageslia —llic).

Heterogeneous catalysts derived from lanthantdensition-
metal (Ln—M) cyanide compounds have demonstrated improved
activity and selectivity over transition-metal only catalysts in
important catalytic processes, such as the reduction of nitrogen.
oxides!a vapor-phase hydrogenation of phefblnd hydro-
dechlorination of chlorobenzené&sThe polymeric structural

(4) Evans, W. J.; Bloom, |.; Grate, J. W.; Hughes, L. A.; Hunter, W. E.;

framework of these LirM cyanide catalyst precursors enables Atwood, J. L.Inorg. Chem.1985 24, 4620.

f : B ) (5) (a) Marks, T. J.; Kristoff, J. S.; Alich, A.; Shriver, D. B. Organomet.
the U”!form dispersion of .the metals over the support S.S“Haace- Chem 1971, 33, C35. (b) Crease, A. E.; Legzdins, . Chem. Soc., Chem.
For this reason, the design of catalyst precursors withMn Commun1972 268. (c) Crease, A. E.; Legzdins, R.Chem. Soc., Dalton

extended arraylike structures has been a priority in this abora- 17457 () Onaka. non Eham 1060 19 21aa 0t Chemars

tory. We are currently preparing potenfiaatalyst precursors (6) (a) Suleimanov, G. Z.; Beletskaya, I.[Pokl. Akad. Nauk SSSE®81, 261,

A . 381. (b) Suleimanov, G. Z.; Khandozhko, V. N.; Shifrina, R. R.; Abdullaeva,
derived from the heterometallic class of+M carbonyls® Over L. T( I%olobova, N.'E.. Beletskaya, |. PDokl. Akad. Nauk SSSFO84

the last three decades, synthetic procedures toward Ln(HMI 277,1407. (c) Deng, D.; Zheng, X.; Qian, C.; Sun, J.; Dormond, A.; Baudry,
Y P ( ) D.; Visseaux, MJ. Chem. Soc., Dalton Tran$994 1665. (d) Hillier, A.
carbonyl compounds were developed, and the structural rela- C.: Sella, A.: E|segood, M. R. J. Chem. Soc., Dalton Tran&998 3871.

) (a) Beletskaya I. P.; Voskoboynikov, A. Z.; Chuklanova, E. B.; Kirillova,
tionship ;)I the metal combinations was probed. Preparative Shestakova, A. K.. Parchina. | N Gusev, A. I Magomedov. G.
methodsP# for these heterometallics generally utilize simple K | 'J. Am. Chem. Socl993 115 3156. (b) Magomedov, G. K.-I;

Voskoboynikov, A. Z.; Chuklanova, E. B.; Gusev, A. |.; Beletskaya, I. P.
Metalloorg. Khim.199Q 3, 706.
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Chart 1
(L)yLn— M(CO), [Ln(solvent),], [M(CO)yIm
| 11
Ln(L)y
Ln(L)x Ln(L)x 9
8 (CO),M—|—M(CO)
y \M/ y
M(CO), (CO)M——M(CO), (CO),
1 tp- or 1-CO 17.13-CO 1. 14-CO
Il1a I1Ib Ilc

While it is difficult to separate kinetic and thermodynamic
contributions to complex formation, the nature of the-lvi
bonding is highly contingent upon the nucleophiliéftpf the
transition metal in the carbonylate anion, [M(GD). Specif-
ically, the relative Lewis basicities of M, the CO ligands, and
the solvent determine the type of interaction between Ln and
M. Direct Ln—M bonded systemd (Chart 1) are yielded when
the transition-metal center is the most nucleophilic constituent
(i.e., electron density resides on N#%PA solvent-separated
ion pair (1) results when the electron-donating ability of the
solvent exceeds that of [M(CQ).#6¢11c13f the carbonyl
oxygens are more Lewis basic than M, then an isocarbonyl
bridge (lla —c) to Ln is formed?<-64.9 Low polarity or non-
nucleophilic solvents can also favor the formation of an
isocarbonyl even when [M(CG)~ is a weak nucleophil@13
While the two types of isocarbonyl interaction3u,-CO (u-

CO; llla )2c6d9acelgndy? us-CO%A(lllb ) are known, LA-M
examples of;?,u4-CO bridges lIc ) have not been reportéd.

Transmetalation (metal exchange reacttéig a convenient
synthetic route toward L.aM carbonyls. We have demonstrated
that transmetalation involving Yb and Hg[Co(Cf)in strong
coordinating solvents yields solvent-separated ion pairs, [Yb-
(L)6][Co(CO))2 (L = Pyr, THF; eq 1)3 The strong nucleo-
philicity of the solvent, especially pyridine, hinders the pen-

(9) (a) Tilley, T. D.; Andersen, R. AJ. Chem. Soc., Chem. Commuf81,
985. (b) Tilley, T. D.; Andersen, R. Al. Am. Chem. So4982 104, 1772.
(c) Boncella, J. M.; Andersen, R. Anorg. Chem.1984 23, 432. (d)
Boncella, J. M.; Andersen, R. Al. Chem. Soc., Chem. Commu984
809. (e) Hillier, A. C.; Liu, S. Y.; Sella, A.; Zekria, O.; Elsegood, M. R.
J.J. Organomet. Chen1997 528 209.

(10) (a) Deng, H.; Shore, S. @. Am. Chem. Sod.99], 113 8538. (b) Deng,
H.; Chun, S.-H.; Florian, P.; Grandinetti, P. J.; Shore, SIn@rg. Chem.
1996 35, 3891. (c) Voskoboinikov, A. Z.; Beletskaya, I. Russ. Chem.
Bull. 1997, 46, 1789.

(11) (a) Suleimanov, G. Z.; Rybakova, L. F.; Abdullaeva, L. T.; Pasynskii, A.
A.; Beletskaya, |. PDokl. Akad. Nauk SSSP®83 272, 885. (b) Beletskaya,

I. P.; Suleimanov, G. Z.; Shifrina, R. R.; Mekhdiev, R. Y.; Agdamskii, T.
A.; Khandozhko, V. N.; Kolobova, N. El. Organomet. Cheni986 299,
239. (c) White, J. P., lll; Deng, H.; Boyd, E. P.; Gallucci, J.; Shore, S. G.
Inorg. Chem.1994 33, 1685.

(12) (a) Marianelli, R. S.; Durney, M. T. Organomet. Chenl971 32, C41.
(b) Suleimanov, G. Z.; Khandozhko, V. N.; Abdullaeva, L. T.; Shifrina,
R. R.; Khalilov, K. S.; Kolobova, N. E.; Beletskaya, |. B.Chem. Soc.,
Chem. Communl984 191. (c) Suleimanov, G. Z.; Khandozhko, V. N.;
Petrovskii, P. V.; Mekhdiev, R. Y.; Kolobova, N. E.; Beletskaya, 1.JP.
Chem. Soc., Chem. Commur85 596.

(13) Plemik, C. E.; Liu, S.; Liu, J.; Chen, X.; Meyers, E. A.; Shore, SI@&rg.
Chem.2002 41, 4936.

(14) (a) King, R. B.Acc. Chem. Re4.97Q 3, 417. (b) Dessey, R. E.; Pohl, R.
L.; King, R. B.J. Am. Chem. S0d.966 88, 5121.

(15) For examples ofi2,us-CO bridges between a Co cluster and a transition
metal or a main group metal, please see: (a) Stutte, BzeBa/.; Boese,
R.; Schmid, GChem. Ber1978 111, 1603. (b) Merola, J. S.; Campo, K.
S.; Gentile, R. A.Inorg. Chem.1989 28, 2950. (c) Schneider, J. J.;
Denninger, U.; Kiger, C.Z. Naturforsch.1994 49b, 1549.

(16) Burlitch, J. M.; Ferrari, Alnorg. Chem.197Q 9, 563.

etration of the weak nucleophile [Co(Cf) into the YIF"
coordination spher¥.It was also shown that the nonnucleophilic
solvent toluene facilitates the transformation of the ion pairs
into isocarbonyls, [(L)Yb{ («-CO),Co(CO}}-ZToll (eq 2)*3

Yb + Hg[Co(CO)], 7—LHg> [Yb(L)g[Co(CO)l, (1)
L = Pyr, THF

Tol
—2Pyr
—2THF
[(L)Yb{(«-CO),Co(CO),_},°ZTol],, (2)
L=Pyr,x=4y=2,z=0;
L=THF,x=2,y=3,z=1

[YB(L)(l[Co(CO)I
L = Pyr, THF

These findings prompted the investigation of two reactions,
transmetalation of Ln and Hg[Co(C&)) and dissolution of the
ion pairs [Ln(THF)Y[Co(CO)]2, in EtO, which is a weak
coordinating solvent and is less nucleophilic than [Co(fOY
Herein, we describe the remarkable influence thgDktparts
on these reactions, which involve oxidation and condensation
of [Co(CO)]~ anions into [C@(CO)11]%~ clusters. Two types
of Ln(Il) —Co4 compounds{ (Et;0)3—x(THF)LN[C04(COX1]}
1 - 3 x=0, 1 and{(THF)sEU[Cq(CO)1]}. (4), are
generated. The tetracobalt undecacarbonyl dianionic cluster,
[Co4(CO) 42, previously unknownr® exists in two isomeric
forms and bonds to Ln(ll) through isocarbonyl interactions to
assemble 1-D or 2-D extended arrays. These complexes also
contain the first reporteg?,u4-CO bridges between Ln and a
transition-metal carbonyl cluster.

Results and Discussion

Transmetalation in Et,O. Synthesis of{(Et,O)sLn[Co 4
(CO)11l} (1, Ln =YDb; 2, Ln = Eu). Transmetalation reactions
(eq 3) involving 1:2 molar ratios of Ln metal (L+ Yb, Eu)
and Hg[Co(CO)), in Et,O afford{ (Et,0)sL.N[C04(CON1]}« (1,
Ln = Yb; 2, Lh = Eu; IUPAC formula, [(EO)sLn{ (%% u4-
CO)(17%us-CO)Cau(ut2-CO)(COY} ).

Et,0

Ln + 2Hg[Co(CQ)], 29,500

{(EL,0);Ln[Co,(CO), l}., (3)
1, Ln=Yb; 2, Ln=Eu

During the reaction, oxidation of Ln(0) to Ln(ll) and reduction
of Hg(ll) to Hg(0) take place. This is in accordance with other
metal exchange reactions in strong coordinating sol\¥eftg120.13
Departure from these established-ig redox processes occurs
with oxidation of the [Co(CQ)~ anions (Cé~ to Ca“27) and
condensation of the units to yield the tetracobalt undecacarbonyl
dianionic cluster [Cg(CO)4]?~. The formation ofl and 2
distinctly contrasts transmetalation reactions that generate
solvent-separated ion pairs [Yb@Co(CO)]» (L = Pyr, THF;

eq 1) in strong coordinating solverfsUnlike the reactions that
produce the ion pairs (complete in 12 h), transmetalationJO® Et

is slower, andL and2 were obtained after several days (reactions
were monitored by solution IR spectroscopy). Producend

2 are 2-D heterometallic sheets supported by isocarbonyl bridges

(17) Darensbourg, M. YProg. Inorg. Chem1985 33, 221.

(18) Kemmitt, R. D. W.; Russell, D. R. I€omprehensgie Organometallic
Chemistry Wilkinson, G., Stone, F. G. A, Abel, E. W., Eds.; Pergamon
Press: New York, 1982; Vol. 8, p 8.

J. AM. CHEM. SOC. = VOL. 126, NO. 1, 2004 205



ARTICLES

Plecnik et al.

Co3 Co2'

(b)

Figure 1. (@) Molecular structure of the [GECOX1]?~ cluster in{ (EtO)s-
Yb[Cos(COQ1]}= (1). (b) View looking down on the disordered tetrahedral
base.

between Ln(ll) and the novel [GECO)11]%~ cluster, which has
pseudoCs, symmetry (Figure 1a).

Dissolution of [Ln(THF) «][Co(CO)4)2 in Et,0. Formation
of { (Et20)2(THF)Yb[Co0 4(CO)11]} « (3) and { (THF) sEu[Co4-
(CO)11]} (4). To understand the cluster-building process in
eq 3, the following reactions were carried out. The salt [Yb-
(THF)g][Co(CO))2 was stirred in BO for several days, the
volatiles were removed, and the mixture was stirred in fresh
Et,O for a day (eq 4). The latter two steps were repeated.
Filtration of the red-brown colored solution and slow evapora-
tion of the solvent produced crystals{dEt,O),(THF)Yb[Coy-
(COx1l}» (3; IUPAC formula, [(E4O)(THF)Yb{ (12,u14-CO)-
(7%, u3-COYCOy(tt2-CO)(COY} ).

Et,0
2[Yb(THF)][Co(CO),], b, —500, —11THF

{(ELO),(TH F)\gb[Co4(CO)11]} w (4)

In a slightly different procedure, [Eu(THE)Co(CO)], was
stirred in EtO for several days, and much of it remained
undissolved ([Eu(THR][Co(CO)]., which is less soluble in
Et,O than [Yb(THF}][Co(CO)]2). A minor quantity did react
(eq 5), and the resulting red colored solution was filtered and
crystals of {(THF)sEu[Cay(COhi]}~ (4; IUPAC formula,
[(THF)sEW (172,14-CO)%Coy(u2-CO)(CO}} ) were isolated.

2[Eu(THF)(][C0(CO)4]2%;
{(THF)zEU[g%(CO)n]}m (5)

is in direct contrast to the dissolution of [Yb(TH)Co(CO)]2

in the nonnucleophilic solvent toluene, which does not cause
redox/condensation (eq 2). Instead, displacement of some THF
solvent ligands allows for the formation of isocarbonyl inter-
actions between Yb(ll) and [Co(C&) to produce the 2-D
sheetlike array [(THR)Yb{ (x-CO)%Co(CO} »*Tol]..13

The structure o8 is related to those df and2 even though
the THF ligands were not completely replaced byEtand all
three structures will be discussed collectively. Because of the
low solubility of [Eu(THF)][Co(CO)]. in Et,0, a slightly
different procedure (volatiles were not completely removed, and
fresh ExO was not added to the reaction mixture) was employed
for the formation of4. This variation in procedure accounts for
the dissimilar structures o8 and 4 (no THF ligands were
displaced by ED). In fact, the [Cq(CO);1]2" cluster in4 is an
isomer of the cluster if, 2, and3 because it ha€,, symmetry
(Figure 6a). The extended structure #4fis a 1-D zigzag
chain that is sustained by isocarbonyl connections between
[Co4(CO)4]2~ and Eu(ll).

Et,O Facilitates the Formation of [Coy(CO);1]?". Diethyl
ether is crucial for cluster generation (Scheme 1). The formation
of 1 and 2 rather than solvent-separated ion pairs (eq 1) and
the production o and4 instead of simple isocarbonyls (eq 2)
can be attributed to the nucleophilicity and polarity op@t
The solvent is weakly electron donating and is less nucleophilic
than [Co(CO)]~ (decreasing order of donating ability: Pyr
THF ~ [Co(CO)]~ > Et,O > Tol).1” In contrast to pyridine
and THF (eq 1), ED does not effectively separate the Ln(ll)
cation from the [Co(CQ]~ anionl” A covalent isocarbonyl
interaction between [Co(CG]) and Ln(ll) is plausible, but
simple isocarbonyl complexes analogous to those prepared from
the dissolution of the ion pairs in toluene ([(THF¥P{ (u-
CO)Co(CO}»Tollw; q 2) are not afforded. The polarity of
Et,O (more polar than toluen¥)facilitates the oxidation and
condensation of [Co(CQ) . Essentially, cluster formation
enhances the solubility of the products in@ty reducing the
net charge on the anion and delocalizing that charge over four
metal centers. Also, as pointed out by a reviewer: “Itis likely
that potentials of the cobalt species are significantly different
in these media and this could account better for the results.”

To our knowledge, [CCO)15]%" is a new clustet® Reduc-
tion of Cq(CO), with alkali metals (Li, Na, K in THFY?
cobaltocene (toluené$,and sodium carbide (THP) produces
[Coe(CO)4]*~ and [Co(CO)]~. Also, Li[Coz(CO)yq is gener-
ated by the reaction of Li[Co(C@])with Cox(CO)s or Cay(CO)2
in Bu;O and treatment of GECO)s with Li in Et,0.2? Other
cluster complexes are formed when [Co(GJO)or Co(CO)s
are combined with main group metal or early transition-metal
reagentd>23

Molecular Structures of 1—3. Single crystals of, 2, and3
were grown from E{O solutions. Their colors, dark red-brown

(19) Jolly, W. L.The Synthesis and Characterization of Inorganic Compounds
Waveland Press: Prospect Heights, 1991; pp-101L.

(20) (a) Chini, P.; Albano, V.; Martinengo, S. Organomet. Cheni.969 16,
471. (b) Albano, V. G.; Bellon, P. L.; Chini, P.; Scatturin,J/.Organomet.
Chem.1969 16, 461.

Although the starting materials in eqs 4 and 5 possess Ln(ll) (21) Manning, M. C.; Trogler, W. Clnorg. Chim. Actal981, 50, 247.
cations, redox/condensation reactions still transpire. One equiva-(22) g") Faschinetti, G1. Chem. Soc., Chem. CommUi79 397. (b) Fieldhouse,

lent of Ln(ll) is reduced to Ln(0), while [Co(CG))” anions are
oxidized (Cd~ to Co“2") and combined into [C4CO);1]2~
clusters. This reactivity of the solvent-separated ion pairs40 Et

206 J. AM. CHEM. SOC. = VOL. 126, NO. 1, 2004

. A.; Freeland, B. H.; Mann, C. D. M.; O'Brien, R. J. Chem. Soc.,
Chem. Commuril97Q 181.
(23) (a) Schwarzhans, K. E.; Steiger, Angew. Chem., Int. Ed. Engl972
11, 535. (b) Martin, J.; Fauconet, M.; Nge, C.J. Organomet. Cheni989
371, 87.
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Scheme 1

—% > [(L),Yb{(-C0),C0(CO)4.,}7ZTOll.
L=Pyr,x=4,y=2,z=0

Pyr. THF L=THF,x=2,y=3,z=1

> [Ln(L),] [Co(CO)4l2
Ln=Yb,L=Pyr,x=6
Ln=Yb,L=THF,x=6
Ln=Eu, L=THF

Et,0
———> {(Et20),(THF),Ln[C04(CO)11]}..

Ln + Hg[Co(CO)4l, — 3,Ln=Yb,x=2,y=

1
4,Ln=Eu,x=0,y=5

Et,0

——— {(Et;0)3Ln[C04(CO)11]}..
1,Ln=Yb
2, Ln=Eu

Table 1. Crystallographic Data for { (Et20)3Yb[C04(CO)11]} (1), {(Et20)3EU[C04(CO)11]} » (2), { (Et20)2(THF)Yb[C04(CO)11]} (3), and
{(THF)sEu[C04(CO)11]} = (4)

1 2 3 4
empirical formula G3H30014C04Yb Co3H30014C0sEU C23H23014C04Yb C31H40016CosEU
formula weight 939.26 918.15 937.21 1056.36
temp (K) 200 200 200 200
cryst size (mm) 0.45 0.27x 0.12 0.19x 0.15x 0.12 0.12x 0.08x 0.04 0.19x 0.12x 0.08
cryst system orthorhombic orthorhombic monoclinic orthorhombic
space group Pbca Pbca Ri/n C222;

a(A) 16.388(1) 16.381(1) 11.161(1) 12.472(1)
b (R) 19.517(1) 19.720(1) 16.362(1) 17.246(1)
c(A) 19.919(1) 20.095(1) 17.435(1) 18.045(1)
o (deg) 90 90 90 90

B (deg) 90 90 97.11(2) 90

y (deg) 90 90 90 90

vol (A3) 6371.1(6) 6491.3(6) 3159.3(4) 3881.4(4)
4 8 8 4 &

p (calcd, g cnd) 1.948 1.879 1.970 1.828

26 limits (deg) 4.64-50.06 4.606-50.04 4.60-49.94 4.62-54.98
w (mm™1) 5.007 3.966 5.049 3.334

Ry [l > 20(1)]° 0.0417 0.0349 0.0518 0.0330
WR; (all datay 0.1205 0.0847 0.1376 0.1205
GOF onF? 1.058 1.015 1.022 1.058

aThere is half of a molecule in the asymmetric URIR; = 3 ||Fo| — |Fell/3|Fol. SWRz = {SW(Fo? — FA)IW(F)Z} 12,

or dark brown, are usual for polynuclear cobalt complexes.
Compoundsdl and?2 are isomorphous. Compoudelongs to
a different crystal system, but its structure is related to those of
1 and 2. Molecular structures are illustrated in Figures3L
Crystallographic data and selected bond distances and angles
are listed in Tables 1 and 2. The compounds consist of a
[Co4(COX ]2 cluster with pseud@s, symmetry that bonds to
Ln(Il) atoms through isocarbonyl bridges to create 2-D sheets.
The tetrahedral tetracobalt dianionic cluster J@0D) ]2~
contains two distinct cobalt environments (Figure 1a). The apical
cobalt, Co(1), is bonded to one terminal and three edge-bridging
carbonyls, and the three basal cobalt atoms, Co(2), Co(3), and
Co(4), are each connected to one face-bridging, one edge-
bridging, and two terminal carbonyls. Mean €60 bond
lengths (, 2.481 A;2, 2.479 A;3, 2.479 A) are consistent with
Coy(CO)2 (avg., 2.490 A)2_4 The Ce—Ca,?® bonds (, 2.462- Figure 2. Coordination geometries about the Ln(ll) centers in{ (&0)s-
(2)—2.476(2) A) tend to be shorter than the ;£€a, bonds YD[Co/COMl} (1), (b) { (ELOREU[CA(CONil} = (2), and (C)f (ELO)-

(THF)Yb[Coy(CO)11]} - (3). Hydrogen atoms on solvent ligands are omitted

(1, 2.472(2)-2.524(2) A). The edge-bridging carbonyls are i, clarity.

24) (a) Farrugia, L. J.; Braga, D.; Grepioni, F. Organomet. Chenil999 H H ;
(24) é7)3 o (g) ey H_;gcmton’ o 2.; . 9 ore Chen o7 sllghtly asymmetric, with the Go-Ce bonds (, avg., 1.870 A)
15, 380. (c) Wei, C. HInorg. Chem1969 8, 2384. (d) Wei, C. H.; Dahl, being shorter than the GeC, bonds (, avg., 1.988 A). The

L. F. J. Am. Chem. Sod.966 88, 1821.
(25) Subscripts represent the following types of Co atoms and CO ligands: a
= apical, b= basal, t= terminal, e= edge-bridging, and# face-bridging. order: C-0 (1, avg., 1.126 A)< C—0; (avg., 1.176 A)<
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Table 2. Selected Bond Distances and Bond Angles for
{ (Et20)3Yb[C04(CO)11]} e (1), {(Et20)sEU[CO4(CO)11]}= (2), and
{(Et20)2(THF)Yb[C04(CO)11]} - (3)?

1 2 3
Ln(1)—O(5) 2.421(5) 2.538(3) 2.391(7)
Ln(1)—O(6) 2.409(5) 2.521(3) 2.402(9)
Ln(1)—0(7) 2.414(5) 2.539(4) 2.407(9)
Ln(1)-0(12) 2.411(5) 2.491(3) 2.390(8)
Ln(1)~0(21B) 2.385(5) 2.512(3) 2.377(6)
Ln(1)—O(33A) 2.318(5) 2.415(3) 2.315(6)
Co(1)-Co(2) 2.480(2) 2.463(1) 2.472(2)
Co(1)-Co(3) 2.524(2) 2.512(1) 2.516(2)
Co(1)-Co(4) 2.472(2) 2.494(1) 2.477(2)
Co(1)-C(11) 1.730(8) 1.738(5) 1.74(1)
Co(1)-C(12) 1.878(8) 1.855(5) 1.85(1)
Co(1)-C(13) 1.878(9) 1.864(6) 1.83(2)
Co(1)-C(21) 1.854(8) 1.875(5) 1.86(1)
Co(2)-C(21) 1.964(7) 1.951(5) 1.97(1)
Co(2)-C(33) 1.996(8) 2.020(5) 1.985(9)
Co(3)-C(13) 2.070(9) 2.069(5) 2.05(1)
Co(3)-C(33) 1.949(7) 1.950(5) 1.96(1)
Co(4)-C(12) 1.930(8) 1.950(5) 1.95(1)
Co(4)-C(33) 2.009(7) 1.974(5) 2.00(1)
C(11)-0(11) 1.150(9) 1.149(6) 1.15(1)
C(12)-0(12) 1.190(8) 1.188(6) 1.19(1)
C(13)-0(13) 1.147(10) 1.153(6) 1.27(3)
C(21)-0(21) 1.191(8) 1.182(6) 1.19(1)
C(33)-0(33) 1.217(8) 1.220(5) 1.22(1)
Ln(1)~0(12)-C(12) 163.1(5) 173.3(4) 157.8(8)
Ln(1)-O(21B)-C(21B) 170.6(5) 157.9(4) 177.8(7)
Ln(1)—O(33A)-C(33A) 175.2(5) 173.5(3) 178.3(7)
0(21B)-Ln(1)~0(12) 85.5(2) 88.0(1) 90.5(3)
O(12)-Ln(1)—0(33A) 109.0(2) 166.4(1) 101.9(3)

- 0(21B)-Ln(1)—0(33A) 165.3(2) 103.2(1) 167.2(2)

aSee Supporting Information for a molecular structure of the extended
array.” Symmetry transformations used to generate equivalent atdms:
(A) x =Y, =y + 1 —z+1;(B)—x+1,-y+1-z+1; (D) —x+
S =y + Yz, 2. 2, (A) =X+ ¥,y + Y3,z (B) —x+ 1, -y, —z+ 1; (C)
X—= 5 =y =Yy =2+ 1; (D) =X+ 30,y — Y2, 2 3; (A) =X+ 35,y —
Yg, =243 B) —x+1,-y+1,—z+ 1, (C)x+ Yo, =y + 3, 2+ 1;
(D) —X + 3/2, y + 1/2, —z+ 3/2.

through Cq (Co(1)) and the tetrahedral base center. A complete
description of this disorder is presented in the Supporting
Information.

The Ln(Il) atoms are six-coordinate, with three solvent ligands
and three isocarbonyl oxygens arranged in a distorted octahedron
(meridional isomer; Figure 2). Face- and edge-bridging carbonyl
oxygens are more nucleophilic than terminal carbonyl oxy-
genst’:26 Consequently, linkages exist between Ln(ll) and the
face- (CO(33)) and two edge-bridging (CO(12), CO(21))
carbonyls. The remaining edge-bridging carbonyl (CO(13)) does
not engage in an isocarbonyl interaction. In all three complexes,
Figure 3. Molecular structures of the 2-D extended array{ (Et0)sYb- the Ln—0y(OC) distances]( 2.318(5) A) are shorter than both
[Cos(CON]}= (). (a) The “four-membered” ring building block, (b) the  the Ln—0O¢(OC) (1, 2.385(5), 2.411(5) A) and L-rO(ELO,
“eight-meml_)ered” ring bui!ding block, gnd (c) top view of the polymeric THF) (1, 2.409(5)-2.421(5) A) bond lengths. This reaffirms
sheet. E{O ligands are omitted for clarity. Terminal apg-carbonyls are the stronger basicity of the methylidyne oxygen. The-O+C
represented as capped sticks in (a) and (b) and are omitted in (c). . . o= -

bond angles associated with the face-bridging isocarbonyl

C—Ox (1.217(8) A)26 A comparison of the terminal carbonyl ~ connections were found to be almost linear, while those
lengths reveals that the GoC; (1, 1.730(8) A) and €O, (1, corresponding to the edge-bridging isocarbonyl bonds ranged
1.150(9) A) bonds are shorter and longer, respectively, than theffom 157.8(8)-177.8(7) (Table 2).

ana|ogous basal distances, @_Vg.’ Ce—C, 1.767 A, avg., The outcome of the iSOC&rbOﬂyl Iinkages isa2-D polymeric
C—Op;, 1.123 A). In all three compounds, the basal cobalt atoms Sheet (Figure 3c) that has two distinct building blocks. “Four-
are disordered (Figure 1832’ These atoms adopt two sets of membered” rings, with two Ln(ll) centers and two [gB0)]*
alternate positions that are related by rotation of an axis passing

(27) (a) Albano, V. G.; Braga, D.; Longoni, G.; Campanella, S.; Ceriotti, A.;
Chini, P.J. Chem. Soc., Dalton Tran498Q 1820. (b) Duffy, D. N;

(26) (a) Horwitz, C. P.; Shriver, D. FAdv. Organomet. Chen1984 23, 219. Mackay, K. M.; Nicholson, B. K.; Thomson, R. A. Chem. Soc., Dalton
(b) De La Cruz, C.; Sheppard, N. Mol. Struct.199Q 224, 141. Trans.1982 1029.
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Table 3. IR Data in the Carbonyl Stretching Region
compound medium veo (€m™?)
{(E0)sYb[C04(CO)1]} = (1) EtO 2116 (vw), 2076 (vw), 2054 (w, sh), 2043 (mw), 2025 (m), 2008 (mw),
1994 (mw), 1936 (vs), 1849 (vw), 1744 (ms, br), 1613 (w, br)
KBr 2075 (s, sh), 1982 (vs, br), 1852 (m, sh), 1793 (mw, sh), 1616 (mw)
[*3C){ (Etz0)3YD[C04(CON1]}» ([*3C]1) Et,O 2101 (vw, sh), 2085 (vw), 2066 (vw, sh), 2047 (w, sh), 2018 (ms, sh),
2001 (s, sh), 1981 (vs), 1951 (m, sh), 1916 (mw, sh), 1894 (mw, sh),
1755 (w, br), 1726 (w, br), 1587 (w, br)
KBr 1967 (vs, br), 1816 (s, sh), 1734 (ms, sh), 1653 (m, sh)
{(Et,0)3Eu[Cay(CON1]} = (2) Et,O 2073 (m), 2057 (mw), 2042 (ms), 2019 (ms, sh), 2007 (vs), 1992 (s, sh),
1958 (m, sh), 1928 (ms), 1852 (vw), 1783 (mw, br), 1612 (w, br)
KBr 2068 (s, sh), 1977 (vs, br), 1869 (s, sh), 1786 (m, sh), 1676 (mw)
{(Et20)2(THF)Yb[C0s(CON 1]} (3) Et,0 2116 (w), 2076 (w, sh), 2053 (m, sh), 2028 (s), 1994 (vw, sh),
1931 (m, br), 1855 (w, sh), 1782 (mw, br), 1594 (w, br)
KBr 2054 (ms, sh), 1994 (vs), 1971 (vs, br), 1950 (s, sh), 1930 (s, sh),
1855 (ms, sh), 1785 (m, sh), 1685 (m)
{(THF)sEu[Ca(CON4]}  (4) Et,0? 2116 (vw), 2065 (m, sh), 2054 (m), 2033 (ms), 2020 (m, sh), 2007 (m, sh),
1966 (w), 1924 (m, sh), 1900 (s, br), 1852 (ms, sh), 1786 (m)
KBr 2054 (mw, sh), 1950 (vs), 1816 (mw), 1752 (w), 1707 (w)
[Eu(THF)J[Co(CO)]2 THF 2012 (mw), 1914 (vs), 1887 (ms, sh), 1809 (s)
KBr 2055 (ms, sh), 2016 (s), 1933 (s), 1889 (s), 1851 (s), 1825 (s)

a|R spectrum of a solution from which crystals 4fwere grown.

clusters, are constructed with edge-bridging isocarbonyl bonds For comparison, bridging CO stretches for some cobalt

(Figure 3a). The corner of the diamond-shaped ring is formed
by the O(21B)-Ln(1)—0(12) angle that is almost 90Larger
“eight-membered” rings (four Ln(ll) centers, four [§EO) ]2~

carbonyl clusters are listed: €0} 2,28 1867 cnv? (ux-CO);
[Cos(COXg)?, 1778 and 1737 cnt (u2-CO), 1685 cmt (uz-
CO)?°[C0g(CON4),* 1680-1644 cnr (uz-CO)2° Compounds

clusters) have alternating face- and edge-bridging isocarbonylswith isocarbonyl linkages between a cobalt carbonyl and a Lewis

bonds (Figures 3b). There are twe-On—0O angles that build
the oval-shaped, “eight-membered” rings. One anylég(12)-
Yb(1)—0O(33A)) is created byis-isocarbonyl linkages, and these
range from 85.5to 109.0(2j. The other anglel| (O(21B)-
Yb(1)—0O(33A)) is formed bytransisocarbonyl connections that
are around 166(Table 2).

Infrared Spectra of 1—3. Infrared spectra are presented in

acid have the followingco frequencies: [(PygYb{(x-CO),Co-
(COY} 2], 1776 it (Yb(IN)); 13 [(THF),Y b{ (u-CO)CO(CO} o+
Tol]., 1784 cnt® (Yb(I1)); 23 Cp*,Yb(THF){ (1-CO)Co(CO}} ,
1761 cnrt (Yb(IlN)); % [(Cp*2Yb)of (17%us-CONCOs(CsHa-
SiMes)2}], 1575 et (Yb(IN)); % CpsTi{ (72us-COUCOs-
(CO)g}2, 1375 and 1333 cni. 150

59Co and 3C NMR Spectra of 1. The solution structure of

the Supporting Information. Isocarbonyl associations are clearly the [Ca(CO)11]4~ cluster in1 was probed with"®Co NMR

evident in IR spectra withvco frequencies typically falling
within the range of 18561300 cntl2® In general, vco
decreases according to the following types of isocarbonyl
bridges: Vco(ﬁz,ptz-CO) > Vco(?]z,ﬂ3-CO) > Vco(?]z,VA,-CO).ZGb
Infrared spectra (Table 3) df, 2, and3 in Et,O indicate that

spectroscopy?32 The ambient temperatu®Co NMR spec-
trum of 1 in dio-Et,O has a single resonance -aR910 ppm
(Figure 4). Decreasing the temperature-t65 °C causes the
signal to broaden, without the appearance of another peak. A
slowing of the carbonyl exchange (vide infra) or a decrease in

the isocarbonyl linkages are maintained in solution. There are the 5%Co quadrupolar relaxation time would explain the broad-

several CO absorptions signifying that the j@0) ]2~ anion
has low symmetry. On the basis of the fact that isocarbonyl

(28) Bor, G.Spectrochim. Actd963 19, 1209.

stretches appear at lower frequencies than bridging co (29) (a) Chini, P.; Albano, VJ. Organomet. Chem.968 15, 433. (b) Albano,

absorptiongt we have tentatively assigned the CO stretching
frequencies. Very low-frequency absorptions at 1613 cfor
1and 1612 cm? for 2 indicate the presence gf,us-carbonyls
(this stretch for3 could not be positively identified). Edge-
bridging isocarbonyl 2,us-CO) bands are detected at 1744,
1783, and 1782 crd for 1, 2, and 3, respectively. For all of
the compounds, weak absorptions at approximately 1856 cm
correlate to the edge-bridging carbonyids-CO) not involved

in isocarbonyl connections. Terminal CO stretches range from
2116 to 1928 cml. Solid-state (KBr) IR spectra for the three

complexes have a strong, broad terminal CO stretch centered

at around 1980 cmt (a shoulder appears in the terminal
stretching region between 2075 and 2054 &nThe weaker

bridging CO bands appear as shoulders to the terminal stretch

(L u>-CO, 1852 cmt; 52,u3-CO, 1793 cm?; 52,u4-CO, 1616
cm ).

V.; Chini, P.; Scatturin, VJ. Organomet. Chen1968 15, 423.
(30) For references of°Co NMR spectroscopic studies of tetrahedral Co
carbonyl clusters, please see: (a) Kempgens, P.; Raya, J.; Elbayed, K;
Granger, P.; Rdsel.; Braunstein, PJ. Magn. Reson200Q 142, 64. (b)
Granger, P.; Richert, T.; Elbayed, K.; Kempgens, P.; Hirschinger, J.; Raya,
J.; Rose J.; Braunstein, PMol. Phys.1997 92, 895. (c) Kempgens, P.;
Hirschinger, J.; Elbayed, K.; Raya, J.; Granger, P.;'Rdsk Phys. Chem.
1996 100, 2045. (d) Braunstein, P.; Mourey, L.; Rosk; Granger, P.;
Richert, T.; Balegroune, F.; Grandjean,@rganometallics1992 11, 2628.
(e) Song, L.-C.; Luo, C.-C.; Hu, Q.-M.; Chen, J.; Wang, H.@gano-
metallics2001, 20, 4510.
For references offCo NMR spectroscopic studies of £60),, please
see: (a) Sizun, C.; Kempgens, P.; Raya, J.; Elbayed, K.; Granger, P,; Rose
J.J. Organomet. Chen200Q 604, 27. (b) Aime, S.; Gobetto, R.; Osella,
D.; Milone, L.; Hawkes, G. E.; Randall, E. W. Magn. Resonl985 65,
308. (c) Haas, H.; Sheline, R. K. Inorg. Nucl. Chem1967, 29, 693. (d)
Lucken, E. A. C.; Noack, K.; Williams, D. K. Chem. Soc. A967, 148.
For references offCo NMR spectroscopy, please see: (a) Goodfellow,
R. J. In Multinuclear NMR Mason, J., Ed.; Plenum Press: New York,
1987; Chapter 20. (b) Laszlo, P.INMR of Newly Accessible Nugléaszlo,
P., Ed.; Academic Press: New York, 1983; Vol. 2, Chapter 9. (c) Brevard,
C.; Granger, PHandbook of High-Resolution Multinuclear NMR/iley:
New York, 1981; pp 124125. (d) Kidd, R. G.; Goodfellow, R. J. INMR
and the Periodic TableHarris, R. K., Mann, B. E., Eds.; Academic Press:
New York, 1978; Chapter 8.
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Figure 4. Variable-temperaturé°Co NMR spectra of (E0)sYb[Cos-
(COQ1l}e (1) in dio-ERO at 71.21 MHz.

ening33 In the —105°C spectrum, a weak signal atL70 ppm

is visible, and the upfield resonance has significantly sharpened.
On the basis of their temperature dependence and using the

%9Co chemical shifts of CCO). as a guide (C9 —670 ppm;
Co, —2030 ppm)la the two peaks may be designated. The

apical cobalt resonance is unobservable at room temperature

because of extensive line broadening induced by -sgjin
coupling to the three basal cobattsHowever, lower temper-
atures cause “thermal decoupling” of the apical cobalt from the
basal atoms, and both resonances sharpen notic¥alitgrmal
decoupling results because ff€o quadrupolar relaxation time
decreases at low temperatufésThe>Co nuclei in Cq(CO)2
exhibit different temperature behavigf

A sample ofl was enriched with*CO, such that the solution
structure and dynamic behavior of the JQ©0)11]% cluster
could be examined by3C NMR spectroscopy. The variable-
temperaturé3C NMR spectra of BFCJ{ (Et;O)3Yb[C0o4(CO1]}
([*C]1; the excess'®C may occur at any of the carbonyl

27°C E::' f.'n\ll crla
: / |
AN
-5°C
VAN
-30°C Cp.Ce
|'r| Cd,
Ce &)
-55°C
AN
-80°C
—
-110°C
q\y i /_JA L_
" a0 20 | 20 | 2a0 | 20 | 200 ppm

Figure 5. Variable-temperaturé3C NMR spectra of{(Et0)sYb[Cos-
(COh}w (1) in dirELO at 126 MHz and the low-temperature limiting
structure of the cluster. The Goore is represented by blue lines. Oxygen
atoms are omitted. Dashed lines indicate isocarbonyl linkages. Atgms C
and G are located approximately in the €oasal plane, while Cand Gr

are positioned below the plane.

the u,-CO (G). In the =55 °C spectrum, they?,us-CO (C)
peak is visible at 297.1 ppm. Line narrowing and the appearance
of the edge-bridging CO resonances at low temperatures is
attributed to thermal decouplirf§.The 72,14-CO (G) signal is

positions) are illustrated in Figure 5. As the temperature is not ohserved at any temperature. If efficient thermal decoupling
decreased, two phenomena are observed: (1) Thermal decouhas not occurred, then the peak would remain broad due to
pling of the!3C nuclei from theé®®Co nuclei takes plac®.This coupling to the three quadrupolgiCo basal nuclei.

causes terminal carbonyl resonances to narrow and two edge- At —110°C, the singlet for carbon atoms,@nd G separates
bridging carbonyl £>-CO, %u3-CO) peaks to appear. (2) The  into an unresolved multiplet with a broad complicated line shape
intramolecular exchange process involving the basal terminal (peaks at 220.1 and 209.2 ppm). The multiplet arises because
carbonyls slows, and the CO ligands begin to show inequiva- the dynamic exchange of G@nd CQ has slowed. The average

lence. Assignments of the carbonyl chemical shifts ame based

on the following two trends®(us-CO) > d(u-CO) > 6(CO,)36
and bridging carbonyl signals are shifted downfield when a
carbonyl oxygen binds with a Lewis acid (i.8(;%,us-CO) >
O(u-CQ)) 37

(214.7 ppm) of the multiplet peaks is consistent with th&0

°C chemical shift when the four carbonyls are equivalent.
Interconversion of CQand CQ is also expected. Slowing of
this fluxional process is not clear from the spectra because the
chemical shifts of the two inequivalent carbonyls would be

The room-temperature spectrum contains two broad terminal similar38 It can be concluded that the static structure (Figure
CO resonances at 214.7 and 204.2 ppm. The broad downfields) of the [Ca(CO).1]2~ cluster at the low-temperature limit is

signal is assigned to the six terminal basal carbonyls Gg

C4, Cy), and the upfield peak belongs to the apical carbonyl
(Cy). At —30°C, the signal for @sharpens, the terminal basal
peak resolves into two resonances (214.6 ppg),Gs 208.3

not reached.

As a reference, thEC resonances for GECO);, are located
at 243.1 [1-C0O), 195.9 (CQ, and 191.9 (CQ ppm3%2To the
best of our knowledgé3C NMR resonances for face-bridging

ppm, G, Cq), and another resonance emerges at 276.6 ppm for carbonyls in Co clusters have not been reported. Chemical shifts

(33) Beall, H.; Bushweller, C. HChem. Re. 1973 73, 465.

(34) Beall, H.; Bushweller, C. H.; Dewkett, W. J.; Grace, M.Am. Chem.
Soc.197Q 92, 3484.

(35) (a) Evans, J.; Johnson, B. F. G.; Lewis, J.; Matheson, T. W.; Norton, J. R.
J. Chem. Soc., Dalton Tran$978 626. (b) Aime, S.; Milone, L.; Osella,
D.; Poli, A. Inorg. Chim. Actal978 30, 45. (c) Aime, S.; Milone, L,;
Valle, M. Inorg. Chim. Actal976 18, 9. (d) Todd, L. J.; Wilkinson, J. R.
J. Organomet. Chenl974 80, C31.

(36) Chini, P.; Martinengo, S.; McCaffrey, D. J. A.; Heaton, B.JT.Chem.
Soc., Chem. Commuh974 310.

(37) (a) Wilkinson, J. R.; Todd, L. J. Organomet. Chen1976 118 199. (b)
Hodali, H. A.; Shriver, D. F.; Ammlung, C. AJ. Am. Chem. Sod.978
100, 5239. (c) Hodali, H. A.; Shriver, D. Anorg. Chem1979 18, 1236.
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for face-bridging carbonyls in some Rh clusters @41.6 for
[CPsRha(uus-COY{ n2t5-C2Phe}1,%° & 237.4 for [Rha(us-COY-
(12-COR(COYq)?™ (6 211.5,u,-CO) ¥ andd 231—244 for [Rhs-
(u3-CO}(CON1X]~ (X =1, CN, SCN)#° The downfield shift

(38) A guantitative*C NMR experiment was performed-atl10°C (1024 scans,
0.130 s aquisition2 s pulse delay). The resonances were integrated, and
the intensity ratio for the terminal carbonyls was 5.6:1 (basal:apical). The
low intensities of the edge-bridging carbonyl resonances (1.1¢1CJC
prevented their integration relative to the terminal carbonyls.

(39) Yamamoto, T.; Garber, A. R.; Bodner, G. M.; Todd, L. J.; Rausch, M. D.;
Gardner, S. AJ. Organomet. Chenl973 56, C23.
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(b)
Figure 6. Molecular structures of (THF)sEu[Ca(COh1]}- (4). (a) The
[Co4(CON1)% cluster. (b) Coordination geometry about the Eu(ll) center
(hydrogens attached to THF ligands are omitted for clarity). (c) A portion
of the 1-D zigzag chain (THF ligands are omitted; terminal and edge-
bridging carbonyls are represented as capped sticks).

Table 4. Selected Bond Distances (A) and Angles (deg) for
{(THF)sEu[C04(CO)11]} (4)?

Ln(1)-0(3) 2.519(3) Ln(1)}0(4) 2.585(3)
Ln(1)-O(5) 2.590(4) Ln(1)-0(23) 2.540(3)
Co(1)-Co(2) 2.4990(8) Co(BHCo(2A) 2.5118(8)
Co(1)-Co(1A) 2.574(1) Co(2)Co(2A) 2.365(1)
Co(1)-C(11) 1.767(5) Co(BC(13) 1.945(6)
Co(1)-C(23) 1.925(5) Co(2yC(23) 2.031(4)
Co(2A)-C(23) 2.054(5) C(1BH0(11) 1.138(6)
C(13)-0(13) 1.158(9) C(23Y0(23) 1.189(5)

0(23)-Ln(1)-0(23B)  144.3(2) Ln(1}C(23)-0(23) 169.5(3)

a Symmetry transformations used to generate equivalent atomsy, (A)
=y, —z+1;(B) —x+ 2y, —z+ .

of a carbonyl resonance upon complexation with a Lewis acid
is exemplified by [HFg(CO)1]~.3” The free anion has a bridging
CO signal at 285.7 ppmug-CO), but in the presence of BF
the peak shifts to 355.1 ppmy{us-CO)37a

Molecular Structure of 4. Dark brown crystals ot were
grown from a saturated gD solution. The molecular structure

axis that passes through CO(13) and the midpoints of the Co-
(1)—Co(1A) and Co(2)yCo(2A) bonds (Figure 6a). There are
two unique cobalt environments: Co(1) is bonded to one face-
capping, one edge-bridging, and two terminal carbonyls, and
Co(2) is attached to two face-bridging and two terminal CO
ligands. The mean GeCo bond length measures 2.494 A. The
Co—Co bonds (2.365(B2.5118(8) A) that construct the faces
capped by the oxymethylidyne carbonyls (CO(23), CO(23A))
are shorter than the Co@Lo(1A) distance (2.574(1) A) that

is spanned by ong,-CO (CO(13)). The CoC; (avg., 2.003

A) and Co-C. (1.945(6) A) distances are elongated in com-
parison to the Ce C; (avg., 1.756 A) bonds. The face-bridging
carbonyls are slightly asymmetric, because they are closer to
Co(1) and Co(1A) (Co(HC(23), 1.925(5) A; Co(2YC(23),
2.031(4) A; Co(2A)-C(23), 2.054(5) A). Terminal €O bonds
(avg., 1.141 A) are shortened relative to the edge- (1.158(9) A)
and face-bridging (1.189(5) A) €0 bonds.

The Eu(ll) center is seven-coordinate, with five THF ligands
and two isocarbonyl oxygens arranged in a distorted pentagonal
bypyramidal geometry (Figure 6b). Two THF ligands occupy
the axial sites, while the isocarbonyl connections are located in
the equatorial plane. The axial Eu{Ap(THF) bonds (2.519-
(3) A) are shorter than the equatorial Eu¢Q(THF) lengths
(2.585(3), 2.590(4) A). There is little distinction between the
Eu(1)-O(THF) (2.519(3)}-2.590(4) A) and Eu(10(23) (2.540-

(3) A) distances. This is in contrast 192, and3, in which the
solvent ligands are less tightly bound to Ln(ll) than the
isocarbonyl oxygens. Isocarbonyl jointg{«4-CO) occur only
through the two face-bridging carbonyls (CO(23), CO(23A)).
The outcome of the oxymethylidyne linkages is a 1-D zigzag
chain (Figure 6c¢). The O(23)Eu(1)-0O(23B) angle associated
with the isocarbonyl bonds is 144.3(2)

Infrared data for4 are listed in Table 3. In the solid-state
(KBr) IR spectrum, three weak low-frequency stretches are
observed at 1816, 1752, and 1707 énirhese are believed to
be theu,- and#,?,u4-CO bands. A strong terminal CO stretch is
detected at 1950 cm. The IR spectrum of the solution from
which crystals o# were grown is difficult to interpret (due to
the low solubility of4 in Et,0, the solution was dilute). Two
low-frequency CO stretches are observed at 1852 and 1786
cmt, and terminal CO absorptions range from 2116 to 1900
cm L,

Comparison of the Structural Features of 1-4. Tetracobalt
undecacarbonyl dianion, [GEO)1]%-, is a typical 60 valence
electron tetrahedrof.Although [Ca(CO)1]%~ is isoelectronic
with the neutral cluster GECO),,, the increased negative charge
encourages the formation of face-capping carbotd/lghe
cluster in1—3 (IsomerA) has one face- and three edge-bridging
carbonyls, and the isomer #(lsomerB) possesses one edge-
and two face-bridging carbonyls (Chart 2). Dimensions of the

is depicted in Figure 6. Crystallographic data and selected bondCos framework in IsomelA are comparable to those in £o
distances and angles are recorded in Tables 1 and 4. CompleXCO)2 (1, avgs., Ce—Ca, 2.492 A, Cg—Cay, 2.470 A; Ca-
4 is composed of &,, symmetric [Cq(CO)3]%~ cluster that  (CO)z, avgs., Ca—Ca,, 2.499 A, Cg—Coay, 2.482 A)?42The
coordinates to Eu(ll) through isocarbonyl linkages to form a symmetry of the Cpskeletal core in Isomes is different from
1-D chain. that of IsomerA and Cq(CO)2. While satisfying the Wade
The asymmetric unit is comprised of the Eu(ll) atom, 2.5 Mingos rules, the cluster is a distorted tetrahedfofihe Co-
THF ligands, and half of the cluster. The entire tetrahedral
cluster is generated by rotation of the two-fold crystallographic (41

Mingos, D. M. P.; May, A. S. IThe Chemistry of Metal Cluster Complexes
Shriver, D. F., Kaesz, H. D., Adams, R. D., Eds.; VCH: New York, 1990;
Chapter 2.

(42) Douglas, B.; McDaniel, D.; Alexander,Joncepts and Models of Inorganic
Chemistry 3rd ed.; Wiley: New York, 1994; pp 857859.

(40) Allevi, C.; Bordoni, S.; Clavering, C. P.; Heaton, B. T.; Iggo, J. A.; Seregni,
C.; Garlaschelli, LOrganometallics1989 8, 385.
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(2)—Co(2A), distance, 2.365(1) A (Figure 6a) is unusually short,
while the Co(1}Co(1A) distance 2.574(1) A, which is per-
pendicular to Co(2)Co(2A), is longer than any other €&o
length in1—4 and Caq(CO);». A point worthy of note is that
the structure of [RI{CO)4]? in the bis(triphenylphosphine)-
iminum salt is also a distorted tetrahedron with an unusually
long Rh—Rh distance but a different disposition of carbonyl
ligands around the Rtcore®® Undoubtedly, as in the case of
the [Cq(CO)1]% cluster, the nature of the counterion plays a
significant role in determining the arrangement of the carbonyl
ligands and deviation from a regular tetrahedral core of
[Rhy(CO)4]?~. Note that [RB(CO) % has no face-capping
carbonyls, while the [C4CO),1]%~ isomers do.

The inherent differences in symmetry of theandB isomers
cause the extended structuresloef3 and 4 to be unique. In
1-3, IsomerA coordinates to Ln(ll) through the face-capping
(n%,u4) and two edge-bridgingn€,us) carbonyls, whereas i
isocarbonyl connections to Eu(ll) occur only through the two
face-bridging carbonyls of Isom&. These are the first reported
n?,us-CO bridges between a Ln and a transition-metal cluster.
Isocarbonyl linkages irl—3 generate a 2-D puckered sheet,
and those i produce a 1-D zigzag chain.

Conclusion

Two isomers of the new [GECO)15]2 cluster were prepared.
The clusters are present in two types of Lnfl§o, isocarbonyl
extended array$(Et;0);—x(THF)LN[C0o4(CO)1]}» (1—3) and
{(THF)sEU[Cy(CO)11]} = (4). Compoundsl and2 were syn-
thesized by the transmetalation reaction between Ln and Hg-
[Co(CO))2 in E,O, and3 and 4 were formed by dissolving
[Ln(L)J[Co(CO)]. in ELO. Diethyl ether, a weak donor solvent,
permits the oxidation and condensation of the [Co({Oanion
to afford the [C@(CO)4]?™ cluster. This cluster is stable inJex
solution, as evidenced B¥Co and3C NMR spectroscopies,
and, furthermore, the isocarbonyl bonds between Ln(ll) and
[Co4(COX4]% persist in solution, based dsC NMR and IR

212 J. AM. CHEM. SOC. = VOL. 126, NO. 1, 2004

spectroscopic studies. The cluster 1n-3 has pseudds,
symmetry and coordinates to Ln(ll) centers, creating a 2-D sheet.
On the other hand, the [GE&O)1]%>~ isomer in4 has C,,
symmetry and bonds to Eu(ll) to generate a 1-D zigzag chain.
The 52,u4 isocarbonyl bridges ii—4 are the first reported for

a Ln and transition-metal carbonyl cluster.

Experimental Section

General Data. All manipulations were carried out on a standard
high vacuum line or in a drybox under an atmosphere of nitrogen unless
otherwise noted. Diethyl ether and tetrahydrofuran were dried and stored
over sodium/benzophenone and freshly distilled prior to use. Hexane
was stirred over concentrated sulfuric acid 2od and then decanted
and washed with water. Next, the hexane was stirred over sodium/
benzophenone for 7 d, followed by distillation into a storage bulb
containing sodium/benzophenone. Celite was dried by being heated at
150°C under dynamic vacuum for 5 h. Ytterbium powder (Strem) was
used as received. Europium ingot (Aldrich) was received in mineral
oil, washed in hexane, and vacuum-driédCO (99% enriched) was
purchased from Isotec. Sodium tetracarbonylcobatfatais(cobalt
tetracarbonyl)mercur§?*4and [Yb(THF)}][Co(CO)].'3 were prepared
according to the previously published methods. Elemental analyses were
performed by Galbraith Laboratories (Knoxville, TN). Prolonged
pumping on crystalline samples caused loss of not only solvent ligands
but also carbon monoxide. Therefore, analyses are calculated for the
loss of solvent and CO. They reflect instabilities in a vacuum at room
temperature. Infrared spectra were recorded on a Mattson Polaris Fourier
transform spectrometer with 2 ctresolution. Refer to Table 3 for
IR data. Infrared spectra are reported in the Supporting Information.
IH NMR spectra were obtained on Bruker AM-250 and DPX-400
spectrometers operating at 250.1 and 400.1 MHz and were referenced
to residual solvent proton¥’C NMR spectra were obtained on a Bruker
DRX-500 NMR spectrometer operating at 125.8 MHz and were
referenced to deuterated solvent signdafCo NMR spectra were
obtained on a Bruker DMX-300 NMR spectrometer operating at 71.21
MHz and were externally referenced tg[&o(CN)j] in DO (6 = 0.00
ppm). Standard parameters are as follows: pulse widthu8.2weep
width 100 kHz, and number of scans between 500 and 10 000.

X-ray Structure Determinations. Single-crystal X-ray diffraction
data were collected on a Nonius KappaCCD diffraction system which
employs graphite-monochromated MacKadiation ¢ = 0.71073 A).

A single crystal ofl, 2, 3, and4 was mounted on the tip of a glass
fiber coated with Fomblin oil (a pentafluoropolyether). Unit cell
parameters were obtained by indexing the peaks in the first 10 frames
and were refined employing the whole data set. All frames were
integrated and corrected for Lorentz and polarization effects using the
DENZO-SMN package (Nonius BV, 1999 .Absorption correction
was applied using the SORTAV progrémprovided by MaXus
software?” The positions of the heavy atoms, Yb, Eu, and Co, were
revealed by the Patterson method. The structures were refined using
the SHELXTL-97 (difference electron density calculation, full-matrix
least-squares refinements) structure solution packaata merging

was perfomed using the data preparation program supplied by

(43) Edgell, W. F.; Lyford, J., IVInorg. Chem.197Q 9, 1932.

(44) Ruff, J. K.; Schlientz, W. dnorg. Synth.1974 15, 84.

(45) Otwinoski, Z.; Minor, W. Processing of X-ray Diffraction Data Collected
in Oscillation Mode. IfMethods in Enzymology, Vol. 276: Macromolecular
Crystallography, Part ACarter, C. W., Jr., Sweet, R. M., Eds.; Academic
Press: New York, 1997; pp 36B26.

(46) (a) Blessing, R. HActa Crystallogr., Sect. A995 51, 33. (b) Blessing,

R. H. J. Appl. Crystallogr.1997, 30, 421.

(47) Mackay, S.; Gilmore, C. J.; Edwards, C.; Tremayne, M.; Stuart, N.;
Shankland, K.MaXus: A Computer Program for the Solution and
Refinement of Crystal Structures from Diffraction Datdniversity of
Glasgow: Scotland, Nonius BV: Delft, The Netherlands, and MacScience
Co. Ltd.: Yokohama, Japan, 1998.

(48) Sheldrick, G. M.SHELXTL-97: A Structure Solution and Refinement
Program University of Gdtingen: Germany, 1998.
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SHELXTL-97. After all non-hydrogen atoms were located and refined (CO)]. and 0.116 mg, 0.670 mmol of Yb metal) was dissolved in 20
anisotropically, hydrogen atoms on solvent ligands were calculated mL of Et,O, and the mixture was stirred for several days. A red-brown
assuming standard geometries. colored solution was produced along with a brown colored oil. Infrared
In 1, 2, and 3, the basal tetrahedral cobalt atoms are disordered. spectroscopy was used to monitor the reaction. The volatiles were
Disorder in all three compounds was treated in a similar manner (seeremoved, 20 mL of ED was added, and the mixture was stirred again
Supporting Information). One ethyl group (C(61), C(62)) of apCEt for 24 h. This procedure was repeated once more. The solution was
solvent ligand inl, a carbonyl oxygen (O(13)) it, the THF carbon decanted from the dark brown-black precipitate. Dark red-brown
atoms (C(51)C(54)) in3, and three carbons (C(61), C(62), C(64)) of triangular platelike crystals in a brown oil appearadrid after slow
an EtO solvent ligand in3 are disordered. These atoms were split, evaporation of the solvent at room temperature until 3 mL of solution
and their occupancies were refined isotropically. Positions of hydrogen remained. The mother liquor was removed, and the crystals were
atoms on the disordered solvent ligands were not calculated. washed with 5 mL of EO and 10 mL of hexane. The crystals were
Preparation of {(Et20)3Yb[C04(CO)11]}«, 1. A 50 mL flask was dried on the vacuum line for 30 min to afford 221 mg (71% vyield
charged with 131 mg (0.241 mmol) of Hg[Co(Cf)and 25 mg (0.14 based on Hg[Co(CQ)y) of 3. *H NMR (400 MHz,d;o-E,O): 6 3.73
mmol) of Yb. Approximately 20 mL of ED was condensed into the  (br s, a-H of THF), 3.38 (q,3Jun = 7.0 Hz, a-H of Et,O, partially
flask at—78 °C. The mixture was warmed to room temperature and hidden by thed,o-Et,O resonance), 1.83 (br A;H of THF), 1.12 (t,
stirred for several days, during which time the solution became yellow- 3Juy = 7.2 Hz,3-H of EtO, partially hidden by the,-Et,O resonance).
brown in color and Hg appeared. Infrared spectroscopy was used to%Co NMR (71.21 MHz d;-Et,0): 20°C, 6 —2920 (Av1;, = 400 Hz;
monitor the reaction. The reaction solution was frozen-a06 °C, Cay). Anal. Calcd for YbC@O14Ca3H2s (N0 loss of solvent or CO;
and the presence of noncondensable CO gas was observed manometrsample pumped on for 30 min): C, 29.48; H, 3.01. Found: C, 29.14;
cally. Filtration of the reaction mixture through Celite gave a red-brown H, 2.97.
colored filtrate. Dark red-brown flakelike crystals appeared in 14 d Preparation of { (THF) sEU[CO4(CO)11]}«, 4. The salt [Eu(THF)-
after slow evaporation of the solvent at room temperature until 3 mL [Co(CO)], (prepared from 0.212 mg, 0.391 mmol of Hg[Co(GIR)
of solution remained. The mother liquor was removed, and the crystals and 0.061 mg, 0.40 mmol of Eu metal; vide infra) was stirred in 30
were washed with 5 mL of ED and 10 mL of hexane. The crystals  mL of EtO for several days. A slightly red colored solution was
were dried on the vacuum line for 30 min, yielding 72 mg (63% yield produced, but much of the starting material remained undissolved.

based on Hg[Co(CQy) of 1. *H NMR (250 MHz, d1o-E%0): 6 3.39 Infrared spectroscopy was used to monitor the reaction. The solution
(9, *Jnn = 6.3 Hz, partially hidden by theh-EtO resonance), 1.12 (t,  was decanted and filtered through Celite. Slow evaporation of the
3Jwn = 7.5 Hz, partially hidden by theh-Et,O resonancef?Co NMR solvent at room temperature (until 2 mL of solution remained) produced
(71.21 MHz,tio-E:0): 20°C, 6 —2910 Qv = 700 Hz; Cg); —105 dark brown crystals in a red-brown colored oil after 14 d. The oil was
°C, 0 =170 (Aviz = 400 Hz; Cq), —2980 Avi, = 400 Hz; Cae). removed, and the crystals were washed with 5 mL @®find 10 mL
Anal. Calcd for YbC@O; 2Cs.3H7 (—2.3E£O, —9.5CO; sample pumped  of hexane. The crystals were dried on the vacuum line for 30 min to
on for 12 h): C, 10.27; H, 1.40. Found: C, 10.43; H, 1.49. afford 42 mg (20% yield based on Hg[Co(G) of 4. Because of the

Preparation of [**C]{(Et,0)sYb[C04(CO)11]}, [**C]1. Complex low vyield of 4, no elemental analysis was performed.

1 (100 mg) was nonselectively labeled by stirring at room temperature Preparation of [Eu(THF) J[CO(CO).].. A 50 mL flask was charged
a 20 mL E$O solution under<1 atm of 99% enrichedCO for 7 d. with 217 mg (0.400 mmol) of Hg[Co(CGQ, 61 mg (0.40 mmol) of
The solution was cooled te-78 °C, and the volatiles were removed Eu, and 25 mL of THF. The mixture was stirred for 1 d, during which
under dynamic vacuum. The solution was stirred for another 10 d under jime the solution became yellow in color and Hg appeared. The solution
<1 atm of3CO* 1€ NMR (125.8 MHz,dirEtO): 27°C, 6 214.7 was filtered through Celite to give a yellow colored filtrate. The THF
(brs, CQ,), 204.2 (s, CQ); —110°C, 6 294.4 (s*s"CO), 274.8 was removed in vacuo, and the resulting oil was washed with1D
(S, 42-CO), 220.1 (br m, CEY), 209.2 (br m, C@y, 207.5 (s, CRY, mL of hexane. After the mixture was vacuum-dried for 30 min, 201
203.8 (s, C_Q')' mg of a tan solid was obtained. Although X-ray-quality crystals of
Preparation of {(Etz0)sEU[C04(CO)uil}, 2. A S0 mL flask was [Eu(THF)J[Co(COY]. could not be grown, the solid-state (KBr) IR
charged with 203 mg (0.374 mmol) of Hg[Co(C)and 30 mg (0.20  gpecira of [Yb(THRY[Co(CON], and [Eu(THF)[Co(CO)], are nearly
mmol) of Eu, and 30 mL of EO. The mixture was stirred for several identical. Anal. Calcd for EUC®sCisrdH2 ([EU(THF)7d[Co-
days, and the solution turned red-brown in color with Hg and a brown CO).62d2; sample pumped on for 3 h): C, 31.73; H, 3.60. Found: C,
colored oil present. Infrared spectroscopy was used to monitor the 31.97: H, 3.70.
reaction. The solution was decanted from the Hg/oil mixture, which
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