4118 Organometallics2006, 25, 4118-4130
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Synthetic and Structural Investigations on Half-Sandwich
Lanthanacarboranes: Important Synthons in Metallacarborane
Chemistry

Jianhui Wand;* Joanna Smitfi,Chong Zhend,John A. Maguir€, and
Narayan S. Hosmané*

Department of Chemistry and Biochemistry, Northern lllinois dénsity, DeKalb, Illinois 60115-2862, and
Department of Chemistry, Southern Methodist dénsity, Dallas, Texas 75275-0314

Receied March 24, 2006

The reactivities of the monosodium-complexed carborane precunigior-Na(CGHgO)-2-(R)-3-(SiMg)-
2,3-GB4Hs (R = SiMe; (1) or Me (2)) with a number of lanthanide halides were investigated. The
reaction of LnC} (or LnBr3) with 1 in a 1:2 molar ratio in dry THF at 60C produced the dimerized
half-sandwich lanthanacarborane complexes [2,3-(9iMeX-1-(THF)y-1-Ln(;°-2,3-GB4Ha)] s n(THF)

@B, Ln=Y,X=Cllm=2,n=1;4,Ln=La,X=Br,m=1,n=0;5 Lh=Ce, X=Br,m=1,
N=0;6,Ln=Pr, X=Br,m=2,n=1;7,Ln=Nd; X=Cl,m=2,n=1; 8, Ln = Sm; X= Br,
Mm=2,n=0;9 Ln=Gd; X=Clm=2,n=1;10, Ln=Th, X=Cl,m=2,n=1; 11, Ln = Dy,
X=Cllm=2,n=1;12 Ln=Ho, X=Clm=2,n=1;13 Lh=Er, X=Cl,m=2,n=1,; 14,
Ln=Tm, X=Cl,m=2,n=1;15Ln=Yb,X=Cl,m=2,n=1;16 Lhn=Lu X =Cl, m= 2,

n = 1) as crystalline solids in 7092% isolated yields. In a similar manner, the reaction® with LnCls

at 65°C gave the corresponding complexes [2-Me-3-(SHMeCl-1-(THF)-1-Ln(;5-2,3-GB4H4)]» (17,

Ln = Nd; 18, Ln = Dy; 19, Ln = Ho; 20, Ln = Er; 21, Ln = Yb) as crystalline solids in 7280% yield.

In both series of the reactions, 1 equiv of the particular neutral carborane was also produced. The
substitution of the chloride ions in complex&gand20 by 2 gave the half-sandwich lanthanacarborane
clusterq 2-Me-3-(SiMe)-1-[4,5-(u-H)-nido-2-Me-3-(SiMe)-2,3-GB4Hs]-1-Ln(1°-2,3-GB4Ha4)} 2:n(THF)

(22, Ln = Nd,n= 2; 24, Ln = Er,n = 1) as crystalline solids in 8287% yield. The reaction af9 and

2 produced the trimef2-Me-3-(SiMe)-1-[4,5-(u-H)-nido-2-Me-3-(SiMe)-2,3-GB4Hs)-1-Ho(#°-2,3-
C.B4H4)}3-8(THF) (23) in 57% yield. Complexeg2, 23, and24 could directly be obtained in good yield
(56—67%) from the reaction oR with the corresponding Lnglat 65°C in molar ratios of 3:1 in dry
THF. Similarly, the mixed coordinated complé®,3-(SiMe),-1-[4,5-(u-H)-(nido-2-Me-3-(SiMe)-2,3-
C,B4H5)]-1-Gd(75-2,3-GB4H4)} - 3(THF) (25) was obtained by reacting compoudaith 2. To investigate
the importance of the halide in these reactiom8;Ep)LnCh (Ln = Tb, Dy, Er) with1in a 1:2 molar
ratio produced lanthanacarborane complexes;#GsHs)-2,3-(SiMe&)-1-Ln(;5-2,3-GBsH4)]*n(THF)
(26, Ln =Th,n=2; 27, Ln = Dy, n= 2; 28, Lh = Er, n = 3) as crystalline solids in 7#782% isolated
yields. On the other hand, the reactions g#-Cp)ErCl and ¢8-CgHg)GdCI with 1 in 1:1 molar ratios
did not produce the half-sandwich lanthanacarboranes, but rather gameothelyhedral product§exo-
(75-CsHs)-Er[4,5-(u-H)-2,3-(SiMe)»-2,3-GB4Ha]} «(THF) (29) and {exo{n8-CgHg)Gd[4,5-u-H)-2,3-
(SiMe;3),-2,3-GB4H4]-2(THF) (30) as crystalline solids in 76% and 73% isolated yield, respectively. All
compounds were characterized by IR spectroscopy and elemental analysis, whereas coB)pbt@ds
10-16, 18—22, 29, and30were characterized by single-crystal X-ray diffraction studies. The diamagnetic
compounds3, 4, and16 were additionally characterized Bi, 1°C, and'!B NMR spectroscopy.

Introduction (LnX3 or LnX3) with the larger cage dianiomsdo{R,C;BgHg]?~

and nido-[R2C:B1oH10l?~. The products are diverse, ranging
from half- to full-sandwich texopolyhedral metallacarboranes,
ﬁepending on the nature of the R group on the carborane, the
lanthanide and its charge, and the starting stoichiometry used
27

3,3-Sm(GBoH11)2]*", although the 5f complex [U(EBsH11)>- in the reactiond.There has been added emphasis on synthesizing

2— i initi . . .
Ct|2]d' h‘?‘d bleer(; :Eportedt_ll y?ﬁ:s earhénhﬂ_ostlof me |_nc;tlarl1 lid the half-sandwich halolanthanacarboranes, since the reactive
studies invoived the reaction ot the respective fanthanide hallde) ,_ ¢ hond can lead to a variety of other mixed lanthanacar-

The systematic study of the f-block metallacarboranes began
about 17 years ago with the report of the syntheses and structure
of close3-Yb(DMF)4-1,2-GBgH11 and [3,3-(THF),-comme
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boranes. The chemistry of the smaller cage B, based
lanthanacarboranes is even more complex. Their initial report
was on the synthesis of the trinuclear clustgy®1-Gd-2,3-
(SiMeg)z-z,3-CzB4H4]3[(/12-1-Li-2,3-(SiMQ)2-2,3-C284H4)3(‘L{3-
OMe)][u2-Li(THF)] 3(us-O)}, which was the unexpected product

of the reaction of GdGl with the THF-solvated dilithium )
) . 2) (THF = C4HgO) followed the published procedu¥e.YCls,
compound of [2,3-(SiM§)-2,3-GB4H,]2~ .52 Rather than being (La)tB(rg, CeB, I?’réb,)NdCIs, SmBk, gdcg, Tbcﬁ; DyCls HoCIj,

an isolated incident, this proved to be a general reaction, and 3ErCl,, TMCh, YbCls, and LuCh, purchased from Aldrich, were
number of similar trinuclear lanthanacarborane clusters{Ln  gegassed in vacuo at 13 for 24 h prior to use. Compounds of
Nd, Sm, Gd, Tb, Dy, Ho) have been synthesized and structurally (,,5.cpp)LnCh,2 (55-Cp)LnCl, 23 and §8-CsHg)LnCI* were prepared
characterize@<In all cases, the methoxide and oxide ions were by literature methods.

believed to come from the degradation of the THF molecules. ~ gpectroscopic ProceduresProton, boron-11, and carbon-13
Support for this contention came from the observation that when NMR spectra were recorded on a Bruker Fourier transform
TMEDA was substituted for THF, a 1:2 molar ratio reaction of muiltinuclear NMR spectrometer at 200, 64.2, and 50.3 MHz,
LnCls with carborane produced the expected chlorolanthana- respectively. Infrared spectra were recorded on a Perkin-Elmer

Experimental Section

Materials. Benzene, toluene, tetrahydrofuran (THF), amd
hexane were dried over NaH or Na/benzophenone and doubly
distilled before use. The synthesisroflo-1-Na(THF)-2,3-(SiMeg),-
2,3-GB4Hs (1) andnido-1-Na(THF)-2-Me-3-(SiMg)-2,3-GB4Hs-

carboranes, {[;°>-2,3-(M&Si),C:B4H4} 2LNCl;]Li 3(TMEDA) 4]
(Ln = Sm, Gd, Dy, Ho, Erf. The propensity to degrade THF
seems to be present only in the 2,88¢ (carbons adjacent)

Model 1600 FT-IR spectrophotometer or a Nicolet Magna 550 FT-
IR spectrophotometer. Elemental analyses were determined in house
at Northern lllinois University using a Perkin-Elmer 2400 CHN

cage system. There is an isomeric cage in which the two carbonselemental analyzer.

on the GBj3 bonding face are separated by a boron atom to
give the 2,4-GB,4 or carbons-apart isomer. Reactions of LaCl
(Ln = Nd, Gd, Dy, Ho, Er, Tb, Lu) withcloso-exeb,6-Na-
(THF)>-1-Na(THF)-2,4-(SiMe),-2,4-GB4Hg4 in 1:2 molar ratios
produced only the full-sandwich lanthanacarboranes’{1,1
commeLn(2,4-(SiMe)2-2,4-CGB2H4),] ~ in good yields! A 1:1
molar ratio of GdCJ and the carborane ligand gave the dimeric
half-sandwich gadolinacarborafi&,1-Ch[u,u'-Na(TMEDA)]-
1-(THF)-2,4-(SiMg),-closo1-Gd-2,4-GB4Ha} » in 88% yield®
Other than its implied reaction with a second equivalemi@go-
exe5,6-Na(THF)-1-Na(THF)-2,4-(SiMe)-2,4-GB4H, to form

the full-sandwich gadolinacarborane, the reactivity of the-Gd
Cl bond was not investigated. Indeed, most of the studies of
the Ln—X carboranes have involved their reactions with
additionalnido-carborane anions, and very few other possibilities
in their reaction chemistry have been explof&#To investigate

Synthetic ProceduresAll experiments were carried out in 100
mL Pyrex glass round-bottom flasks, equipped with magnetic
stirring bars and high-vacuum Teflon valves. After their initial
purifications, nonvolatile substances were manipulated in either a
drybox or a glovebag, under an atmosphere of dry nitrogen. All
known compounds among the products were identified by compar-
ing their IR and/ofH NMR spectra with those of authentic samples.

Synthesis of [2,3-(SiMg)>-1-X-1-(THF) -1-Ln(7°-2,3-CB4H )] »*
N(THF) 3,Ln =Y, X=Cl,m=2,n=2;4,Ln=La, X =Br;
m=1,n=0;5Ln=Ce, X=Br; m=1,n=0; 6, Ln = Pr,
X=Br,m=2,n=1;7,Ln=Nd; X =Cl,m=2,n=2; 8,
Ln=Sm; X=Br,m=2,n=1;9,Ln=Gd; X =Cl, m=2,
n=1;10,Ln=Th,X=Cl,m=2,n=1; 11, Ln=Dy, X =
Clm=2,n=1;12,Ln=Ho, X=Cl,m=2,n=1; 13, Ln
=Er,X=Cllm=2,n=1;14,Ln=Tm, X =Cl,m=2,n
=1;15Ln=Yb, X =Cl,m=2,n=1;16,Ln=Lu X =Cl,

m = 2, n = 1). Except for the quantities used, the procedures in

the utility of the halolanthanacarboranes as useful precursorsthe syntheses of compoun@s 16 were identical. Therefore, only

in the syntheses of potentially useful organometallic compounds,

a direct synthesis route to the simple half-sandwich halo-

a typical synthesis will be described; the details of quantities used,
product yields, and certain physical properties ®f16 are

metallacarboranes is needed. While this may prove possible insummarized in Table 1.
the large cage and the small-cage “carbons-apart” systems, there A previously weighed sample @fido-1-Na(THF)-2,3-(SiMe),-

is as yet no reliable synthetic method described for the “carbons-

adjacent” 1,2,3-(LnX)@B, complexes. With this in mind, we
initiated an investigation of a simple, direct route to the synthesis
of such complexes. The initial results of this investigation were
described in a preliminary communicati&hierein, we report

a more extensive application of the method, along with the
structural characterizations of the products. In addition, the
limitations of the method were investigated using CplhCly-
LnCl, and (GHg)LnCI as well as LnX% (X = Cl or Br) as
lanthanide sources.

(4) Ciu, K.-y.; Zhang, Z.; Mak, T. C. W.; Xie, ZJ. Orgnomet. Chem.
200Q 614/615 107.

(5) (a) Oki, A. R.; Zhang, H.; Hosmane, N. 8ngew. Chem., Int. Ed.
Engl. 1992 31, 432. (b) Zhang, H.; Oki, A. R. Wang, Y.; Maguire, J. A.;
Hosmane, N. SActa Crystallogr.1995 C51, 635. (c) Hosmane, N. S.;
Wang, Y.; Oki, A. R.; Zhang, H.; Maguire, J. AOrganometallics1996
15, 626.

(6) Hosmane, N. S.; Wang, Y.; Zhang, H.; Maguire, J. A.; Mclnnis, M.;
Gray, T. G.; Collins, J. DOrganometallics1996 15, 1006.

(7) Wang, J.; Li, S.; Zheng, C.; Maguire, J. A.; Sarkar, B.; Kaim, W.;
Hosmane, N. SOrganometallics2003 22 (21), 4334-4342.

(8) Hosmane, N. S.; Li. S.; Zheng, C.; Maguire, J. lAorg. Chem.
Commun2001, 4, 104.

(9) Hosmane, N. S.; Wang, Y.; Zhang, H.; Oki, A. R.; Maguire, J. A;
Waldhor, E.; Kain, W.; Binder, H.; Kremer, R. KOrganometallics1995
14, 1101-1103.

(10) Wang, J.; Zheng, C.; Li, A,; Allard, C. L.; Smith, J. L.; Arikatla,
G.; Maguire, J. A.; Hosmane, N. 8004 7, 1078-1081.

2,3-GB4Hs (1) was mixed with anhydrous Lng{or SmBg, CeBg,

or LaBr3 ) in a molar ratio of 2:1, in about 3640 mL of dry THF,

and stirred at-76 °C for 2—3 h. The reaction mixture was slowly
warmed to room temperature, then heated t6®@nd stirred for

an additional 24 h. During this period the solution became turbid
and turned dark brown. The heterogeneous product mixture was
filtered through a frit, and the residue was washed repeatedly with
anhydrous benzene. The solid that remained on the frit after several
washings was identified as NaCl (or NaBr when LaBas used;

not measured) and was discarded. Removal of volatiles from the
clear solution gave a solid that was later recrystallized from THF
solvent to collect air-sensitive crystals of the particular color (see
Table 1), identified as the dimers [2,3-(Sipel-X-1-(THF)1-
Ln(n°-2,3-GB4Hy)]2*(THF), (3, Ln =Y, X =Cl,m=2,n=1;

4, Ln=La,X=Br;m=1,n=0;5 Lh=Ce, X=Br,m=1,
n=20;6Ln=Pr, X=Br,m=2,n=0;7 Ln=Nd; X=Cl,

(11) Hosmane, N. S.; Saxena, A. K.; Barreto, R. D.; Zhang, H.; Maguire,
J. A.; Jia, L.; Wang, Y.; Oki, A. R.; Grover, K. V.; Whitten, S. J.; Dawson,
K.; Tolle, M. A.; Sirriwardane, U.; Demissie, T.; Fagner, J(8ganome-
tallics 1993 12, 3001-3014.

(12) Manastyrskyj, S.; Maginn, R. E.; Dubeck, Morg. Chem.1963
2 (5), 904-905. (b) Hou, Z.; Wakatsuki, YSci. Synth2003 2, 849-942.

(13) Schumann, H.; Lauke, H.; Hahn, E.; Heeg, MOdganometallics
1985 4 (2), 321-324.

(14) Wayda, A. L.Inorg. Synth199Q 27, 150-154. (b) Burton, N. C.;
Cloke, F. G. N.; Hitchcock, P. B.; De Lemos, H. C.; Sameh, AJAChem.
Soc., Chem. Commut989 19, 1462-1464.
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Table 1. Preparation and Selected Physical Properties of 3-21

ligand LnX3 Mp (°C) product recovered carborane yield

compd (g, mmol) (g, mmol) color (dec) (g, mmol) (g, mmol) (%)

3 1.26, 4.00 YCls colorless 86-81 0.83,0.89 0.43,1.97 80
0.39, 2.00

4 0.60, 1.92 LaBrs colorless >250 0.43,0.42 0.20,0.93 88
0.50, 0.96

5 0.60, 1.92 CeBn yellow >250 0.45, 0.44 0.21, 0.96 92
0.50, 0.96

6 0.82,2.62 PrBrs light blue 78-80 0.66, 0.54 0.30, 1.37 82
0.50, 1.31

7 1.26, 4.006 NdClz blue 126-122 1.06, 0.92 0.43,1.94 92
0.50, 2.00

8 0.83,2.56 SmBr yellow 85-86 0.67,0.58 0.299, 1.36 83
0.50, 1.28

9 1.19, 3.86 GdCk colorless 8789 0.84,0.71 0.40,1.82 75
0.50, 1.90

10 1.18,3.76 ThCls colorless 93-94 0.89, 0.75 0.398, 1.81 80
0.50, 1.88

11 1.17,3.72 DyCls; colorless 94-96 0.90, 0.76 0.40, 1.84 82
0.50, 1.86

12 1.15, 3.68 HoClz pink 89-90 0.84,0.70 0.44,2.00 77
0.50, 1.84

13 1.15, 3.68 ErCls pink 75-77 0.85,0.7% 0.45, 2.05 78
0.50, 1.83

14 1.14, 3.64 TmCls colorless 86-81 0.86,0.72 0.43,1.96 79
0.50, 1.82

15 1.12,3.58 YbCls red 104-105 0.80, 0.66 0.46, 2.09 74
0.50, 1.79

16 1.11, 3.58 LuCls colorless 132133 0.82,0.68 0.44, 2.00 76
0.50, 1.78

17 1.02, 4.0 NdCls blue 110-112 0.69,0.79 0.36,2.23 72
0.50, 2.00

18 0.95, 3.72 DyCls colorless 8183 0.70,0.79 0.35, 2.17 75
0.50, 1.86

19 0.94, 3.68 HoClz pink 71-73 0.70, 0.69 0.36, 2.23 75
0.50, 1.84

20 0.93, 3.68 ErCl pink 70-72 0.70,0.70 0.338, 2.09 76
0.50, 1.83

21 0.91, 3.58 YbCls red 92-94 0.73,0.72 0.32,1.98 80
0.50, 1.79

a|jgand= nido-1-Na(GHs0)-2,3-(SiMe)2-2,3-GB4Hs (1). PProducts= [2,3 -(SiMe&)2-1-X-1-LNn(175-2,3-GB4H4)] 2°5(THF). Products= [2,3-(SiM&)-
1-X-1-Ln(5-2,3-GB4H4)]2:2 (THF). dLigand = nido-1-Na(CHgO)-2-Me-3-(SiMe)-2,3-GB4Hs (2). eProducts= [2-Me-3-(SiMey)2-1-Cl-1-(THF »-1-Ln(;°-

2,3-GB4Ha)l-.

m=2,n=1;8Ln=Sm; X=Br,m=2,n=1;9, Lh = Gd;
X=Cllm=2,n=1;10,Ln=Th,X=Cl,m=2,n=1; 11,
Ln=Dy,X=Cl,m=2,n=1;12 Ln=Ho, X=Cl, m= 2,
n=1;13 Ln=Er, X=Cl,m=2,n=1;14,Ln=Tm, X=Cl,
m=2,n=1;15Ln=Yb,X=Cllm=2,n=1;16 Lh= Lu

X = Cl, m=2,n=1). The volatiles were fractionated through a

neutral nido-2,3-(SiMe),-2,3-GB4Hs (0 °C); THF and benzene

Table 2. Analytical Data for Compounds 3-21

were collected at-196°C. The product yields and selected physical

3
4
5
0 °C bath to collect essentially half the beginning carborane as the ¢
7
8
9

properties are presented in Table 1, while the analytical data are
given in Table 2. The infrared spectral data, with selected

assignments foB—16, are given in Table 3.

NMR data for complexd: *H NMR (dg-THF, relative to external
Me,Si) 6 0.14, 0.07 [36 H, s (B3 in SiMe3)], 1.74 (m, 20 H,
C4HgO), 3.75 (m, 20 H, GHgO); 13C NMR (ds-THF, relative to
external MgSi) 6 0.8, 0.6 [CH3 on SiMg)], 22.6, 64.7 C4HgO];
11B NMR (dg-THF, relative to external BFOEbL) 6 11.9 [br, 1B,
basal BH],—0.77 [d, 2B, basal BH.J(:B—1H) = 130 Hz],—52.7
[d, 1B, apical BH1J(*1B—1H) = 175 Hz]. Complex4: H NMR
(ds-THF, relative to external Mgi) 6 0.10 [18 H, s (i3 in
SiMes)], 1.72 (4 H, s, br, GHgO), 3.58 (4 H, s, br, gHgO); 13C
NMR (dg-THF, relative to external M&i) 6 1.5 [g,CH3 on SiMs;,
1J(3C—1H) = 118.2 Hz], 25.5, 67.6 [MC4HgO]; 1B NMR (ds-
THF, relative to external BFOEY) ¢ 13.34 [br, 1B, basal BH],
—1.15 [d, 2B, basal BHJ(*'B—1H) = 148 Hz], —51.80 [d, 1B,
apical BH,1J(}1B-1H) = 171 Hz]. Complex16. H NMR (dg-THF,
relative to external MgSi) 6 0.20 [36 H, s (&3 in SiMes)], 1.73
(20H, s, br, GHgO), 3.58 (20 H, s, br, §Hg0); 13C NMR (dg-

compound carbon hydrogen
no. formula caled found caled found
(CgH22B4ClISipY) 2+ 5(THF) 4159 4135 7.66 7.53
(CgH22B4BrSioLa)-2(THF)  28.40 28.39 5.76 6.02
(CgHoB4BrSiCel2(THF) 2833 2850 575  6.04
(CeHoB4BISLPr)-5(THF)  34.94 3466 684  6.74
(CgH22B4CISLNd)-5(THF)  37.59  37.39  6.92 6.80
(CeH2B4BrSLSMY"5(THF)  34.41 3456 6.74  6.51
(CgH22B4ClISi,Gd)"5(THF)  36.76 36.62  6.77 6.53
10  (CgH2B4CISi,Th)*5(THF)  36.66 36.48 6.75 6.56
11 (CgH2B4CISiDy),5(THF)  36.43 36.45 6.71 6.52
12 (CgH22B4CISiHO),-5(THF) 36.29 36.54 6.68 6.98
13 (CgH22B4CISiEr),-5(THF) 36.14 36.21 6.66 6.48
14 (CgH2B4ClISi,Tm)-5(THF) 36.04 36.28 6.64 6.32
15  (CgH2:B4CISirYb)2:5(THF) 35.80 3555 6.59 6.37
16  (CgH2B4CISiLu)*5(THF)  35.68 35.37  6.57 6.24
17  [CeH1eB4Cl SiNd], -4(THF) 3478 3473 667 654
18 [CeH16B4Cl SiDy]» -4(THF) 3352 33.40 6.43 6.07
19 [CgH16B4Cl SiHO], -4(THF)  33.36  33.60 6.40 6.15
20  [CeH16B4Cl SiErl -4(THF)  33.20 33.03 6.37 6.12
21  [CeH1eB4Cl SiYb],-4(THF) 32.83 32.71  6.30 6.23

THF, relative to external M&i) d 1.20 [g,CHsz on SiMe, 1J(13C—
1H) = 118.0 Hz], 23.3, 65.7 [mMC4HO]; B NMR (dg-THF,
relative to external BfFOEL) 6 25.91 [br, 1B, basal BH];-1.01
[d, 2B, basal BHX(*B—1H) = 130 Hz], —52.71 [d, 1B, apical
BH, YJ(1B—1H) = 184 Hz].

Synthesis of [2-Me-3-(SiMg)-1-Cl-1-(THF),-1-Ln(%°-2,3-
C2B4HJ4)]2 (17, Ln = Nd; 18, Ln = Dy; 19, Ln = Ho; 20, Ln =
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Table 3. Infrared Absorptions (cm~1, KBr pellet)2
compd IR spectra data

3 2958(vs), 2896(m), 2593(m), 2529(m), 2520(m), 2407(m), 2366(m), 1458(w),
1400(m), 1247(s), 1184(m), 1067(m), 1022(m), 1008(m), 834(vs), 754(m),
684(m), 631(m)

4 2970(vs), 2883(m), 2597(m), 2576(m), 1614(w), 1393(m), 1255(s), 1096(m),
1015(m), 850(vs), 830(m), 794(m)

5 2955(vs), 2894(m), 2853(m), 2582(m), 1619(w), 1404(w), 1260(s), 1096(m),
1025(m), 830(vs), 753(m), 676(m), 620(m)

6 2971(vs), 2889(m), 2587(s), 1619(w), 1455(w), 1393(m), 1255(s), 1091(m),
1015(m), 907(m), 856(vs), 830(m), 794(m), 661(m)

7 2970(vs), 2951(m), 2889(m), 2591(m), 2534(m), 2506(m), 2402(m), 2365(m),
1398(m), 1248(s), 1017(m), 840(vs), 750(m), 683(m), 630(m)

8 2959(vs), 2893(m), 2589(m), 2540(m), 2508(m), 2413(m), 2365(m), 1454(w),
1400(m), 1248(s), 1182(m), 1066(m), 1024(m), 838(vs), 754(m), 680(m), 629(m)

9 2953(vs), 2893(m), 2586(m), 2525(m), 2404(m), 2366(m), 1625(w), 1451(m),

1398(m), 1248(s), 1180(m), 1066(m), 1025(m), 1007(m), 833(vs), 755(m),
685(m), 626(m)

10 2959(vs), 2893(m), 2589(m), 2589(m), 2540(m), 2508(m), 2413(m), 2365(m),
1454(m), 1400(m), 1248(s), 1182(m), 1066(m), 1024(m), 914(m), 838(vs),
754(m), 680(m),629(m)

11 2968(vs), 2891(m), 2592(m), 2528(m), 2406(m), 2365(m), 1636(w), 1459(m),
1400(m), 1341(m), 1248(s), 1183(m), 1015(m), 921(m), 862(s), 754(m),
676(m), 631(m)

12 2959(vs), 2891(m), 2592(m), 2524(m), 2411(m), 2361(m), 1455(w), 1396(s),
1187(m), 1074(m), 1024(m), 834(s), 762(m), 680(m), 630(m)

13 2964(vs), 2895(m), 2591(m), 2531(m), 2412(m), 2362(m), 1397(m), 1246(s),
1184(m), 1068(m), 1021(m), 831(s), 752(m), 681(m), 631(m)

14 2966(vs), 2894(m), 2592(m), 2525(m), 2418(m), 2361(m), 1634(w), 1455(w),

1399(m), 1245(s), 1184(m), 1066(m), 1015(m), 912(m), 856(s), 835(m),
753(m), 682(m), 625(m)

15 2953(vs), 2888(m), 2871(m), 2590(m), 2541(m), 2522(m), 2413(m), 2362(m),
2338(m), 1401(w), 1250(s), 1181(m), 1118(m), 1014(m), 858(s), 835(m),
759(m), 684(m)

16 2986(vs), 2904(m), 2587(m), 2530(m), 2413(m), 2366(m), 1634(w), 1455(w),
1399(m), 1245(s), 1178(m), 1015(m), 922(m), 851(vs), 677(m)

17 2957(s), 2893(m), 2587(m), 2531(m), 2491(m), 1453(m), 1404(w), 1251(s),
1094(m), 1024(m), 836(vs), 759(m), 690(m), 628(m)

18 2978(s), 2950(m), 2989(s), 2533(s), 2491(s), 2402(m), 2350(m), 1449(m),
1343(w), 1243(s), 1091(m), 1036(s), 837(br, vs), 756(m), 684(m), 629(m)

19 2957(s), 2900(s), 2532(s), 2488(s), 2405(m), 2348(m), 2123(w), 1449(m),
1344(w), 1242(s), 1121(m), 1032(s), 846(br, vs), 757(m), 685(m), 630(m)

20 2955(s), 2894(s), 2532(s), 2490(s), 2401(m), 2350(m), 1450(m), 1397(w),
1241(s), 1034(s), 838(br, vs), 755(m), 686(m), 630(m)

21 2960(s), 2897(m), 2533(s), 2493(s), 2358(m), 1456(s), 1399(s), 1227(m),

1094(s), 837(vs), 630(s)

alLegend: v= very, s= strong or sharp, = medium, w= weak, and br= broad.

Er; 21, Ln = Yb). Using the same procedure as described above, removal of the solvent from the filtrate, a solid residue, identified
a previously weighed sample ofdo-1-Na(THF)-2-Me-3-(SiMg)- as{2-Me-3-(SiMe)-1-[4,5-(u-H)-nido-2-Me-3-(SiMe)-2,3-GB,Hs]-
2,3-GB4Hs (2) was reacted with LnGI(Ln = Nd, Dy, Ho, Er, 1-Nd@®-2,3-GB4H4)} 2*4(THF) (22) (0.55 g, 0.45 mmol), was
Yb) in a molar ratio of 2:1 in anhydrous THF at 6& to give isolated in 87% vyield. Anal. Calcd (found) for {@133BsNdSk]-

complexes of formula [2 -Me-3-(SiME1-Cl-1-(THF )-1-Ln(y°- 2THF (22): C, 39.61 (39.41); H, 7.81 (7.64). IR (cry KBr
2,3-GB4H4)]2 (17, Ln = Nd; 18, Ln = Dy; 19, Ln = Ho; 20, Ln pellet): 2554(s), 2476 (s), 2415 (m), 2350 (8j§—H)].
= Er; 21, Ln = Yb). Synthesis of 2-Me-3-(SiMey)-1-[4,5-(u-H)-nido-2-Me-3-(SiMes)-

The yields and analyses are shown in Tables 1 and 2, respec-2,3-CB4Hs]-1-Ho(15-2,3-C,B4H )} 3°8(THF) (23). The procedure
tively. The infrared spectral data with selected assignments for thesefor the synthesis of compoun®3 was identical to that oR2

compounds are shown in Table 3. Therefore, only the amounts and yields are given here. A 0.50 g
Synthesis of 2-Me-3-(SiMey)-1-[4,5-(u-H)-nido-2-Me-3-(SiMes)- (0.50 mmol) sample of the previously prepared [2-Me-3-(SiMe

2,3-CB4Hs]-1-Nd(#°-2,3-C,B4H4)} 2+4(THF) (22). A 0.50 g (0.52 1-Cl-1-Ho(;5-2,3-GB4H4)]2-4(THF) (19) was reacted with 0.13 g

mmol) sample of previously prepared [2-Me-3-(Si}4&-Cl-1-Nd- (0.51 mmol) ofnido-1-Na(THF)-2-Me-3-(SiMg)-2,3-GB4Hs (2)

(7%-2,3-GB4H4)]2*4 (THF) (17) was dissolved in 20 mL of to give trimeric{2-Me-3-(SiMe)-1-[4,5-(u-H)-nido-2-Me-3-(SiMe)-
anhydrous THF. The resulting solution was stirred and cooled to 2,3-GB4Hs]-1-Ho(17°-2,3-GB4H4)} 3:8(THF) 23) (0.55 g, 0.27
—78 °C, and a THF solution of a previously weighed sample of mmol; yield 54%). Anal. Calcd (found) for [GHzsBgHOSk]5*8 THF
nido-1-Na(THF)-2-Me-3-(SiMg)-2,3-GB4Hs (2) (0.14 g, 0.55 (23): C, 40.36 (40.50); H, 7.72 (7.90). IR (cth KBr pellet): 2557
mmol) was added dropwise. After complete addition, the reaction (s), 2515 (s), 2482 (s), 2450 (s)(B—H)I.

mixture was warmed slowly to room temperature and stirred at 65  Synthesis of 2-Me-3-(SiMe&y)-1-[4,5-(«-H)-nido-2-Me-3-(SiMes)-
°C overnight, during which time the reaction mixture turned bluish- 2,3-G,B4H4]-1-Er(#°-2,3-C,B4H )} »*(THF) (24). The procedure for
brown. The mixture was cooled to room temperature and then wasthe synthesis of compourg# was identical to that o22. A 0.50
filtered through a glass frit to obtain a clear blue solution. Solvent g (0.50 mmol) sample of the previously prepared [2-Me-3-(S)Me
from the filtrate was completely evaporated under vacuum, and 1-Cl-1-Er®-2,3-GB4Hy)]2*4(THF) (20) was reacted with a 0.13
the resulting solid residue was dissolved in anhydrous benzene.g (0.51 mmol) sample ofido-1-Na(THF)-2-Me-3-(SiMg)-2,3-
The mixture was filtered again to obtain a clear solution. After C,B4Hs (2) to give the solid producf{2-Me-3-(SiMe)-1-[4,5-(u-
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H)-nidO—Z-Me-?)-(SiMQ)-2,3-CzB4H5]-1-EI'(775-2,3-CZB4H4)}2'
(THF) (24) (0.45 g, 0.43 mmol; yield 86%). Anal. Calcd (found)
for [C12H33BsErSk],»THF (24): C, 32.16 (32.59); H, 7.04 (6.93).
IR (cm™1, KBr pellet): 2532 (s), 2490 (s), 2410 (m), 2355 (8) [
(B—H)].

One-Pot Synthesis of 2-Me-3-(SiMe;)-1-[4,5-(«-H)-nido-2-
Me-3-(SiMe3)-2,3-CB4Hs]-1-Nd(175-2,3-CB4H )} 2. 4(THF) (22).
A 0.50 g (2.00 mmol) sample of Nd@Wwas mixed with 20 mL of
anhydrous THF, and the resulting mixture was stirred overnight.
The mixture was cooled te 78 °C, and to this was added dropwise
a previously weighed sample ofdo-1-Na(THF)-2-Me-3-(SiMg)-
2,3-GB4Hs (2) (1.54 g, 6.05 mmol). After complete addition, the
reaction mixture was warmed slowly to room temperature and
stirred at 65°C overnight, during which time the reaction mixture
turned bluish-brown. The reaction mixture was cooled to room

Wang et al.

with 1 (0.78 g, 2.50 mmol) to give [1#P-CsHs)-2,3-(SiMe),-1-

Dy(n°-2,3-GB4H4)]-THF (27) (0.50 g, 0.97 mmol; yield 78%).
Anal. Calcd (found) for (@H.7B;SiDy)-(THF) (27): C, 39.47
(39.06); H, 6.82 (6.71). IR (cni, KBr pellet): 2546 (m), 2510
(s), 2483 (s), 2356 (W), 2305 (myB—H)].

Synthesis of [1-{>-CsHs )-2,3-(SiMe3)-1-Er(°-2,3-C,B4H )] »*
3(THF) (28). In a procedure identical to that employed for
compound26 above, a 0.42 g (1.39 mmol) sample g¥Cp)ErCh
was reacted witll (0.87 g, 2.80 mmol) to give [150-CsHs)-2,3-
(SiMes)o-1-Er(75-2,3-GB4H)]2-3(THF) (28) (0.63 g, 0.57 mmol;
yield 82%). Anal. Calcd (found) for (GH.7B4SiEr),:3(THF)
(28): C, 40.88 (40.56); H, 7.04 (7.33). IR (cry KBr pellet): 2550
(m), 2512 (s), 2485 (s), 2357 (w), 2306 (m)B—H)].

Synthesis of { exo-(15-CsHs).Er[4,5-(u2-H)-2,3-(SiMe;)-2,3-
C,B4H:&]}+(THF) (29). A 0.45 g (1.35 mmol) sample ofjf-Cp)-

temperature and filtered through a glass frit to obtain a clear blue grc|\yas dissolved in 20 mL of THF, cooled t676 °C, and then

solution. Solvent was removed from the filtrate in vacuo, and the

10 mL of a THF solution ohido-1-Na(GHg0)-2,3-(SiMe),-2,3-

remaining solid was extracted with anhydrous benzene. The CsB4Hs (1) (0.43 g, 1.35 mmol) was added dropwise in an inert
resulting heterogeneous mixtures were combined and filtered againatmosphere. The resulting mixture was slowly warmed to room

to obtain a clear solution. After removal of the solvent from the
filtrate, a solid product, identified a2-Me-3-(SiMe)-1-[4,5-(u-
H)-nido-2-Me-3-(SiMe)-2,3-GB4Hs]-1-Nd(17°-2,3-GB4Hy4)} 2+
4(THF), 22 (0.69 g, 0.56 mmol), was obtained in 56% yield.

One-Pot Syntheses of Trimerid 2-Me-3-(SiMey)-1-[4,5-(u-H)-
nido-2-Me-3-(SiMe;)-2,3-C,B4Hs]-1-Ho(7°-2,3-C,B4H 4)} 5+ 8-
(THF) (23) and Dimeric {2-Me-3-(SiMe;)-1-[4,5-(«-H)-nido-2-
Me-3-(SiMe;)-2,3-C,B4Hs]-1-Er(#5-2,3-C,B4H4)} 2« (THF)  (24).
Except for the quantities used, the syntheses of compa2@dad
24 were identical to that o22. Therefore, only the quantities and
yields are presented.

23.A 0.50 g (1.84 mmol) sample of HogWwas reacted witt2
(1.40 g, 5.53 mmol) in anhydrous THF to giy2-Me-3-(SiMe)-
1-[4,5-(u-H)-nido-2-Me-3-(SiMe)-2,3-G,B4Hs]-1-Ho(17°-2,3-
C;B4H4)} 3-8(THF), 23 (0.83 g, 0.41 mmol; yield 67%).

24. A 0.50 g (1.83 mmol) sample of Erglvas reacted witt2
(1.44 g, 5.66 mmol) in anhydrous THF to gi\zMe-3-(SiMe)-
1-[4,5-(u-H)-nido-2-Me-3-(SiMe&)-2,3-C,B4Hs]-1-Er(5-2,3-
C:B4H4)} 2+ (THF), 24 (0.61 g, 0.57 mmol; yield 63%).

Synthesis of Mixed-Ligand{2,3-(SiMe;),-1-[4,5-(«-H)-nido-
2-Me-3-(SiM%)-2,3-CzB4H5]-1-Gd(7]5-2,3-CZB4H4)} 2*3(THF) (25).

temperature and then stirred at 85 overnight, during which time
the reaction mixture turned turbid and was then filtered to obtain
a clear solution. After complete removal of the solvent from the
filtrate, the remaining solid was recrystallized from a THF and
hexanes mixture (THF/hexeanes, 1:3) to give a light pink crystalline
compound, which was identified §6;7°>-CsHs).Er[4,5-(u-H)-2,3-
(SiMes)-2,3-GB4Hs]} - THF, 29 (0.60 g, 1.03 mmol; yield 76%).
Anal. Calcd (found) for (GsH33B4SiEr)-(THF) (29): C, 45.00
(45.32); H, 6.87 (6.78).

Synthesis of {exo(178-CgHg)Gd[4,5-(u-H)-2,3-(SiMe;)-2,3-
C,B4Hs]}-2(THF) (30). To a previously prepared THF solution of
(78-CgHg)GdCI (0.5 g, 1.68 mmol) was added dropwise a 10 mL
THF solution of nido-1-Na(GHg0)-2,3-(SiMe).-2,3-GB4Hs (1)
(0.53 g, 1.71 mmol) at-76 °C. After the addition, the reaction
mixture was slowly warmed to room temperature and then stirred
at 65°C overnight, during which time the reaction mixture turn
turbid and was filtered through a glass frit to obtain a light yellow,
clear solution. After removal of the solvent from the filtrate, the
solid residue in the flask was washed three times with hexanes (15
mL each) and then recrystallized in THF/hexanes (1:3 v/v) to isolate
a colorless crystalline solid, identified §$78-CgHg)Gd[4,5-(2-

Using the same procedure described above, the previously preparedH)-2,3-(SiMe),-2,3-GB4Hs]} -2(THF) (30) (0.76 g, 1.22 mmol; mp

half-sandwich comple® (0.50 g, 0.42 mmol) reacted with(0.22
g, 0.42 mmol) to give{2,3-(SiMe),-1-[4,5-(u-H)-nido-2-Me-3-
(SiMe3)-2,3-GB4Hs]-1-Gd(;75-2,3-GB4H4)} 2*3(THF), 25 (0.45 g,
0.35 mmol; yield 83%). Anal. Calcd (found) for {§139BgSisGd),
3(THF) (25): C, 37.32 (37.36); H, 7.99 (7.76). IR (ch KBr
pellet): 2590 (m), 2529 (s, br), 2408 (s), 2365 ®)F—H)].
Synthesis of [1-5-CsH5s )-2,3-(SiMe3),-1-Th(75-2,3-C,B4H )] -
(THF) (26). A 0.32 g (1.09 mmol) sample ofy$-Cp)TbChL was
dissolved in 20 mL of THF, the resulting solution was then cooled
to —76 °, and then a 10 mL THF solution afido-1-Na(GHgO)-
2,3-(SiMeg),-2,3-GB4Hs (1) (0.71 g, 2.13 mmol) was added
dropwise. After the addition was finished, the reaction mixture was
slowly warmed to room temperature and then stirred at’@5
overnight, during which time the reaction mixture turned turbid
and was filtered thought a glass frit to obtain a light yellow, clear
solution. After removal of the solvent from the filtrate, the resulting

120-1°C (dec)) in 73% yield. Anal. Calcd (found) for (§H3:B4-
Si,Gd)-2(THF) (30): C, 46.32 (46.37); H, 7.29 (7.56). IR (cth
KBr pellet) 2571 (s), 2537 (s, br), 2456 (3)(B—H)].

X-ray Analyses of 3 7—16, 18-21, 22, 29, and 30X-ray
quality crystals of3, 7—16, and18—21 were grown from a THF/
n-hexane (60/40, v/v) solution by slow evaporation. Good quality
crystals of22 were obtained from a THF/benzendiexane (1:2:

7, viviv) mixture, while crystals o9 and 30 were grown from
THF/hexanes (40/60, v/v) solutions. The crystals were mounted
on a Bruker SMART CCD PLATFORM diffractometer, under a
low-temperature nitrogen stream. The pertinent crystallographic data
for 3, 7—16, and 18—21 are summarized in Table 4, while
crystallographic data foR2, 29, and 30 are listed in Table 5.
Compounds3, 7—10 and 12—15 were found to be isostructural,
and their space groups were uniquely determined from systematic
absences aB2;/n. Similar measurements di8—21 and 29 were

solid was washed three times with hexanes (15 mL each) and wasalso consistent with the space gra@gy/n. Compound2 was found

then recrystallized in THF/hexanes (1:3 v/v) to give a colorless
crystalline compound, which was later identified as §2-CsHs)-
2,3-(SiMe),-1-Tb(5-2,3-GB4H4)]- THF (26) (0.43 g, 0.84 mmol;
yield 77%). Anal. Calcd (found) for ({gH27B4Si,Th)-(THF) (26):
C, 39.74 (39.52); H, 6.87 (6.61). IR (cry KBr pellet): 2548 (m),
2512 (s), 2485 (syf(B—H)].

Synthesis of [1-(5-CsH5 )-2,3-(SiM&)-1-Dy(17°-2,3-C,B4H )] -
(THF) (27). In a procedure identical to that employed for compound
26above, a 0.37 g (1.24 mmol) sample 9¥-LCp)DyChL was reacted

to crystallize in theC2/c space group, and compourdd was
determined a®1. Intensity data fo®, 11, 15, 18, 21, and29 were
collected at 203 K, fod3, 16, 19, and30, data were collected at
213 K, and for compounds & 7, 10, 12, 14, and20 the intensity

data were collected at 208 K. Because of the instability of compound
22, the intensity data for this compound were collected at 173 K.
For each compound, 50 initial frames were repeated at the end of
the collection for purposes of decay monitoring. No significant
decays were observed for the compounds. All data considered as



Chemistry of C-Trimethylsilyl-Substituted Heterocarboranes

Organometallics, Vol. 25, No. 17, 2098

Table 4. Crystallographic Date? for Complexes 3, 716, and 18-21 (all fw’s reported as monomer formula weights)

3 7 8 9 10
formula C20H4GB4C|03Si2Y C20H4GB4C|Nd033i2 C20H4GB4BrO3SiZSm C20H4GB4C|Gd038iz C20H45 B4C|Ossi2Tb
fw 558.35 613.68 664.25 626.69 628.36
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2:/n P2i1/n P2i/n P2i1/n P2i/n
a A 15.956(3) 15.924(3) 15.848(3) 15.946(4) 15.966(3)

b, A 11.396(2) 11.540(2) 11.644(2) 11.442(3) 11.432(2)

c, A 16.968(4) 17.016(3) 16.909(3) 16.990(4) 17.002(4)
f, deg 108.887(3) 109.250(3) 102.038(6) 108.977(4) 108.972(3)
V, A3 2919.2(11) 2952.0(9) 108.869(3) 2931.7(11) 2934.6(11)
z 4 4 4 4

Decaica g CNT 3 1.270 1.381 1.494 1.420 1.422

abs coeff, mm?* 2.190 1.949 3.441 2.453 2.601

scan angles in 1.52,25.00 2.14, 25.00 1.53,21.00 1.52, 25.00 1.52,25.00
6; min., max.

T, K 208(2) 208(2) 173(2) 203(2) 208(2)

no. of data 17 584 19 909 11 657 10343 18 372
collected

unique reflctns 4981 5144 3116 5053 5088

no. of params 327 327 327 327 327

refined

GOF 1.322 1.650 1.539 1.523 1.541

Ri[l > 20(1)] 0.0704 0.0768 0.0955 0.0418 0.0496

WR [1>20(1)] 0.1324 0.1470 0.1902 0.0857 0.1073

11 12 13 14 15
formula CZQHAGBzxchyOgSiz C20H4sB4C|HOQ:,Si2 C20H4eB4C|EI’O35i2 C20H4GB4CI03Si2Tm C20H4654C|O3Si2Yb
fw 631.94 634.37 636.70 638.37 642.48
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2;/c P2i/n P2i/n P2i/n P2i/n
a, 15.951(3) 15.878(3) 15.948(3) 15.942(3) 15.952(2)

b, A 11.403(2) 11.338(2) 11.377(2) 11.358(2) 11.352(2)

c, A 16.982(3) 16.909(4) 16.973(3) 16.952(3) 16.954(3)
f, deg 108.928(3) 108.957(3) 108.959(3) 108.892(3) 108.911(2)
V, A3 2921.9(10) 2878.9(10) 2912.5(9) 2904.1(9) 2904.6(7)

z 4 4 4 4 4

Dealcas g CNT3 1.437 1.464 1.452 1.460 1.469

abs coeff, mm? 2.749 2.943 3.074 3.248 3.413

scan angles in 1.52, 25.00 1.53, 25.00 1.52, 25.00 2.13, 25.00 1.52, 25.00
6; min, max

T, K 203(2) 208(2) 213(2) 208(2) 203(2)

no. of data 19792 18 909 18 841 19421 20379
collected

unique reflctns 5140 4997 5136 5100 5120

no. of params 327 327 327 327 327

refined

GOF 1.456 1.426 1.434 1.551 1.802

Ri[l > 20(1)] 0.0393 0.0617 0.0323 0.0392 0.0630
WR[I > 20(1)] 0.0809 0.1439 0.0672 0.0805 0.1033

16 18 19 20 21
formula C20H4GB4C|LUO:;Si2 C14H3ZB4C| DyOZSi Cl4H3zB4C|HOOZSi C14H3284C|Er025i C]_4H3ZB4CIOZSin
fw 644.41 501.68 504.11 506.44 512.22
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2:/n P21/n P2i/n P2i1/n P2i1/n
a A 15.958(5) 9.626(2) 9.615(1) 9.627(2) 9.5975(9)

b, A 11.349(4) 20.961(3) 20.960(2) 20.980(4) 20.929(2)

c, A 16.962(6) 11.224(2) 11.212(1) 11.151(2) 11.140(1)
f, deg 108.938(5) 110.130(3) 110.295(2) 109.801(3) 110.264(2)
vV, A3 2905.6(16) 2126.3(6) 2119.3(4) 2119.0(7) 2099.2(3)

z 4 4 4 4 4

Dealca g €T3 1.473 1.567 1.580 1.587 1.621

abs coeff, mm? 3.590 3.699 3.918 4.145 4.642

scan angles in 1.52,24.99 1.94, 25.00 2.17,25.00 1.94, 25.00 1.95, 25.00
6; min., max.

T, K 213(2) 203(2) 213(2) 208(2) 203(2)

no. of data 18578 15783 11024 14071 15543
collected

unique reflctns 5043 3752 3727 3700 3693

no. of params 327 240 244 241 240

refined

GOF 1.516 1.166 1.172 1.543 1.148

Ri[l > 20(1)] 0.0430 0.0746 0.0247 0.0454 0.0770
WR[1 > 20(1)] 0.0897 0.1883 0.0602 0.0984 0.1848

a Graphite-monochromatized ModKradiation, A = 0.71073 A;R; = Y|[|Fo| — [Fll/Y |Fol, WR: = [SW(Fo? — F2)2/IW(Fo2)2]¥2, andw = ¢/[o 4(Fo?) +
(aP)2+ bP]. P = [2F2 + maxFc2,0))/3.
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Table 5. Crystallographic Data? for Complexes 22, 29, and 30 (all fw’s are reported as monomer formula weights)

22 29 30
formula Con4ngNdOzSi2 C22H4oB4EI’OS.h C24H4GB4GdOZSi2
fw 607.48 587.22 623.28
cryst syst monoclinic monoclinic triclinic
space group C2lc P2i/n P1
a A 23.323(5) 8.0829(9) 8.453(2)
b, A 9.847(2) 23.889(3) 10.699(2)
c, A 27.109(6) 14.814(2) 17.467(4)
o, deg 90 90 80.290(3)
f, deg 90.855(4) 102.081(2) 77.221(4)
y, deg 90 90 87.107(4)
Vv, A3 6225(2) 2797.1(5) 1518.3(6)
z 8 4 2
Dealca g CNT3 1.296 1.394 1.363
abs coeff, mm? 1.760 3.097 2.281
scan angles if; min., max. 1.75, 25.00 1.64, 25.00 1.93, 25.00
T,K 173(2) 203(2) 213(2)
no. of data collected 11 820 20870 10 585
unique reflctns 4646 4940 5143
no. of params refined 347 312 345
GOF 1.339 1.386 1.536
Ry [I > 20(1)] 0.0894 0.0570 0.0589
WR[I > 20(1)] 0.1882 0.0961 0.1171

2 Graphite-monochromatized ModKradiation,2 = 0.71073 A;Ry = 3 ||Fo| — |Fell/|Fol, WRe = [ZW(Fo? — Fe?)? [3W(F)?Y2, andw = of[o (Fo?) +
(@P)? + bP]. P = [2F + max(Fe20))/3.

Table 6. Selected Bond Lengths (A) for Complexes 3,716, and 18-21

compd Ln-X Ln—C(1) Ln—C(2) Ln—B(3) Ln—B(4) Ln—B(5) Ln—H(3)2 Ln—H(4)P Ln—Cnt(1y
3 2.5667(16) 2.714(6) 2.698(5) 2.703(7) 2.704(7) 2.720(6) 2.7265 2.7567 2.3635
7 2.644(3) 2.777(9) 2.773(9) 2.789(10) 2.788(10) 2.801(11) 2.7895 2.8153 2.4536
8 2.760(2) 2.730(19) 2.735(18) 2.73(2) 2.73(2) 2.74(2) 2.7041 2.7547 2.4103
9 2.5988(15) 2.739(5) 2.720(5) 2.744(6) 2.795(6) 2.746(6) 2.7381 2.7780 2.3955
10 2.5882(19) 2.731(7) 2.702(7) 2.727(7) 2.778(8) 2.728(8) 2.7545 2.7536 2.3766
11 2.5757(14) 2.707(5) 2.697(5) 2.708(6) 2.758(6) 2.714(6) 2.7317 2.7520 2.3573
12 2.531(3) 2.679(12) 2.650(11) 2.662(13) 2.711(15) 2.675(13) 2.7140 2.7405 2.3468
13 2.5544(12) 2.699(4) 2.673(4) 2.695(5) 2.734(5) 2.699(4) 2.7114 2.7253 2.3388
14 2.5427(15) 2.685(6) 2.662(5) 2.678(6) 2.723(7) 2.685(6) 2.6984 2.7176 2.3244
15 2.533(2) 2.688(8) 2.661(7) 2.671(9) 2.705(9) 2.679(9) 2.6962 2.7173 2.3166
16 2.5271(18) 2.686(6) 2.662(6) 2.663(7) 2.700(7) 2.668(7) 2.6742 2.7117 2.3119
18 2.599(2) 2.656(8) 2.654(8) 2.701(9) 2.775(9) 2.706(9) 2.6014 2.7981 2.3406
19 2.5835(10) 2.651(3) 2.660(4) 2.691(4) 2.745(4) 2.704(4) 2.6162 2.7966 2.3344
20 2.574(3) 2.642(8) 2.656(8) 2.674(9) 2.724(9) 2.680(9) 2.6364 2.7600 2.3209
21 2.556(3) 2.636(12) 2.642(13) 2.656(14) 2.759(15) 2.674(12) 2.5390 2.7778 2.3048

aFor complexes ofl8, 19, 20, and21, the data are bond distances of-tiH(5).  For complexes ofl8, 19, 20, and21, the data are bond distances of
Ln—H(4). ¢ Calculated data.

observed [ > 20(1)] were corrected for Lorentz, polarization, and in a molar ratio of 2:1, in dry THF at 65, produced dimerized
absorption effect$® All structures were solved by direct methods half-sandwich lanthanacarborane complexes of formula [2,3-
and refined by full-matrix least-squares techniques using the (SiMes)y-1-X-1-(THF)n-1-Ln(5-2,3-GBaHa)] o (THF), (3, Ln

SHELXTL system of program¥. All structures were refinedon =Y X =Cl,m=2,n=1;4,Ln=La, X=Brrm=1,n=
F2 for all reflections!® WeightedwR, and goodness of fit (GOF) 0.5 [n=Ce, X=Brrm=1,n=0:6,Ln=Pr, X=Br:m
were based oiff2. The observed criterion df > 2(l) was used =2n=07,Ln=Nd; X=Cl,m=2,n=1:8, Ln=Sm;

for the Rfactor calculation. FoB and 7—16, nonsolvating THF X=Br,m=2,n=0;9, Ln=Gd; X=Cl,m=2,n=1: 10,
molecules were present in each structure and located at the interva| , — Th, X=Cl,m=2,n=1;11, Ln=Dy, X = Cl, m=
of the structure. In all of the structures, the non-H atoms were 5 |\ _ 1.12 |n=Ho X=Cl m=2n=1:13 L
refined anisotropically. The nonsolvating and the solvated THF were ' _ ~" " 5 1 — 114 Ln=Tm. X=Cl. m=2n= 1.
disordered and were elastically restrained in the final stages of 15 Ln L Yb X =l ’m=’ 2 h= 1"16 Ln _ Lu X L cl m
refinement. The carborane-cage H atoms of the compounds were” ™", ' ! ' ey ’

2 _ . S o .
located inAF maps whenever possible. The final valuefRpaind 2,n . 1) as crystalline solids in 7492% isolated yllelds, as
weightedwR, are listed in Tables 4 and 5. Selected interatomic shown in Table 1. The table also shows that essentially 1 equiv

distances and angles are listed in Table9grespectively. The ~ ©Of the neutral carborane was also produced. The general

detailed crystallographic parameters on all compounds can be seersyNthetic procedure is outlined in Scheme 1. The method is
in the Supporting Information, available on-line. based on a metathesis reaction betweiln-1-Na(THF)-2,3-

(SiMe3),-2,3-GB4Hs (1) and LnX, with the driving force
undoubtedly being the lower solubility of the NaX in THF
compared to LnX This is supported by the observation that
SynthesesReactions of the monosodium compounido- the poorly soluble fluorides and chlorides of cerium and
1-Na(THF)-2,3-(SiMeg).-2,3-GB4Hs (1) with anhydrous LnX lanthanum failed to give product, while the more soluble

n = Er,

Results and Discussion

(15) Sheldrick, G. MSHELXTL, Version 5;1Bruker Analytical X-ray (16) Sheldrick, G. MSHELXL93 program for the refinement of Crystal
Systems Madison, WI, 1997. Structures; University of Gtingen: Germany, 1993.
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Table 7. Selected Bond Lengths (A) for Complexes of 22, 29, and 30

22
Nd—C(11)#1 2.747(13) C(1BB(15) 1.557(18) C(22)B(26) 1.69(2) B(25)-B(26) 1.81(2)
Nd—C(12)#1 2.762(13) C(15B(16) 1.73(2) C(22)B(23) 1.53(2) Ne-H(14) 2.8318
Nd—B(13)#1 2.786(16) B(13)B(14) 1.63(2) B(23)-B(24) 1.72(3) Nd-H(15) 2.7859
Nd—B(14)#1 2.810(16) B(13)B(16) 1.76(2) B(23)-B(26) 1.76(3) Ne-H(24) 2.9695
Nd—B(15)#1 2.797(15) B(14)B(15) 1.64(2) B(24)-B(25) 1.64(3) Nd-H(25) 2.7877
Nd—B(24) 2.885(18) B(14YB(16) 1.80(2). B(24YB(25) 1.64(3) Ne-Cnt(1A) 2.4380
Nd—B(25) 2.808(19) C(21B(25) 1.54(2) B(24Y-B(26) 1.77(3)
C(11)-C(12) 1.474(17) C(21)B(26) 1.73(2) C(22)B(26) 1.69(2)

29
Er—C(31) 2.573(8) cwcE) 1.468(9) B(4)-B(6) 1.759(10) C(33)C(34) 1.36(2)
Er—C(32) 2.597(7) C(1¥B(5) 1.697(9) B(5)-B(6) 1.766(10) C(34yC(35) 1.31(2)
Er—C(33) 2.619(9) C(1¥B(6) 1.697(9) C(213-C(25) 1.365(12) ErH(3) 2.6668
Er—C(34) 2.620(14) C(2)B(3) 1.515(9) C(21)C(22) 1.380(13) ErH(4) 2.8368
Er—C(35) 2.594(11) C(2)B(6) 1.741(9) C(22)C(23) 1.379(13) ErCnt(2) 2.3473
Er—C(21) 2.621(8) B(3)B(4) 1.636(11) C(23YC(24) 1.378(13) ErCnt(3) 2.3402
Er—C(22) 2.591(9) B(4)-B(5) 1.750(11) C(24yC(25) 1.401(11)
Er—C(23) 2.618(8) B(3)-B(6) 1.795(11) C(31)C(35) 1.326(19)
Er—C(24) 2.646(8) B(4)-B(5) 1.750(11) C(31)C(32) 1.342(13)

30
Gd—C(11) 2.599(11) GeC(18) 2.582(12) B(3)B(4) 1.742(12) C(23yC(24) 1.378(13)
Gd—C(11) 2.599(11) GeB(4) 2.779(9) B(3)-B(6) 1.757(14) C(23)C(24) 1.378(13)
Gd—C(12) 2.592(10) GdB(5) 2.851(8) B(4)-B(5) 1.750(11) C(24yC(25) 1.401(11)
Gd—C(13) 2.593(9) CBCR) 1.490(10) B(4)-B(6) 1.759(10) C(31)C(35) 1.326(19)
Gd—C(14) 2.611(10) C(BB(5) 1.534(11) B(5)-B(6) 1.766(10) C(31)C(32) 1.342(13)
Gd—C(15) 2.602(11) C(BB(6) 1.752(11) C(21C(25) 1.365(12) GetH(4) 2.7663
Gd—C(16) 2.603(11) C(2)B(3) 1.542(12) C(21C(22) 1.380(13) GerH(5) 2.9405
Gd—C(17) 2.581(12) C(2}B(6) 1.717(12) C(225C(23) 1.379(13) GeCnt(1) 1.8575

Table 8. Bond Angles (deg) (calculated) for Complexes of 3,716, and 18-21
compd Cnt-Ln—X Cnt—Ln—0(11) Cnt-Ln—0(21) Cnt-Ln—B(3) Cnt-Ln—B(4) Cnt=Ln—H(3)? Cnt—Ln—H(4)°

3 106.069 174.690 102.400 99.220 99.850 103.240 104.576
7 106.291 173.313 101.069 98.096 99.052 101.940 104.056
8 106.620 173.072 101.437 98.286 99.92 102.131 105.659
9 106.087 174.245 101.868 98.917 99.872 102.872 104.844
10 106.094 174.524 102.341 98.912 99.816 102.826 104.738
11 105.978 174.750 102.470 98.901 99.823 102.705 104.713
12 105.878 174.860 102.655 99.399 100.325 103.318 105.332
13 105.859 174.996 102.734 99.434 100.133 103.455 104.909
14 105.949 175.084 103.096 99.449 100.199 103.341 104.994
15 105.772 175.295 103.125 99.593 100.204 103.439 104.744
16 105.739 175.489 103.189 99.886 100.362 103.895 104.870
18 105.123 103.736 176.268 99.431 100.654 106.053 103.990
19 105.036 103.822 176.733 99.923 100.461 104.918 103.578
20 104.829 103.871 177.088 99.812 100.700 105.834 104.511
21 105.244 103.953 176.283 99.860 101.233 106.754 104.466

aFor complexes ofl8, 19, 20, and21, the data are bond angles of Gihin—H(4). ® For complexes of.8, 19, 20, and21, the data are bond angles of
Cnt—Ln—H(5).

bromides gaved and5 in yields of 92% and 88%, respectively. = Yb) were obtained as crystalline solids (see Scheme 1). A
In the reactions, the second carborane monoanion acts as a miléomparison of the yields for a given lanthanide shows that,
base (proton sponge) and assists the removal of the bridgedgenerally, those from the bis(trimethylsilyl)carborarig ére
hydrogen on the complexing carborane. The presence of a stronghigher than those from the Me/SiMpendent carboran@)(see
base, such as BuLi, leads to complications such as THF Table 1). As one progresses from Nd to Yb, the difference
degradation, as observed earfidlowever, since the neutral becomes less and less, until with Yb the yields are reversed.
carborane coproduct can be recycled, the method shown inThis may be a result of the decrease in the ionic radius of the
Scheme 1 does not suffer from any undue inefficiency (reference metal ions with increasing atomic number, which makes steric
to Table 1 shows that there is over 90% recovery of the factors more and more important. It should be noted that these
carborane, either in the complex or as the neutral carborane).are very clean reactions, giving the half-sandwich products in
An inspection of Table 1 shows that the method is applicable high yields across the 4f period; this is not usually the case.
to all of the naturally occurring 4f metals with the exception of There are numerous examples in both the large and small-cage
europium. The desired product could not be obtained when carboranes of the syntheses of quite different structures for
europium halide was reacted wittdue to the reduction of Eu-  metallacarboranes formed from similar metals under almost
(1) to Eu(ll) by 1. However, that does not seem to be a problem identical reaction conditions. For example a 1:1 molar ratio
with La, Ce, Sm, and Yb, which also have staii2 valences. reaction of LaC and NaC,BgH1; gave only the full-sandwich
Substitution of one of the TMS groups by a Me on the ligand [Na(THF)][(C2.BgH11).La(THF),], while the smaller lanthanides
did not significantly affect the reactivity of the ligand toward (Ln =Y, Er, Yb, Lu) produced the expected half-sandwich
lanthanide halides; high yields (ZB0%) of corresponding  compounds (€BgH11)Ln(THF)y(u-Cl),Na(THF).42Indeed, the
products of [2-Me-3-(SiMg-1-Cl-1-(THF,-Ln(1%-2,3-GB4Ha)] 2 initial interest in the small-cage lanthanacarboranes stemmed
(17, Ln = Nd; 18, Ln = Dy; 19, Ln = Ho; 20, Ln = Er; 21, Ln from the unexpected half-sandwich trinuclear clusters that were
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Table 9. Selected Bond Angles (deg) for Compounds 22, 29, and 30

22
O(31)-Nd—0(41) 74.5(3) B(15yNd—B(14) 34.0(4) Cnt(AXNd—H(15) 102.106
O(31)-Nd—B(15) 94.1(4) B(25)-Nd—B(14) 100.4(5) Cnt(AyXNd—H(14) 101.397
O(41)-Nd—B(15) 78.3(4) O(31)Nd—B(24) 89.5(4) Cnt(A)yNd—B(24) 107.885
0O(31)-Nd—B(25) 122.1(4) O(41)Nd—B(24) 77.7(4) Cnt(A)}Nd—B(25) 107.140
0O(41)-Nd—B(25) 81.5(4) Cnt(A)}Nd—0O(41) 170.899 Cnt(AyNd—H(24) 103.190
B(15)~Nd—B(25) 131.4(5) Cnt(A»-Nd—0(31) 97.964 Cnt(AyNd—H(25) 100.794
O(31)-Nd—B(14) 127.4(4) Cnt(A>-Nd—B(15) 97.463
O(41)-Nd—B(14) 83.7(4) Cnt(Ay-Nd—B(14) 97.333
29
O(11)-Er—B(3) 114.2(2) C(21)}Er—B(3) 75.7(3) Cnt(2yEr—H(4) 127.180
C(31)-Er—B(3) 107.2(4) O(11}Er—C(22) 126.7(3) Cnt(3YEr—0(11) 106.840
C(22)-Er—B(3) 92.3(3) O(11)Er—C(35) 127.3(5) Cnt(3yEr—B(3) 105.872
C(35)-Er—B(3) 82.6(4) O(11)Er—C(23) 103.9(3) Cnt(3yEr—B(4) 105.684
C(32)-Er—B(3) 131.5(3) Cnt(2yEr—0(11) 100.277 Cnt(3YEr—H(3) 106.966
C(23)-Er—B(3) 122.5(3) Cnt(2}Er—B(3) 102.374 Cnt(3yEr—H(4) 105.218
C(33)-Er—B(3) 116.6(4) Cnt(2)Er—B(4) 122.486 Cnt(2YEr— Cnt(3) 127.597
C(34)-Er—B(3) 87.3(5) Cnt(2}Er—H(3) 83.466
30
0O(31)-Gd—0(21) 77.97(17) C(12)Gd—C(11) 29.9(4) B(4yGd—B(5) 33.5(3)
C(17)-Gd—C(18) 31.9(6) C(13yGd—C(11) 57.7(4) CntGd—0(21) 123.783
C(17)-Gd—C(12) 80.3(5) 0O(31)Gd—B(4) 90.3(2) Cnt-Gd—0(31) 129.776
C(18)-Gd—C(12) 58.2(5) 0(21yGd—B(4) 76.3(3) Cnt-Gd—B(4) 135.925
C(17)-Gd—C(13) 88.6(4) C(17Gd—B(5) 116.6(6) Cnt-Gd—B(5) 132.376
C(18)-Gd—C(13) 79.4(4) C(18YGd—B(5) 95.1(4) Cnt-Gd—H(4) 123.953
C(12)-Gd—C(13) 30.5(4) C(12)Gd-B(5) 98.4(3) Cnt-Gd—H(5) 118.947
0O(31)-Gd—C(11) 128.0(4) C(13YGd—B(5) 120.7(3)
Scheme 1. Syntheses of Half-Sandwich Halolanthanacarboranes
!
R //B T™S
THF C1 THF > i\ {
| T \1\,1{”._]3/ B—e T"\
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i THF 65°C R ) ’_B\\/CI_;,B*
4 O—B<_\7B—o + 2 LnX; m» —B T B—O--=Ln-\THF + R/\\l \TMS
R \]lf ST™s R \\1|3 St THEC ‘i‘
{ s
o=H
X =Cl, Br

R =-SiMej; for complexes of 3, 8-16
R = Me for complexes of 18-21

formed under stoichiometric conditions that were conducive to present method is in using a secondlo-1-Na(THF)-2,3-
full-sandwich complex formatiohFor this reason the systematic  (SiMes),-2,3-GB4Hs (1) as the proton scavenger. Its use
studies on the syntheses of the small-cage lanthanacarboranegrevents complications inherent in the use of strong bases, and
have involved the full-sandwich complexgs? Although there it controls the amount of proximate carborane available in the
have been isolated reports of half-sandwich lanthanacarboraneseaction mixture, thus discouraging ligand redistribution reac-
in the GB,4 cage syster®l”including an interesting mixed half-  tions3+4
sandwich neodymacarborane cation/full-sandwich neodymac- The lanthanide source in Scheme 1 was knhahd all the
arborane anion salf the present report is the only one half-sandwich Ln(Ill) products have halide ions. The reactivity
describing a systematic, generally applicable, high-yield syn- of the metal-bound halides is demonstrated in Scheme 2, which
thetic route to the half-sandwich lanthanacarboranes. The netshows that the reactions of [2-Me-3-(Sigpe-Cl-1-(THF)-1-
approach outlined in Scheme 1 is not fundamentally different Ln(35-2,3-GB4H4)]2 (17, Ln = Nd; 19, Ln = Ho; 20, Ln =
from other methods starting with the monoaniongdf- Er) with 1 equiv of 2 produced the unusual half-sandwich
R2C:B4Hs]~ and hido-RoCoBoH1o] 7, that is, first remove the  lanthanacarborang®-Me-3-(SiMe)-1-[4,5-(u-H)-nido-2-Me-
second bridged hydrogen and then add a capping metal §f8up. 3-(SiM&s)-2,3-GB4H4)-1-Ln(%-2,3-GB4H4)} m'n(THF) (22, Ln
Retention of the bridge hydrogen most often leadsexo =Nd, m=2,n=2;23 Ln=Ho,m=3,n=28;24, Lh =
polyhedral complexes (vide infrd)%2° The novelty of the Er, m= 2, n = 1) as crystalline solids in 7081% vyield, as
noted in Scheme 2 and verified by the crystal structur@df

(17) Hosmane, N. S.; Oki, A. R.; Zhang, korg. Chem. Commuri99§ (see Figure 3). The compounds arise from the formal substitution
1,101-104. = . _ . of a CI” by [nido-2-Me-3-(SiMe)-2,3-GB4Hs] ~; there was no
(18) Wang, J.; Li, S.; Zheng, C.; Maguire, J. A.; Hosmane, Nn8ig. trace of a full-sandwich compound. Complex2-24 could

Chem. CommurR003 6, 549-552. . . . - .
(lg) For general references see: (a) Grimesy R. '\Cd’rnprehense aISO be ObtaInE'd dlreCﬂy by the I’eaCtIOI'ﬂ)ﬂllth COI’reSpondlng
Organometallic Chemistry jlAbel, E. W., Stone, F. G. A., Wilkinson, G., LnCl; at 60°C in molar ratios of 3:1 in dry THF in 7680%
Eds.; Elsevier Science: New York, 1995; Vol. 1. (b) Saxena, A. K;
Maguire, J. A.; Hosmane, N. £hem. Re. 1997, 97, 2421-2461, and (20) Hosmane, N. S.; Zhu, D.; McDonald, J. E.; Zhang, H.; Maguire, J.
references therein. A.; Gray, T. G.; Helfert, S. COrganometallics1998 17, 1426-1437.
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Scheme 2. Reactivity of Half-Sandwich Halolanthanacarboranes

R; = SiMej; R, = Me for complexes of 25

173 THF
Ri 1\, - TMS \
C1 THF LC—=CA Na
THF\I\_ =B b-e *
S S eaiing
. + 2 e—BFHSB—e
~H<ples- Ln-THF STTol
O—B\\ 1B B—e T X Rz/\]‘a ™S
R/\\l N l
!
THF
2 NaCl 65°C o=H
R, Ry =
B B
TSN T RN ™S
' LC—
RZ—CGCDB—MI: .-=BL T S B—e
B—B - n==-o.__ -
A Bl A
._B\\ = B_.“.I'“n‘Q’BQ >C—Ry
RN/ N1vs L \C\
N THEF W/ ™S

¢ l
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Scheme 5. Synthesis of Gadolinacarborane
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is not possible to determine what structural features support the
trimer formation.

The effect of the number of chlorides originally on the metal
center was studied by reactingP{Cp)LnCh, (15-Cp)LnCl, and

yield (see Scheme 2). These results emphasize the delicaté’78'ct_)8"'8)'-ncI with 1. The mixegl-ligand sandwich complexes
balance of forces that determine the products; the 3:1 carboranell-(7>-CsHs)-2,3-(SiM&)z-1-Ln(7>-2,3-GB4Ha)]2n(THF) (26,

to-LnClz stoichiometry could just as well have led to an

equimolar mixture of a half-sandwich lanthanacarborane cation
and a full-sandwich lanthacarborane anion, along with three

neutral carboranes. The half-sandwich-cation/full-sandwich-
anion carbons-apart neodymacarborgielosc1-Nd-(u-H)e-
2,4-(SiMe)-2,4-GB,H4| *[1,1-(THF)-2,2 4,4-(SiMe3)+-5,5,6,6-
(u-H)4-1,2-comme(n°-2,4-GB4Ha)] 7} 2 has been reporteld.
The mixed coordinate comple%2,3-(SiMe),-1-[4,5-(u-H)-
(nido-2-Me-3-(SiMe)-2,3-GB4H4)]-1-Gd (75-2,3-GB4H.)} 2+
3(THF) (25) was obtained in good yield from the reaction9f
with 2 (see Scheme 2). It is of interest to note that the Ho
compound23, is the only trimeric lanthanacarborane isolated
in this study. Since its trimeric nature was determined by

Lhn =Th,n=2;27,Ln =Dy, n=2; 28 Ln = Er,n = 3)
were obtained as crystalline solids in-792% isolated yields

by the reactions ol with CpLnClL in a molar ratio of 2:1, as
shown in Scheme 3. These can be thought of as being related
to 10, 11, and13 by the formal replacement of a chloride by a
cyclopentadienide. On the other hand, the monochlorolan-
thanides (CpErCl and 8-CgHg)GdCI reacted withl to give

the exccoordinated lanthanacarborane complexes4,5-
(Cp)ETr[2,3-(SiM&),-2,3-GByHs] - (THF) (29) andexa4,5- (8-
CgHg)Gd[2,3-(SiMe),-2,3-GB4Hs)} -2(THF) (30), respectively,

in good yields (see Schemes 4 and 5). In b28and 30 the
presence of the bridged hydrogen on the carborane led to the
metal occupying bridging positions rather than apical ones. This
has generally been found to be the case for main gf®up,

chemical analysis rather than crystal structure determination, it transition metaf! and lanthanid® carborane complexes. The
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Scheme 6. Proposed Mechanism for the Formation of Half-Sandwich Halolanthanacarboranes
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exceptions are the group 1 half-sandwich carborane complexespf related compounds, the X-ray diffraction analyses were
such asl and 2, and the full-sandwich lithiacarborane fii performed on a number of half-sandwich halolanthanacarbo-
(TMEDA)][commo1,1-Li{2,3-(SiM&).-2,3-GB4Hs} 5], where ranes. As expected, the bis(trimethylsilyl)-pendent half-sandwich
X-ray structures show the metals occupy apical positions abovelanthanacarborane8,(7—16) are isostructural, as are the Me/
the GB3 faces!!22.23|t should be noted that, on standing, the SiMes-substituted lanthanacarborane analogue®;-21. A
half-sandwich group 1 carboranes reverted to their respectivegeneral structure for compoun8snd7—16is given in Figure
exometallacarboraned:? 1, and that oftl8—21 is shown in Figure 2. Table 6 is a list of

The mechanism for the reactions shown in Scheme 1 is not some important bond distances, and Table 8 gives some selected
known. What is known is that the reactions seem to require at bond angles. A more complete listing can be found in the
least two halides on the lanthanide precursor and a 2:1 Supporting Information. All structures are dimeric in which each
carborane-to-Ln molar ratio. A reasonable sequence of stepsLn(lll) is 7°-bonded by a carborane dianion, two THF mol-
would involve the initial precipitation of 2 equiv of NaCl by a  ecules, and a halide In addition, a neighboring carborane moiety
1:2 molar ratio reaction of Ln@hnd1, leading to the formation
of anexo-commdanthanacarborane intermediate, as shown in
Scheme 6. The intermediate could then undergo an intramo-
lecular proton transfer, producing the half-sandwich halolan-
thanacarborane and the neutradlo-carborane product. The
compounccommo-exal,4,5,5-Mg(TMEDA)[2-Me-3-(SiMey)-
2,4-GB4Hs], has been isolated and found to have a structure
similar to the one proposed in Schemé’@Vhile there is no
direct verification of this mechanism, it does at least explain
the stoichiometry requirements, and the proposed intermediate
does have precedence in the literature.

Crystal Structures. Because of the generality of the reaction
processes and in order to obtain structural information on a series

Ci34)
C33)

oi3p C32

(21) (a) Hosmane, N. S.; Grimes, R. Morg. Chem.1979 18, 2886.

(b) Yang, J.; Zheng, C.; Maguire, J. A.; Hosmane, N.Ii&rg. Chem.

Commun2004 7 (1), 111-113. Ct4A) —Eo
(22) Hosmane, N. S.; Siriwardane, U.; Zhang, G.; Zhu, H.; Maguire, J.

A. Chem. Commurl989 1128-1130. _ Cl24A)

Sog%g‘gsﬂgnseis'\&i;angv J.; Zhang, H.; Maguire, JJ.AAm. Chem.  Figure 1. Perspective view of half-sandwich lanthanacarboranes
(24) Wang, Y.; Zhang, H.; Maguire, J. A.; Hosmane, NCBganome- of formula [2,3-(SiM@)z-1-X-1-(THF)rr1-Ln(y>2,3-GB4Ha)]2x

tallics 1993 12 3781-3784. ’ ' ’ n(THF) (3, 7—16). Thermal ellipsoids are drawn at the 50%
(25) Hosmane, N. S.; Jia, L.; Wang, Y.; Saxena, A. K,; Zhang, H.; probablllty level. The solvated THF molecules and tbec

Maguire, J. A.Organometallics1994 13, 4113-4116. polyhedral SiMe groups are drawn with thin lines.

Cl23A)
Cli5A) CI254)
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Figure 3. Perspective view of lanthanacarborap2 Thermal
ellipsoids are drawn at the 50% probability level. The solvated THF
and TMEDA molecules and thexopolyhedral SiMe groups are
drawn with thin lines.

Figure 2. Perspective view of half-sandwich lanthanacarboranes R C133)
of formula [2-Me-3-(SiMeg)-1-X-1-(THF - 1-Ln(575-2,3-GB4Ha)] > ms)@
N(THF) (18—21). Thermal ellipsoids are drawn at the 30% . C(32)
probability level. The solvated THF molecules and tbro /o CI3n
polyhedral SiMg groups are drawn with thin lines. . , c2)

J e
is bonded to the metal through a set of twotH—B bonds A S\ - \\:ﬁ” ci13)
(see Figures 1 and 2). An inspection of Figures 1 and 2 and , Er \CIT 141
reference to Table 8 show that the local geometry about each
Ln is best described as a distorted trigonal bipyramid in which ! c23)

the#5-bonding carborane and one of the THF molecules occupy %

the axial positions, with the CatL.n—O angles ranging from c24
173 (8) to 177 (20), and the other THF molecule, the halide
ion, and they?-bonding carborane residing in the trigonal plane.
The other ligands are directed away from thebonded
carborane, with the average O(21)n—0(11) angle being 74
and the CntLn—Cl angles averaging 106The average L
Cnt distances decrease in the ord¢Nd) (2.4536 A)> 8 (Sm)
(2.4103 A)> 9 (Gd) (2.3955 A)> 10 (Ho) (2.3766 A)> 11
(Dy) (2.3573 A)> 12 (Ho) (2.3468 A)> 13 (Er) (2.3388 A)

> 14(Tm) (2.3244 A)> 15(Yb) (2.3166 A)> 16 (Lu) (2.3119
A). For the same metal these distances are essentially the same
as those found in the trinuclear lanthanacarborane cla%tard

the corresponding full-sandwich lanthanacarboréedecrease

in this Ln—ligand distance with an increase in the Ln atomic
number parallels the decrease in the metal’s “ionic radii” and

is consistent with essentially electrostatic metzrborane

c2n ¢S
Figure 4. Perspective view of erbacarbora2@ Thermal ellipsoids
are drawn at the 50% probability level. The solvated THF molecules
and theexopolyhedral SiMeg groups are drawn with thin lines.

noceneg®

The X-ray crystal structure &#2, formed from an equimolar
reaction of [2-Me-3-(SiMg-1-Cl-1-Nd(;°-2,3-GB4H4)] - 4(THF)
(17) with nido-1-Na(THF)-2-Me-3-(SiMg)-2,3-GB4Hs (2), is
shown in Figure 3. The compound crystallizes as a dimer with
a structure similar t@ except for the replacement of one SiMe  Figure 5. Perspective view of gadolinacarboraB6. Thermal
on each carborane with an Me group and the substitution of ellipsoids are drawn at the 50% probability level. The solvated THF
the CI- by a [2-Me-3-(SiMg)-2,3-GB,4Hs] —. Each Nd is bonded mple_cules and thexcpolyhedral SiMe groups are drawn with
to two THF molecules, ap®-coordinating carborane, and two thin lines.
n2-bonding carboranes. The CriNld distance ir22 (2.4380 A)
is essentially the same as foundin(2.4536 A). At least as
measured by the NeB(24,25) and the Nd(B14,15) distances,
the two 2-bonding carboranes seem to interact equally with
the Nd, irrespective of whether they are bonded to another Nd
or a bridged hydrogen (see Figure 3 and Table 7).

The X-ray crystal structures of complex29 and 30 are
shown in Figures 4 and 5, respectively. Both structures are

monomeric, with the (CpEr(THF) or (GHg)Gd(THF) groups
bonding exapolyhedrally through two LAH—B bonds. Al-
though they could not be located in the electron density maps,
each carborane also contains a bridged hydrogen. A comparison
of the facial B-B bond distances in the compounds shows that
the distances between the pair of boron atoms that coordinate
to the Ln groups are over 0.1 A shorter than the otheBB

(26) (a) Maginn, R. E.; Manastyrkyj, S.; Dubeck, M.Am. Chem. Soc. distances; this has been Observeq in otizespolyhedrally
1963 85, 672-675. (b) Raymond, K. N.; Eigenbret, C. W., &cc. Chem. bonded metallacarboranes, where it was found that the larger
Res.198Q 13, 276. B—B bond distance is associated with a bridged hydrdgét>
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Spectroscopy.All compounds were characterized by IR Conclusions
spectroscopy and elemental analyses. Except that the analytical A highly efficient synthesis of half-sandwich halolanthana-
samples contain different numbers of THF molecules in some carboranes of the formulas [2-R-3-(Sighd.-X-1-(THF),-1-Ln-
of the complexes, the results of these analyses are consistenf;5-2,3-GB4H,)]:n(THF) has been developed using the reac-
with the crystal structures. The IR spectra of the lanthanacar- tions ofnido-1-Na(CGHgO)-2,3-(SiMe)»-2,3-GB4Hs (1) or nido-
boranes all exhibit well-resolved multiple terminat-Bl stretch- 1-Na(GHgO)-2-Me-3-(SiMe)-2,3-GB4Hs (2) with LnX3in 2:1
ing vibrations in the 22782590 cn! range. Such fine molar ratios. The halides of the half-sandwich lanthanacarbo-
structures of B-H stretching bands have been previously ranes were found to be chemically active in that they could be
observed in other lanthanacarboranes and have been explaineteplaced by fiido-2-Me-3-(SiMe)-2,3-GB4Hs]~ to give {2-
on the basis of unequal interactions of the boron-bound Me-3-(SiMe&)-1-[4,5-(u-H)-nido-2-Me-3-(SiM&)-2,3-C:B4H4]-
hydrogens with thexopolyhedrally bound metal groups present  1-Ln(;°-2,3-GB4H4)} m'n(THF). It was found that CpLnGKLn
in the complexs~7 = Th, Dy, and Er) react withl to give [@7°-CsHs)LNn(2,3-
(SiMes)2-2,3-GB4H4)]2n(THF). On the other hand, the reaction
of (CpkErCl and (GHg)GdCl with 1 produced theexo
lanthanacarboranesxo (17°-CsHs)Er[4,5-(u-H)-2,3-(SiMe&)-
2,3-GB4H4]} +(THF) andexa(178-CgHg)Gd[4,5-(+-H)-2,3-(SiMe).-
2,3-GB4H4]} -2(THF), respectively. An intramolecular H transfer
reaction mechanism of an initially formezko-commdantha-
nacarborane was proposed to explain the products. It is important
to note that due to recent synthetic advances, small-cage
metallacarborane chemistry is now generally acceséible.

Because of the strong paramagnetism of compléxes5,
18—21 22 29, and 30, no useful NMR spectra could be
obtained. However, the diamagnetic yttriug), (anthanum4),
and lutetium 16) complexes gave interpretable NMR data. The
1H, 13C, and B NMR spectra are all consistent with the
formulas given in Scheme 1 and, f8rand 16, their crystal
structures. Neither the terminal-B1 hydrogens nor the cage
carbons were detectable in the NMR. The only thing of note is
that both the!H and the 13C NMR spectra of3 show
unequivalent SiMggroups, while the spectra éfand16 show Acknowledgment. This work was supported by grants from
equivalent SiMggroups. Since compoun8sand16 were found the National Science Foundation (CHE-0241319), the donors
to be isostructural by X-ray analysis, there is no ready of the _Petroleu_m Research Fund, administered by_the American
explanation for these spectral differences. TBeNMR spectra ~ chemical Society, The Robert A. Welch Foundation (N-1322

showed three resonances with 1:2:1 peak area ratid< &t9 to .J'A'M')' and Northern IIIino[s University through a Distin-
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the Forschungspreis der Alexander von Humboldt-Stiftung and
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most downfield shifted resonances, in ih&5.9 to 11.9 ppm

region, are assigned to the unique boron (B(4) in Figure 1), the  Supporting Information Available: Tables of crystallographic
resonances at —0.77 to—1.15 ppm to the other two basal data, including fractional coordinates, bond lengths and angles,

borons, and those in thi —51.8 to—52.7 ppm region to the anisotropic displacement parameters, and hydrogen atom coordi-
apical borons. Because of the terminal hydrogens, all should Pates,fot?], 7_16'.18t;21|’ %2’ 29{ a?(:]?f).';hlsbmatenal is available
be doublets; however only those of the apical borons are sharp ree of charge via the Internet at http://pubs.acs.org.
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