3.01
Boron-containing Rings Ligated to Metals

R N Grimes, University of Virginia, Charlottesville, VA, USA
© 2007 Elsevier Ltd. All rights reserved.

3.01.1 Background

3.01.2 Complexes of C;B Rings

3.01.2.1 Mononuclear and Dinuclear Complexes of C4B Rings (Double-Decker
and Triple-Decker Sandwiches)

3.01.2.2 Multinuclear C4B Ring Complexes, Clusters, and Extended Systems

3.01.3 Complexes of C3B, (Diborolyl) Rings

3.01.3.1 C3B, Ring Double-decker Sandwiches

3.01.8.2 C3B; Ring Triple-decker Sandwiches and Dimers

3.01.8.3 C3B; Ring Tetradecker and Pentadecker Sandwiches

3.01.3.4 Polydecker C3B, Ring Sandwiches

3.01.4 Complexes of C,B; (Triboracyclopentadienyl [Carborane]) Rings

3.01.4.1 C,Bj3 Ring Double-decker Sandwiches

3.01.4.2 C,Bj3 Ring Triple-decker Sandwiches

3.01.4.3 C,B3 Ring Tetradecker Sandwiches

3.01.4.4 C,B3 Ring Pentadecker and Hexadecker Sandwiches

3.01.4.5 C,B3 Ring Multisandwich Assemblies

3.01.5 Complexes of CsB (Borabenzene and Boratabenzene) Rings

3.01.5.1 CsB Ring Double-decker Sandwiches

3.01.5.2 CsB Ring Dinuclear Complexes (Triple-decker Sandwiches and Dimers)

3.01.6 Complexes of C4B, Rings

3.01.6.1 Diboracyclohexadiene Complexes

3.01.6.2 Diboranaphthalene and Related Complexes

3.01.7 Complexes of C3B3; and C,;B,4 Rings

3.01.7.1 Triboratabenzene Complexes

3.01.7.2 Tetraboratabenzene Complexes

3.01.8 Complexes of C¢B, CsB5, and C;B Rings

3.01.8.1 Borepine Complexes

3.01.8.2 4-Borataborepine Complexes

3.01.8.3 Boratacyclooctatetraene Complexes

3.01.9 Complexes of Heterocyclic Ligands

3.01.9.1 Complexes of Nitrogen-containing Rings

3.01.9.2 Complexes of Phosphorus-containing Rings

3.01.9.3 Complexes of Oxygen-containing Rings

3.01.9.4 Complexes of Sulfur-containing Rings

References

(]

© o W

14
15
15
19
24
26
27
28
29
33
36
37
39
39
40
40
40
41
41
41
41
42
43
43
44
44
45




Boron-containing Rings Ligated to Metals

3.01.1 Background

Metal complexes of boron ring systems form an extensive area of research that overlaps with and connects three large
fields: organometallic chemistry, organic heterocycles, and the metallacarboranes. This area of chemistry was already
well developed prior to 1993, as summarized by Herberich in COMC (1995);1 since then it has been extensively
investigated and expanded with the discovery of new ring ligands and synthetic routes, novel molecular architectures,
and applications in synthesis, especially catalysis.2 In general, the most important advances during this period fall into
one or more of these categories, and encompass a variety of five- to eight-membered ring systems that are coordinated
to a range of main group and transition metals. Figure 1 presents a selection of the more important ring ligands,
represented as neutral and/or anionic species. This chapter is concerned with metal complexes, and will not, in
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Figure 1 Ring ligands. Reproduced with permission from the American Chemical Society.
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general, cover the synthesis and nonmetal chemistry of the ligands per se; in most cases, references dealing with those
aspects can be found in the references cited herein.

3.01.2 Complexes of C4B Rings

3.01.2.1 Mononuclear and Dinuclear Complexes of C4B Rings (Double-Decker
and Triple-Decker Sandwiches)

The chemistry of metal-borole and metal-borollide sandwich compounds has been significantly advanced since the
publication of COMC (1995) (see Table 1). Herberich and his group have prepared a variety of novel complexes of
planar C4B ligands including (i) multinuclear heterometallic systems containing Re-Hg, Re—Cu, Re-Ag, Re-Au, and
Fe-Pt bonds;3 (i) CN-bridged chains;4 (ii1) Fe—=Au heterometallic complcxes;s (iv) intramolecular Fe-H-B
hydrogen-bonded species that reversibly rearrange to Fe-H-C systems;6 and (v) several types of triple-decker
sandwich complexes involving Co, Rh, Mn, Ru, and Li.7 12 Compounds 1-5 are representative.

Table 1 Complexes of C4B rings 1993-2005

Compound* Information® References

Synthesis and characterization
Mononuclear C4B ring complexes (double-decker sandwiches)
Lithium

[(Et;O)Li];[Ho(CeH2-CoHy)(CMe;3)Cq,B—CoH3(CoH~CgHy)] S, X, H, B,C 19
9-borafluorene complex
Tantalum
Cp R, Ta[H,4C4B-N(CHMe,),] (R =Me, MeC=NAr, H,PMe;, Cl,, S, X 13
ClMe)
(Me;P)Me;Ta[H,CyB-N(CHMe,),] S, H, C 21
[7°-H4C4B-N(CHMe,),] Ta[*-MeCN(CH;Me,)- S, X, H,C 21
(1*-CeH3Me,)NCHCH,C(Me)N(CHsMe,)]
Cp*l\’lezTa(H;‘Ch;B—Me) S, X 15
Cp'Me,Ta[H,C4B-N(CHMe,),] S 15
Cp'(PMe;),Ta(H4C4B-R) [R = N(CHMe,),, Me] S, X(Me) 15
Cp'(PMe;)H,Ta(H4C4B-R) [R =N(CHMe,),, Me] S 15
Cl3Ta[H4C4B-N(CHMe),] S, X, H, C, IR 16
[H4C4B-N(CHMe,),] TaCl,[C(SiMej3),H] S, X, H, G, IR 16
Cly(R,CsH3~N=)Ta[H4C,B-N(CHMe,)H] S, X, H, C, IR 16
Cl3(OCMe,CH,CMe=0)Ta[H4C4B-N(CHMe,)H] S, X, H, C, IR 16
Other Ta(H4,C4B-R) complexes 16
Zirconium and Hafnium
Cp*M[Me4C4B—N(CHMeZ)Z](u—Cl)zLi(OEtz)z (M =Zr, Hf) S, X(Zr) 18
Cp "M[Me,C4B-NH(CHMe,),|(Cl), (M = Zr, Hf) S, X(Zr) 18
Cp*ClLM[HSCSB—N(CHMCz)z] (M =Zr, Hf; L=RO, RS; S, H, C, IR 18a
R =Me,CqH,Me3)
Cp*Cl(l\ie3SiCEC)Hf[HSCSB—N(CHMCz)z] S, X, H, C, IR 18a
Cp' (Me;SiC=C),Hf[HsCsB-N(CHMe,),] S, X, H, G, IR 18a
Cp*ClLM[HSCSB—N(CHMez)Z] (M =Zr, Hf; L=NMe,H, PMe3) S, X(PMe3;), H, C, IR 18a
Cp'(MesP)CIHf[HsCsB-N(CHMe,),] S, X, H, G, IR 18a
Cp*RZZr[H4C4B—N(CHMeZ)2] (R=Me, C=C-CcH Me, C=C-CMe;, S, H, C 17
CH,Ph)
Cp'1Zr[H4C4B-N(CHMe,),] S,H, C 17
Cp'(C3H,)M[H,4C4B-N(CHMe,),] (M = Zr, Hf) S, X(Hf), H, C, UV 17
Cp*(C3H7)(L)Hf[H4C4B—N(CHMeZ)Z] (L =CO, PMe;, NCsHs) S, X(CO), H, C, 1 17
Cp'(PMe;)(H)Hf[H,C4B-N(CHMe,),] S, H 17
[1,3-CsH;3(SiMe3),](Et,0)(CF5)Zr(H4CyB-R) (R =H, Me) S, X, H, F, ethylene 14a

polymerization catalysis

(Continued)
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Table 1 (Continued)
Compound*” Information® References
[1,3-CsH;3(SiMe3),](R'CN)(CyF5)Zr(3-RH;C4B-C¢F5) (R=H, Me; S, X(H, CMe3), H, B, C, F 14
R’ =Me, CMej3)
[1,3-CsH;3(SiMe3),](Me;CNC),(CoFs5)Zr(3-RH;C4B-CeF5) (R=H, Me) S, H,B,C, F 14
[1,3-CsH;3(SiMe3),](Me;CNC)(CoF s—C=N-CMe;3)Zr(3-RH3;C4B-C¢F5) S, X(H), H, B, C, F 14
(R=H, Me)
Rhenium
(CO);(H4C4B-Ph)Re—HgCl S, H, C, IR, MS 3
(CO)3(H4C4B-Ph)Re—L [L. = Cu(PPh;),, AgPPh;, AuPPh;] S, H, C, IR, MS 3
Iron
(CO)sFe(Me,H,C4B-Ph) S, H, B, C, IR, MS 6
CpFe(H,C4B-Ph) S, E, ESR 6
(Me3;CNCQC);Fe(H4C4B-Ph) S, H, B, C, IR, MS 6
(1*-CsH)(CO)Fe(Me,H,C4B-Ph) S, H, B, C, IR, MS 6
(n*-CsHg)(Me;CNC)Fe(Me,H,C4B—Ph) S, H, B, C, IR, MS 6
(n°-CsH4R"Fe(R,R’,C4B-Ph) (R”=H, Me; R’ = H, Me, S, X(H, Me, Me; Me, Me, H), H, 6
CH,=CH(CH,),4, (CH,),CHCH,; R =H, Me) B, C, IR, E, MS
(H4C4B-Ph)Fe(CO),CN—Pt(CN)(PEt;3), (four isomers) S, X, H, C, P, Pt, IR, UV 4
[(Ph3P),Au,[(CO),Fe(H4C4B-Ph) S, X, H, B, C, P, IR 5
{[(Ph3P)3;Aus](CO),Fe(H4,C4B-Ph)} " PFy~ S, X (wide-angle scattering), H, 5
B, C, P, IR
(PhsP)H(CO),Fe(H,C4B-Ph) S, H, P, IR
Cobalt
CpCo(H4C4BR) (R=H, Me) He photoelectron (Me) 7
Rhodium
CpRh(H4C4BR) (R=H, Me) He photoelectron (Me) 7
(H4C4BR)RhI(H4C4BR) (R =Ph, Me) S, H, B, C, MS 24
py.IRh(H,C4B-Ph) S, H, B, C, IR 8
(bpy)IRh(H4C4B-Ph) S, H, B, C, IR, MS 8
(MeCN),IRh(H,4C4B-Ph) S, H, B, C, IR, MS 8
(CO),IRh(H4C4B-Ph) S, H, B, C, IR, MS 8
(Ph;P),IRh(H4C4B-Ph) S, H, B, C, IR, MS 8
[Fe(CsH4PPh;,),][IRh(H4C4B-Ph) S, H, B, C, IR, MS 8
(norbornadiene)IRh(H,4C4B-Ph) S, H, B, C, IR, MS 8
(MeCN);Rh(H,C4B-Ph)*" BF,~ S, H, B, C, MS 9
(py)sRh(H,4C4B-Ph)* BF,~ S, H, B, C, MS 9
(CeMesR;3);Rh(H4C4B-Ph)* BF,~ (R=H, Me) S, H, B, C, MS 9
Dinuclear C B complexes (triple-decker sandwiches and dimers)
Lithium
[(Me,N),C,H,4]Li[(C4H4)H,C4B-NR,]Li[(C4H4)H,C4B-NR;] S, X, H, B, C 10
(R=Me, Et)
(tmeda)Li(2,5-Ph,H,C4B-NMe;)Li(tmeda) S, X, H, B, C, Li 11
Zirconium
Cp/(CyF5),Zr[H,C4B-CH,(CH)3B(CF5)3]ZrCp’ (Zr=F) S, H, B, C, F, ethylene 14, 22
[Cp" =CsH,SiMes, CsHyMe, CsHs, 1,3-CsH;3(SiMes),] polymerization catalysis
[1,3-CsH3(SiMe3)2[(CoFs5)2Zr[H4C4B-CH(CH)3B(CFs)3] X 22
7Zr[1,3-CsH;3(SiMe3),] (Zr-F)
Tantalum
Me,Ta[HyC4B-N(CHMe,)| TaMe,[H4C4B-N(CHMe,)] S, X,H, C 21
S, H, G, IR 16
Manganese
(CO)sMn(H,4C4BMe)Mn(CO)5 S, He photoelectron 12
(CO);Mn(H,C4BMe)Co(H,CysBMe) S, He photoelectron 12
Ruthenium
Cp Ru(Me4C4B-6-CHMeCH,Me)RuCp” S, X, H, B, IR, MS 23

(Continued)
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Table 1 (Continued)
Compound*” Information® References
Cobalt
(H4C4BMe)Co(H4C4BMe)Co(H,4C4BMe) He photoelectron (Me) 7
(CO)sMn(H,C4BMe)Co(H4C,BMe) S, He photoelectron 12
Rhodium
(H4C4BMe)Rh(H,4C4BMe)Rh(H,4,CyBMe) He photoelectron (Me) 7
(H4C4BR)Rh(H4C4BR)Rh(H4C4BR) (R =Ph, Me) reaction with I, — cubane clusters 24
(u-Ph,PCH,PPh;)I,Rh(H,C4B-Ph)Rh(H,C,B-Ph) S, H, B, C, IR, MS 8
Cp Rh(u-I)sRh(H,C4B-Ph) S, X, H, B, C, IR, MS 8
Multinuclear complexes and extended systems
[(H4C4B-Ph)(CO);Re],Pd, S, X, H, IR, MS 25
[(CO);(H4C4B-Ph)Re],Hg S, X, H, C, IR, MS 3
trans-(NCsHyMe),Pt-[Fe(CO),H(H4C4B-Ph)], S, X, H, IR, MS 3
Rh,(H4C4BR)4(u-1)4 (R=Ph, Me) S, H, B, C, MS 24
[pyIRh(H4C4B-Ph)]; (cis + trans isomers) S, H, B, C, IR, MS 8
[(CO)IRh(H4C4B-Ph)], (cis + trans isomers) S, H, B, C, IR, MS 8
[Rh(H4C4B-Ph)" BF, ], S, H, B, C, wide-angle X-ray 9
scattering
(H4C4B-Ph)Rh(u-1);Rh(H4,C4B-Ph)Rh(H,C4B-Ph) S, X, H, B, C 9
Theoretical studies
Molecular and electronic structure calculations
(CO);sMn(H4C4BMe)Mn(CO); INDO (Me); ab initio 12
(CO);Mn(H,C4BMe)Co(H4CyBMe) INDO (Me); ab initio 12
CpCo(H4C4BR) (R=H, Me) INDO (Me); ab initio (H) 7
CpRh(H4C4BR) (R=H, Me) INDO (Me); ab initio (H) 7
(H4C4BMe)Co(H4CyBMe)Co(H4CyBMe) INDO (Me); ab initio 7
(H4C4BMe)Rh(H,4C4BMe)Rh(H,CyBMe) INDO (Me); ab initio 7

@Metals coordinated to C,4B rings are shown in boldface.

PLegend: S =synthesis, X =X-ray diffraction, H="H NMR, B=""B NMR, C="°C NMR, F="9F NMR, P=2"P NMR, Li="Li
NMR, Pt="9Pt NMR, IR =infrared data, MS = mass spectroscopic data, UV = UV-visible data, E = electrochemical data,

ESR = electron spin resonance data.
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The use of metal-borollide complexes as homogeneous Ziegler—Natta catalysts for ethylene polymerization has
been explored by Bazan and co-workers'® and by Bochmann ¢z «/.'*'** Thus, Cp 'Me, Ta[H,C4B-N(CHMe,),] 6
mimics zirconocene in promoting the polymerization of C;Hy4 at 1 atm and 25°C in the presence of methylalumin-
oxane (MAO).'® The mononuclear and dinuclear dizirconium complexes 7 and 8 similarly polymerize ethylene when
used with AlMe; or MAO. 1142

LB —CHVMe, R ,B Cefs

| \CHM82 | SiMes l R
Taly CoFS Zr\ Zr
e 65 —~
CoF
\Me / 57 R=HMe ¢ [ \47
SiMey R’
6 7 8

Aspects of borole complex reactivity have been studied in detail, including the behavior of tantalum sandwiches
bearing alkyl ligands on the metal. 17 Complexes such as 6 are best regarded as resonance hybrids where strong
B-N m-overlap lowers the formal oxidation state of the metal: 1510

CHMe
CHMe + - 2
— 2 _
Z BN — 5=
C:H,\/|e2 [\ CHM62
\ - \
TavV— Me Ta|||/Me
=~ Me / \Me
Cp* Cp*
6

Aminoborollide complexes of zirconium and hafnium that incorporate both Lewis acid and Lewis base sites have
been explored.!®182 In molecules such as 9, the amine nitrogen carries an electron lone pair while the #° metal center
is acidic:

R

B/
@ R OEt,

\ cl /
___Cl— .
M= "\

M=Zr, Hf; R=CHMe,

9

2

Amphoteric molecules of this type, where the acidic and basic sites are relatively close to each other but cannot
interact directly, can heterolytically cleave H-X and C-X bonds where X is a halide, alkoxide, amide, alcohol, thiol,
trimethylsilyl, or alkyl group.ls‘lga The ability to effect changes in the reactivity of borollide complexes by adjusting
metal oxidation states and ligands allows fine-tuning of catalytic and other properties, which in turn advances the
application of these compounds in synthesis.
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A tricyclic aromatic system closely related to borole, 9-boratafluorene, might be expected to form #°-coordi-
nated transition metal sandwich complexes, but so far only the lithium complex has been characterized.!
Monohapto aluminum adducts of neutral 9-borafluorene, in which Al is bound only to the boron atom, have

been prepared.20

B
@ 9-boratafluoreneide

"T'riple-decker complexes incorporating borole or borollide ring ligands, a well-developed area prior to 1993,
have been explored further in recent years (e.g., 5 and 10-12);1%121%21 i most cases, the structures shown have
been established crystallographically. Benzoborollide [H4Co(CH),B=R]*™ rings coordinate (tmeda)Li™ units to
both faces of the five-membered C4B ring to form triple-decker structures. ' Treatment of Li,[CyH,B—
N(CHMe;),] with Me;TaCl, afforded the extremely electron-deficient (24 electron (24e)) triple-decker 10,21
while the curious dizirconium complexes 8 were generated from (C5H3RR’)Zr(n3—C4H7)(n4—C4H(,) and B(C¢F5s);, a
process in which all three CgFs ligands were transferred to the metal rea;:{cnt.l"‘22 In combination with MAO,
compounds of type 8 (R=H, R’=H, Me, or SiMe;; R, R’ =SiMej3) catalyze the polymerization of ethylene at
60°C and 1 atm.

Me,HC_ CHMe,

N
| . (6]
B O, B—Me e C ©
@ | \N'l/
Co n
Me—Ta—Me 5
i 5y CHiMe: ©| B—Me Ql/B_Me
~N
l CHMe, /Mn\ /Mn\
Ta
A
Me / \ Me OC (‘; CO OC C‘) CO
Me Me (6] (@)
1016,21 1112 1212

The electronic structures of the hetero- and homobimetallic triple-deckers 11 and 12 were investigated by
photoelectron spectroscopy and intermediate neglect of differential overlap (INDO) molecular orbital (MO) calcula-
tions, which revealed that the metal-borole interaction is stronger in the dimanganese system 12 than in 11, owing to
better Mn-borole versus Co—borole orbital ()Vc:rlap.12

While metal-Cy4B ring complexes are usually synthesized from existing borole or borollide ligands, the diruthenium
triple-decker 13 (which can also be described as an Ru,CyB seven-vertex ¢/oso-metallacarborane) was serendipitously
obtained as a minor product (6% yield) of the reaction of the ruthenaborane #ido-1,2-Cp ;H,Ru,B3H; with 2-butyne
at 85°C;?® the remaining products were open-cage #ido-Ru,C,B; clusters.
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3.01.2.2 Multinuclear C4B Ring Complexes, Clusters, and Extended Systems

Dirhodium triple-decker sandwiches such as 5 react with I, to generate Rhyl, heterocubane clusters, for example, 14,
together with bis(borole)iodorhodium complexes, 15;:5%* the latter species undergo rapid ring rotation.?* As shown by
Herberich, the heterocubane clusters exhibit interesting chemical reactivity, for example, exchanging RhI(C4H4B-R)
fragments rapidly on the NMR timescale. Treatment of 14 (R=Ph) with Lewis bases L. (L.=pyridine, CO,
phosphines, etc.) afforded mononuclear or dinuclear products, for example, 16 and 17;% the dinuclear species
undergoes ¢is—trans interconversion at a rate dependent on the Lewis base.

B
AR R=Me, Ph Q
Pt 4

| @\ O —q B@ ya

R\
\\\“ "y, Rh Rh Wy, Rh
L / "<~ P2 e g~ R

H

16 17

Reaction of the heterocubane cluster 14 (R =Ph) with (Cp*RhIZ)Z, a reagent that functions both as a Lewis acid
(the metal center) and a Lewis base (the iodide ligands), generates the dirhodium complex 188 Complex 14 also adds
to 1,1-bis(diphenylphosphinoferrocene) to form the cyclic species 198

Ph—B S,
I7Rh th
N

@@ Q‘F‘**@

/

PPh2

\

In yet another facet of heterocubane chemistry, 14 (R = Ph) has been found to react with Ag" in acetonitrile to form
the salt (MeCN);Rh(C4H4B-Ph)* BF,~ 20, which in turn combines with arenes to generate (arene)Rh(C,H,B-Ph)"
BF,~ products.9 Under vacuum, 20 loses MeCN to form the polymer 21, the phenyl group migrating to the Rh center of
a different fragment.
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+
Ph—B8 Sy : .
o 7=
CN/ ‘ \NC [ th
Me N Me —
,(\:,le BF,” Q/B——
i | L BF,~ x
20 21

The first mixed metal borole cluster 22, which contains a planar Re,Pd, array, was prepared via reaction of the
[(175-H4C4B—Ph)RC(CO)3]7 anion with PdClz(NCPh)Z.25 In this electron-deficient system, the Pd atoms are formally

14e centers, stabilized by metal-metal binding with each other and with the Re atoms.

[ S

/Re\— Pd\ o
NN

NPy~ Re —

oC
cO

3.01.3 Complexes of C3B, (Diborolyl) Rings

3.01.3.1 C3B, Ring Double-decker Sandwiches

The pioneering work of Siebert and co-workers on metal-C;B, sandwich complexes, dating back to the 1960s, has

continued through the 1990s and has opened up significant new aspects of this chemistry (see Table 2).2%27 One

contribution is the finding that the shape of the diborolyl ligand, normally planar, can be altered by manipulation of

Table 2 Complexes of C3B; (1,3-diborolenyl) rings 1993-2005

Compound* Information® References
Synthesis and characterization
Mononuclear C;B, complexes (double-decker sandwiches)
Iron
Cp Fe[(CHMe,),MeC3B,E ] S, X, H, B, C, MS 28
CpFe(R;MeC;3B;Et;) (R=Et, CHMe,) S, X(CHMe;), H, B(CHMe;), C(CHMe,), 29
E(CHMe;), MS
CpFe[(CHMe,),MeC;3B,Et,] ™ ESR 29
Cp Ru(R,MeC;3B,Et,) S, H, B, C, MS 29
[Cp Ru(R,MeC3B,ER)]™ (R =Et, CHMe;) ESR 29
Cp Ru[Et;MeC3B,(CMes3),] S, H, B, C, E, MS 29
Cp (CO)Ru(Et,MeC3B,EtR) (R = Et, CMe3) S, X(CMe3), H, B, C, MS 29
Ruthenium
Cp (Me;CNC)Ru(R,R'C3B,R”) (R, R’, R”=Me, Et, Bu, S, X(Et, Et, Me; Et, Me, Me), H, B, C, MS 30
CH,SiMe3)
Cp H,Ru(R,R'C3B,R",) (R, R', R”=Me, Et, Bu, CH,SiMe;) S, H, B, C, MS 30
Cp Ru(R,R'C3B,R") (R, R’, R"=Me, Et, Bu, CH,SiMe3) S, H, B, C, MS 30
Cp Ru(=S)(Me;C3B,Me,) S, H, B, C, MS 36

5 s Dy

(Continued)

9
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Table 2 (Continued)

Compound* Information® References
Cp*Ru(PRZR’)(MC3C3B2MQ) (R=H, Me; R" =H, Ph, Me) S, H, B, C, MS 36
Cp Ru(Me;C3B,Me;,),(CS>), S, H, B, C, MS 36

Cobalt
Cp ' Co(MeEt,HC;B,Et,) S, H, B, C, MS 37
CpColeyclo-(CH;,)sMeHC;B,Me;] S, X, H, B, C, MS 31
(CO);Coleyclo-(CH,)sMeC3B,Me;,] S, X, H, B, C, MS 31

Rhodium
(CeHsR)Rh(R',R"C3B,R"") (R =Me, H; R"=Me, Et; R"=Me, S, X(Me, Me, Me, mesCH,; Me, Et, Me, 32

CMes; R” =mesCH,, Me, H) Me; Me, Me, CMes;, H; H, Et, Me, Me),
H, B, C, MS

Nickel
(CgH,)Nileyclo-(CH,)sMeHC;3B,Me,] S, X, H, B, C, MS 31
CpNi[eyclo-(CH,)eMeHC;3B,Me,] S, X, H, B, C, MS 31
(CgH12)Ni[Etz(l\’iCzCH)Cj,le\/lez] S, H, B, C, I\’IS 33
(CgH2)Ni[(H4C4)Ni(CsH12)(R,CH)C3B,Me;] (R =Me, (CH,),) S, X[CH;),], H, B, C, MS 33

Platinum
(CgH2)Pt[(H4C4)Pt(CgH;2)(R,CH)C3B,Me,] (R=Me, (CH,),) S, X(Me), H, B, C, MS 33

Dinuclear C3B, complexes (triple-decker sandwiches and related clusters)

Iron
CpCo(MeEt,C3B,Et;)Fe(5-Me-2,3,5-C3B,Hg) S, X, H, B, MS 41

Ruthenium
Cp>Ru,H(R,MeC3B,Me,) (R =Me, Et) S, H, B, C, MS 29
Cp*Ru(1\163(:31%21\/162)Rh(Et2C2B4H4) S, H, B, C, MS 39
Cp Ru(Me;C3B,Me,)Rh(C,BoH ) S, H, B, MS 39
Cp*Ru(Mc3CSBzMez)Rh(MeC3B7Hg) (Two isomers) S, X, H, B, C, MS 39
Cp*zRuz(lVie3(]3le\/Iez)H (adjacent Ru centers) S, X, H, B, C, MS 36

Cobalt
Cpc()(NlCEtzC;BzEtz)CO(C2B5H7) S, H, B, MS 40
CpCo(MeEt,C3B,Et,)Co(C,B;Hy) (Three isomers) S, X(1,10), H, B, C, MS 40
CpCo(MeEt,C3B,Et;)Co(C,BoH 1) S, X, H, B, E, MS 38
CpCo(MeEt,C3B,Et,)Co(5-Me-2,3,5-C3B;Ho) S, X, MS 41
CpCol(CH,=CMe)(CHMe,)RC3B,Me,]CoCp (R =Me, S, H, E, MS 37

MeC=CH,, CHMe,)
{CpCo[(CH,=CMe)(CHMe,)RC;3B,Me;]CoCp}™ (R =Me, S, X(MeC=CH,, CHMe,), H, B, C, MS 37
MeC=CH,, CHMe,)
CpCol(H4C4)RC;3B,Me,]CoCp (R =Me, MeC=CH,, CHMe,, S, X(CHMe,, CMe,CsHsCoCp), H, E, MS 37
CMe,CsHsCoCp)
{CpCol[(H4C4)(CHMe,)C3B,Me,]CoCp}+ S, H, B, C, MS 37
CpCol(H4C4)RC;3B,Me,]CoCp (R = cyclo-CsHy, cyclo-CsHo) S, X, H, MS 37
{CpCol[(H4C4)RC3B,Me,]CoCp} T (R = eyelo-CsH, eyelo-CsHo) S, H, B, C, MS 37
CpCo(MeEt,C3B,Et;)Co(ByH;3) S, H, B, C, MS 42
CpCo(MecEt,C3B,Et;)Co(SBoHo) S, H, B, MS 42
CpCo(MeEt,C3B,Et,)Co(S,BoHg) S, H, B, MS 42
CpCo(MeEt,C3B,Et;)Co(S,BsHsg) S, X, H, B, C, MS 42
CpCo(MecE,C3B,Et,)Fe(5-Me-2,3,5-C;B,Ho) S, X, H, B, MS 41
CpCo(MeEt,C3B,Et;) Rh(C,B;Hy) S, H, B, MS 40
CpCo(MeEt,C3B,Et;)Ni(8-Me-2,3,5-C3B,Hy) S, X, H, B, MS 41
CpCo(MeEt,C3B,Et;)Ni(C,BoH 1) S, X, H, E, MS 38

Rhodium

(Me,RC3B,Me,)Rh(Me,RC3B,Me,)Rh(CsHsMe) (R = Me, S, MS 32
mesCH,)

CpCo(MeE,C3B,Et;)Rh(C,B;Hy) S, H, B, MS 40

Cp Ru(Me;C3B,Me,)Rh(Et,C,B4H,) S, H, B, C, MS 39

(Continued)



Boron-containing Rings Ligated to Metals

Table 2 (Continued)

Compound* Information® References
Cp*RU(I\’IC3CA;B21\1€2)R}1(C2B9H11) S, H, B, MS 39
Cp*Ru(MegC3BzMez)Rh(MeC3B7Hg) (Two isomers) S, X, H, B, C, MS 39

Nickel
(C3H5)Ni(RR'R"C3B,Me,)Ni(CgH ;o) (CgH;o = 1,5-hexadiene; S, H, B, C, MS 44

R =Me, Bu, Hep; R"=Me, »-C3H5, »-C4Hg; R"=H, Me,

Hep, iHex)
CpCo(MeEt,C3B,Et;)Ni(C,BoH ) S, X, H, E, MS 38
CpCo(MeEt,C3B,Et,;)Ni(8-Me-2,3,5-C;B,Hy) S, X, H, B, MS 41

Trinuclear C3B 5 complexes (tetradecker sandwiches)

Cobalt
[CpCo(MeEt,C3B,Et;)],Ni S, H, E, MS 38

Rhodium
(Et;MeC3B,Me,)Rh(Et;MeC3B,Me,)Rh(Et,;MeC;B,Me,)Rh- S, MS 32

(C(,Hsl\’l@)

Nickel
[CpCo(MeEt,C3B,Et;)],Ni S, H, E, MS 38
{CpNi[(H4Cy)MeC3B,Me,]},Ni S, X, H 43
[CpNi(HEt,HC3B,R,)],Ni (R =H, Me) S, X(H), H, B, IR(H), MS(H) 43

Tetranuclear C3B , complexes (pentadecker sandwiches)

[Cp Ru(Me;C3B,Me,)RuCl], S, H, B, C, MS 30, 39

Polydecker sandwiches
[(RR'R"C3B,Me,)Ni](RR'R"C3B,Me,),Ni(RR'R"C;B,Me,) S, EXAFS, thermogravimetry, differential 44

calorimetry, electrical conductivity

Theoretical studies

Molecular and electronic structure calculations

Triple-decker sandwiches
CpFe(C5B;Hs) Extended Hiickel 29
CpNi(H3C3B,H,)NiCp Fenske—Hall 43

Tetradecker sandwiches
[CpNi(H3C3B,H;)],Ni Fenske-Hall 43

#Metals coordinated to C,Bgz rings are shown in boldface.

PLegend: S=synthesis, X = X-ray diffraction, H="H NMR, B=""B NMR, C = "°C NMR, F="9F NMR, P=°"P NMR, Li="Li
NMR, Pt ='9Pt NMR, IR =infrared data, MS = mass spectroscopic data, UV = UV-visible data, E = electrochemical data,

ESR = electron spin resonance data.

the metal electron count. Thus, in complex 23 which contains a formally 16¢ iron center, the ring is strongly bent out

of planarity with a dihedral angle of 41°.28 This pronounced folding, and the position of the exo-methyl group on the

unique ring carbon atom, suggest sp° hybridization on that carbon; ESR studies and EHMO calculations show that the

folding is a consequence of metal interaction with the C—B bonds.?*3® Stabilization of this 16¢ sandwich is attributed

to release of electron density by the methyl groups on the Cp” ligand. Based on the resemblance of its ''"B NMR

spectra to that of 23, the ruthenium analog of 23 was deduced to have a similarly folded C3B, ligand.?’

Et
Me,HC é
| > Me Cp*FeCl
e
Me,HC ‘?
Et

. | '
Fe Et
Me,HC s
— M
Me,HC /iB/\ ¢
|

Et
23
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12 Boron-containing Rings Ligated to Metals

Oxidative addition of hydrogen to mononuclear Cp Ru—diborolyl complexes formed the dihydride species 24,
which could not be isolated, and readily lose H, in vacuum;>® detailed variable-temperature NMR studies were
unable to distinguish between the possible classical Ru(H), and non-classical Ru(H,) structures. Acetonitrile,
CO, and other electron donors add similarly and in some cases reversibly, leading to bent structures such

Q
as 25.2930

= RuiH R Ru—(zjo
L e
=, S
R2 R2
R', R2=H, Me R', R2=H, Me
24 25

Reaction of cyclooctyne with (I,B),CHMe formed a 4,5-cyclooctadiiododiborole, which was methylated with AlMej
and the product treated with nickel or cobalt reagents to give complexes of type 26.3!

(Arene)metal(diborolyl) sandwiches, for example, 27, have been synthesized from [(C,H,4),RhCl], and diborole
derivatives.>? In general, the arene ligands in these complexes are labile on heating, as shown by the displacement of
naphthalene from 28 by benzene-dy to give 29; this lability leads to stacking with the formation of triple-decker

sandwich complexcs.32

D
Fl“’] D | D

R2

R? ) B/ Rh CqDg Rh
R1/<<_L>B)‘R3 x - B/ ~CyoHg x —B/
| B} B)_
R? | |
R'=Me, Et
R2=Me, CMe,
R3=H, Me, MesCH,
R*=H, Me
27 28 29

Novel double-deckers illustrated by 30 and 31 have been generated from 1,4-diborapentafulvene ligands.>® In 31 a
second metal center is coordinated to the B=C bond of the fulvene moiety.
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3.01.3.2 C3B; Ring Triple-decker Sandwiches and Dimers

Addition of Cp RuH to monuclear complexes Cp Ru(MeR'C3B,R,) (analogous to 23) afforded the 30e triple-decker
32.% Complexes such as 32 can be equivalently represented as seven-vertex pentagonal bipyramidal Ru,C;B,
metallacarborane clusters, suggesting that isomers of such clusters should exist in which one or both metal atoms

3435y Compounds of this type have, in fact, been

occupy equatorial vertices (as is found in dicarbon metallacarboranes
observed; thus, addition of sulfur to the mononuclear complex 33 generated 34, which on standing in hexane solution
at —20°C gave the diruthenium cluster 35 having an Ru—H-Ru bridging hydrogen, whose structure was established
by X-ray crystallography.>® One might expect that 35 could undergo polyhedral rearrangement on heating to form 36,
a process well known in M,C;B; clusters,>*3% but unfortunately 35 decomposes above 80°C.3¢ Sulfur can also be

introduced into the ring to create heterocyclic metal complexes, as is discussed in Section 3.01.9.4.

R', R2=H, Me
32

RS

Sg or Ru—mn ? /]

Rlu —_— Ru=Ss / \\
_, C3HeS T A ,
o e AR
I { I

33 34 35 36
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Paramagnetic 31¢ dicobalt triple-deckers, for example, CpCo(Et,;MeC3B,Et,)CoCp”, have been prepared from
bis(1,3-diborole) double-decker sandwiches and Cp%Co(Csz)z.‘37 Reaction of the latter reagent with benzo-1,3-
diborafulvene derivatives such as 37 afforded triple-deckers 38 and 39 whose electronic structures have been
investigated in detail.3”

\z
[0}
o_
o
\
m( )1
@
\
o)
=
D
n

B \_/ Me % CHMe, ’C'O \E
M
l <

37 38 39

Hybrid sandwich complexes containing both C3B, and C,B,, (carborane) ligands bound to a common metal center
have been known since 1989, as triple-deckers incorporating C,B; or C,By units together with C3B; rings.>® In the

period since the publication of COMC (1995), hybrids involving larger 11- and 10-vertex carborane ligands have been

prepared, as in 40 and 41.3%

42

*1 A variant on this theme is provided by the diborolyl-thiaboranyl cluster 42 and related
complexes.

Ru Y Ru
B / Co /
- >\—:B -
/:h)\ /B)\ CBﬁ

\

AN " /7/ B{L\\}/S
\
E/(’X/\\L \//\ / e \/ //\B

40 41 42

3.01.3.3 CsBs, Ring Tetradecker and Pentadecker Sandwiches

While triple-decker complexes are ubiquitous in chemistry, covalently bound molecular sandwiches having
more than three decks with the metals linearly aligned are, at this writing, restricted to complexes incorporating
C3B; or C;Bj planar rings. Soluble molecular sandwiches as large as hexadeckers have been characterized (see
Section 3.01.4.4). Since 1993, several new diborolyl Ni—Ni—Ni and Co-Ni-Co tetradeckers 43 have been
reported,ss’“

been preparcd.z'9

with structural characterization of the latter.®® A Cl,-bridged “pentadecker” complex has also
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3.01.3.4 Polydecker C3B, Ring Sandwiches

Semiconducting black polymers characterized as 44 have been prepared via slow heating of triple-decker
(allyl)nickel diborolyl triple-decker complexes.44 EXAFS studies reveal an Ni—Ni distance of 3.35 A and a powder
conductivity of ca. 107% S:em™'. When doped with iodine or oxygen, the conductivity of these polymers
decreases.

R! a
RZ/z?B)‘ R

Rl Ni
e
>\—B
R2 ?)_Ra R', R%, R3=H, alkyl
\

n
Ni
R? o
R2/<\ ?)‘HS
\
44

3.01.4 Complexes of C,B; (Triboracyclopentadienyl [Carborane]) Rings

Cyclic ligands containing more boron than carbon atoms, such as C,B3, bear a close relationship to the C3B, and C4B
ring derivatives described in the two preceding sections, yet there are major differences in their preparative routes
and reaction chemistry. Borole and diborolyl derivatives in general are stable organoboron compounds, usually
prepared via boronation of organic precursors, and exist both as free species and as ligands in metal complexes. In
contrast, planar carborane (C,B;) rings, are, with very rare exceptions, known only as covalently bound metal
n’-complexes (MC,B; or M,C,B; metallacarborane clusters), and are obtained by the extraction of the apex boron
from seven-vertex MC,B, cages.® The metal-C,B; clusters (Table 3) conceptually link the metal sandwich
complexes of the organoboron heterocycles with the metallacarboranes, and have features common to both. In this
chapter, only compounds containing planar C,B3 rings coordinated to metal centers are covered; metallacarborane
systems involving C,B, or larger ligands are treated in a separate chapter.

The preparation of small metallacarboranes having MC,B4;, MC,B;, or M,C;B3 cores has been extensively
developed by Grimes and co-workers since the early 1970s,35*75% 4nd more recently by Hosmane ez a/. for MC,B4
systcm551 (see Chapter 3.05). Metal complexes of planar C,Bj; ring ligands are of interest as building-block units for

15
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Table 3 Complexes of C,B3 rings 1993-2005

Compound* Information® References
Synthesis and characterization
Mononuclear 2,3-C>B3 complexes (double-decker sandwiches)
Iron
Cp Fe(Et,C,B;Hs) S, H, IR, MS 52
(7°-CeMee)Fe(Et,C,B3H,)-5-C=CH S, H, B, C, IR, MS 53
Ruthenium
(°-CHMe,CHyMe)Ru(Et,C,B3H,-5-Cl) S, H, C, MS 74
Cobalt
CpCo(Et,C,B3H3-4-X-6-Y) (X=Br, Y=L, X=Br, Y=H; X=1, S, H, B, C, IR, MS 52
Y=H)
CpCo(Et,C,B3H;3-4,6-X;) (X =Br, 1) S, H, B, C, IR, MS 52
CpCo(Et,C,B3H4-5-X) (X =Cl, Br, I) S, H, B, C, MS 52
E(Cl) 61
Cp Co(Et,C,B3Hs) E 54
Cp,Co™ [nido, closo-(Et,C,B3H,-5-R)Co(Et,C,B4Hy)]~ (R=H, Me) S, H, B, IR 67
cobaltocenium salts
Cp*Co(EtZCZB3H4)-S-X (X=H, Br) Cytotoxic/antitumor activity 68
Cp*Co(EtZCZB;H;)—4,6—12 Cytotoxic/antitumor activity 68
Cp Co(Et,C,B;3H;)-4,6-X, (X =CI, Br) NaH/Me,CBiNO, — closo- 63
Cp*Co(EtZCZB;)XZBr) oxidative
cage closure
Cp Co(E,C,B3H,)-5-R (R =NMe,, OCMe;) S, H, B, C, IR, MS 56
R =C=CH, C=CSiMe; S, H, B, C, IR, MS 54, 58
Cp Co(E6,C,B3H3)-4,6-(C=CSiMe;), S, H, B, C, IR, MS 72
[Cp Co(Et,C,B3H,-5-C=C)], S, H, B, C, IR, UV, MS 54
Other CP*CO(ElQCZBgHS) B-substituted derivatives 75
Other (hydrocarbon)Co(Et,C,B3) derivatives 55,57
[Cp Co(Et,C,BsH], S, X, H, B, UV, MS 59
[Cp Co(Et,C,B3H;)], (bent isomer) S, X, H, B, IR, UV 64
[Cp Co(Et,C,B3H3)], (planar isomer) S, X, H, B 64
[Cp Co(Et,C,B3H,)], (B-B connected) S, H, B 64
(>-CsH4D)Co(Et,C,B3Hs) S, H, B, C, IR, MS 57
[17°-CsH4C(0)ClCo(Et,C,B3Hs) S, H, B, C, IR, MS 60
(Et,C,B4Hy)CoH(Et,C,B;HsMe) S, H, B, UV, MS 75
(Et,C,B4H4)CoH(Et,C,B3Hy-5-72-C4Ho) S, H 65
Iridium
Cp Tr(Et,C,B3H4-4-R) (R=H, CI) S, H, B, IR, MS 662
Cp Tr(Et,C,B3H,-5-Cl) S, H, IR, MS 66a
Dinuclear 2,3-C>B3 complexes (triple-decker sandwiches)
Iron
[Cp Fe(Et,C,B3H,-5-X)CoCp 1" (n=+1, 0, —1, —2; X=H, CI, Br) S, H(correlated)(X =H), E, ESR, IR, 70
MS, Mossbauer (X =H)
[Cp*Fe(EtZCZBSHS)Con]” (n=0, -1, =2) S, H(correlated), E, ESR, IR, MS 70
Ruthenium
(n°-MeCgH4CHMe,)Ru(Et,C,B;H,Me)CoH(Et,C,B3Hs) S, H, B, UV, MS 75
(n°-MeCoH4,CHMe,)Ru(Et,C,B;H,Me)Co(Et,C,B;3Hs) S, UV, ESR, MS 75
Cp 'HRu(Et,C,B;H;)CoCp” S, H, C, IR, UV, MS 73
Molybdenum
(CO)Mo(E,C,B3H3)CoCp” S, X, H, B, C, IR, UV, MS 76
(CO)sMo(Et,C,B3H,-5-CH,Ph)CoCp” S, X, H, IR, UV, E, MS 76
T'ungsten
(CO)W(Et,C,B3H,-5-R)CoCp” (R =H, CH,Ph) S, X(H,CH,Ph), H, B(R=H), 76
C(R=H), IR, UV, E(CH,Ph)
(CO)W(Et,C,B3H;3)CoCp” Cytotoxic/antitumor activity 68

(Continued)
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Table 3 (Continued)

Compound* Information® References
Tantalum
CpCLTa(E6,C,B3H3)CoCp” S, X, H, B, C, IR, E, UV, MS 79
CpCLTa(Et,C,B3Bry)CoCp” S, X, H, B, C, MS 80
CpCl,Ta(Et,C,B;HI,)CoCp” S, H, B, MS 79, 80
CpLL'Ta(Et,C,B3H;)CoCp” (L =Me, CH,Ph; L’ =ClI, Me, S, X(Me,, CH,Ph; CI), H, B, C, IR 79
CH,Ph, CH,CMe;) UV, MS
Niobium
CpCLNb(ELC,BsH5)CoCp” S, H, B, C, IR, UV, E, MS 79
Cobalt
Cp Co(E,C,B3H,Me)CoH(Et,C,B3Hs) S, X, H, B, UV, MS 75
Cp Co(Et,C,B3H,Me)Co(Et,C,B3Hs) S, UV, ESR, MS 75
Cp Co(E,C,B3H,Me)CoH,(Et,C,B3Hs) (2 =0,1) S, UV, MS 78
CpCo(Et,C,B3Br3)CoCp S, H, B, C, MS 52
Cp*Co(CZB3H5)C0Cp* X, H(correlated) 70
Cp Co(Et,C,B3H;)CoCp” S,X,H,B,C, E 70
Cp Co[E,C,B3H-4,6-(C=CH),]|CoCp" S, H, B, C, IR, UV, MS 72
Cp Co[Et,C,B3H,-5-C= y S H, B, G, IR, UV, E, MS 54
Cp Co[E,C,B3H,-5-C=CSiMe;]CoCp™” (=0, 1, —1) IR(spectroclectrochem), UV, E 72
[Cp Co(R,C,B5H3)CoCp'l” (2=+1, 0, —1; R=H, Me, Et) S, X(Et; n=0, —1), E(Et), 70
H(correlated), B (Et), C
[CpCo(EtZCZB;,H;,)Con*]” (n=0, —1) S, X(n=0), H(correlated), B 64, 70
(1°-NC4Mey)Co(E,C,B3H;)Co(17>-NCyMey) X 77
Cp Co(Et,C,B3sH,Me)CoH,(Et,C,B4Hy) (2=0,1) S, H, UV, MS 78
Cp Co(Et,C,B3H,Me)CoH(Et,C,B4H,) S, H, B, UV, MS 75
Cp Co(Et,C,B3H,Me)Co(Et,C,B,H,) (M =CoH, Co) S, ESR, UV, MS 75
Cp Co(E,C,B3H3)Mo(CO), S, X, H, B, C, IR, UV, MS 76
Cp Co(Et,C,B3H,-5-CH,Ph)Mo(CO), S, X, H, IR, UV, E, MS 76
Cp Co(Et,C,B3H,-5-R)W(CO), (R =H, CH,Ph) S, X(H,CH,Ph), H, B(R = H), 76
C(R=H), IR, UV, E(CH,Ph)
Cp*Co(EtZCZB3H3)W(CO)4 Cytotoxic/antitumor activity 68
Cp Co(E,C,B3H3)NbCpCl, S, H, B, G, IR, E, UV, MS 79
Cp Co(E,C,B3H;)TaCl,Cp S, X, H, B, C, IR, E, UV, MS 79
Cp Co(Et,C,B;Br;)TaClLCp S, X, H, B, C, MS 80
Cp Co(Et,C,B3HI,)TaClLCp S, H, B, MS 79, 80
Cp Co(E,C,B3H3)TaCpLL' (L =Me, CH,Ph; L =ClI, Me, S, X(Me,, CH,Ph; CI), H, B, C, IR, 79
CH,Ph, CH,CMe;) UV, MS
[Cp Co(Et,C,B3H,-5-X)Fe(Cp)]” (n=+1,0, —1, =2, X=H, CI, Br) S, H(correlated)(X =H), E, ESR, IR, 70
MS, Méssbauer (X =H)
[CpcO(Et2C2B3H3)FeCp*]ﬂ (n=0, -1, =2) S, H(correlated), E, ESR, IR, MS 70
Cp ' Co(Et,C,B3H;)RuHCp” S, H, G, IR, UV, MS 73
(Et,C,B3Hs)CoH(Et,C,B3H,Me)Ru(7°-MeCH4,CHMe,) S, H, B, UV, MS 75
(Et,C,B3H5)Co(Et,C,BsH,Me)Ru(®-MeCgH4CHMe,) S, H, B, UV, MS 75
Cp Co(E,C,B3H4-4-CHIrCp” S, H, B, UV, MS 66a
Cp Co(E6,C,B3Me3)Ni(Et,C,B4H,) S, H, B, UV, MS 75
Other Co(C;B3)M triple-decker complexes 72
Iridium
Cp Tr(Et,C,B3H4-4-CHCoCp” S, H, B, UV, MS 66a
Cp Tr(Et,C,B3H,-4-CDHIrCp” S, X(I), H, B, IR, UV, MS 66a
Nickel
(E6,C,B4H)Ni(Et,C,B3Me;)CoCp” S, H, B, UV, MS 75
Trinuclear 2,3-C5B5 complexes (tetradecker sandwiches)
Molybdenum
[Cp " Co(Et,C,B3H3)],Mo(CO), S, X, H, B,C, IR, E, UV 76
Ruthenium
Cp " Co(Et,C,B3H,-5-CRu(E,C,B3H-4,5-Cl,)CoCp” E, ESR 84
[(7°-MeCoH,CHMe,)Ru(Et,C,B3H,-5-X)],Co (X = Me, Cl) S, X(Me), H, IR, UV, MS 74

(Continued)

17



18

Boron-containing Rings Ligated to Metals

Table 3 (Continued)

Compound* Information® References
[(7°-MeCoH,CHMe,)Ru(Et,C,B3H,-5-Cl)],CoH S, H, G, IR, UV, MS 74
(1°-MeCeH,CHMe,)Ru(Et,C,B3H,-5-Me)Co(Et,C,B3H,-5- S, X, IR, UV, MS 74

EoRu(7>-MeCH,CHMe,)
[(7°-MeCsHsCHMe,)Ru(Et,C,BsMes)],Co S, IR, UV, MS 74
Other Ru tetradecker sandwiches 74

Cobalt
Cp Co(Et,C,B3H,Me)Co(E,C,B3H,Me)CoH(Et,C,B3Hs) S, UV, ESR, MS 75
Cp Co(Et,C,B3H,Me)Co(Et,C,BsH,Me)CoH(Et,C,B4H,) S, UV, ESR, MS 75
Cp Co(E6,C,B3H,Me)Ni(Et,C,B3H,Me)CoH(Et,C,B4H,) S, H, B, UV, MS 75
[Cp Co(Et,C,B3H,-5-X)],Co [X =H, Me, CI, Br, C(O)Me, E 84

CH,C=CMe]
[Cp " Co(Et,C,B3H3)],Mo(CO), S, X, H, B, G, IR, E, UV 76
[Cp " Co(Et,C,B3H,-5-R)],FeH (R =Me, Cl) S, UV, ESR, MS, oxidative 83
fusion — Co,C4Bg clusters
Cp Co(E,C,B3H,4-5-C)RhH(Et,C,B3H4-5-CHCoCp S, H, UV, MS 66a
[Cp " Co(Et,C,B3H4-5-R),RhH (R =H, CI) S, X(Cl), H, B, C, IR, UV, MS 82
Cp Co(E,C,B3H,-5-Cl)Co(Et,C,B3H,-5-CHCoCp” S, H, UV, MS 66a
Cp Tr(Et,C,B3H,-5-CHRhH(E t,C,B3H,-5-CHIrCp” S, H, UV, MS 66a
Cp Tr(Et,C,B3H,-5-CHRhH(E t,C,B3H,-5-C1)CoCp” S, H, UV, MS 66a
Cp Co(E6,C,B3H,4-5-CHIr(Et,C,BsH4-5-CHCoCp” S, H, UV, MS 66a
[Cp Co(Et,C,B3H-4,5-Cl,)],Ni S, H, B, C, E, Ms 84
[Cp*Co(EtzCngFClz)]zNi S(electrochem), H, F, E, MS 84
Cp Co(E,C,B3H,-5-CRu(E,C,B3H-4,5-Cl,)CoCp” E, ESR 84
[(7°-MeCsH,CHMe,)Ru(E6,C,B3H,-5-X)],Co (X = Me, Cl) S, X(Me), H, IR, UV, MS 74
[(7°-MeCoH,CHMe,)Ru(Et,C,B3H,-5-Cl)],CoH S, H, G, IR, UV, MS 74
(°-MeCH4CHMe,)Ru(Et,C,B3H,-5-Me)Co(Et,C,B3H,-5- S, X, IR, UV, MS 74
EtRu(*-MeCsH,CHMe,)
[(7°-MeCsHsCHMe,)Ru(Et,C,BsMes;)],Co S, IR, UV, MS 74
Cp Co(E,C,B3H,-5-CRhH(E6,C,B3Hy-5-CDIrCp S, H, UV, MS 66a
Cp Co(Et,C,B3H,-5-Cl)RhH(E t,C,B3H,-5-C1)CoCp” S, H, UV, MS 66a
[Cp " Co(Et,C,B;3H,-5-R),RhH (R =H, Cl) S, X(Cl), H, B, C, IR, UV, MS 82

Rhodium
Cp " Co(Et,C,B3H,4-5-C)RhH(E6,C,B3Hy-5-CDIrCp S, H, UV, MS 66a
Cp Co(E,C,B3H,4-5-Cl)RhH(Et,C,B3H4-5-CCoCp” S, H, UV, MS 66a
[Cp Co(Et,C,B3sH4-5-R),RhH (R =H, CI) S, X(Cl), H, B, C, IR, UV, MS 82
Cp Tr(Et,C,B3H,-5-CHRhH(E t,C,B3H,-5-CDHIrCp” S, H, UV, MS 66a
Cp Tr(Et,C,B3H,-5-CHRhH(E t,C,B3H,-5-C1)CoCp” S, H, UV, MS 66a

Iridium
Cp Co(Et,C,B3H,-5-CDHIr(Et,C,B3H,-5-Cl)CoCp” S, H, UV, MS 66a
Cp Ir(Et,C,B3H,-5-CHRhH(E t,C,B3H,-5-CDHIrCp” S, H, UV, MS 66a
Cp Ir(Et,C,B3H4-5-CHRhH(E,C,B3H,-5-Cl)CoCp” S, H, UV, MS 66a

Nickel
[Cp Co(Et,C,B3H-4,5-Cl,)],Ni S, H, B, C, E, Ms 84
[Cp*Co(EtZCZBSFCIZ)]ZNi S(electrochem), H, F, E, MS 84
[(7°-MeCsHsCHMe,)Ru(Et,C,BsMes)],Ni S, IR, UV, MS 74

Tetranuclear 2,3-C,B; complexes (pentadecker sandwiches)

Cp " Co(Et,C,B3H,Me)CoH(Et,C,BsH;)Co(Et,C,BsH;)CoCp” S, UV, ESR, MS 85

Cp " Co(Et,C,B3H,Me)CoH(Et,C,B;H;)CoH,(Et,C,BsH,Me)CoCp™ S, H, B, UV, ESR (2=0), MS 85
(n=0,1)

Cp Co(Et,C,B3H,Me)CoH(Et,C,B3H3)Ni(Et,C,B3H,Me)CoCp S, H, UV, ESR, MS 85

Pentanuclear 2,3-C,B; complexes (hexadecker sandwiches)

Cp " Co(Et,C,B3H,-5-Me)CoH,(Et,C,B3H3)Co(Et,C,B3H3) S, X(z=1), H, UV, ESR, MS 78,85
Co(Et,C,B3H,-5-Me)CoCp™ (2 =0,1)

Cp " Co(Et,C,B3H,-5-Me)CoH(Et,C,B3H3)Co(Et,C,B3Hj) S, X, UV, ESR, MS 85

CoH(Et,C,B3H,-5-Me)CoCp”

(Continued)
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Table 3 (Continued)

Compound* Information® References
Cp Co(Et,C,B3H,-5- S, UV, ESR, MS 85
Me)Co(Et,C,B3H;)Pt(Et,C,B3H3)Co(Et,C,B3H3)CoCp”
Other Co(C;B3)-containing hexadecker sandwiches 85
Linked sandwiches and multisandwich assemblies
Molybdenum
[(Et,C,B3;Hs)Mo(CO),],(u-Br), S, H, B, IR, UV 76
Cobalt
[(Et,C,B3H35)Co(°CsMe,~C=C)], S, H, MS 55
[(-CH,C35Me4)Co(Et,C,B3H,4-5-X)], (X=H, ClI, Br, I) S, H, B, UV, MS 59
1,3-[Cp Co(2',3'-Et,C,B3H3)Co(ip* -CsHy),-5-(nido- S, H, B, C, IR, UV, MS 57
Et,C,B;Hs)Co(y® -CsHy)CsHs
1,4—(EtZCZBgHs)Co(;15—C5Me4—CEC)]ZC(,H4 (phenylene-bridged) S, X, H, B, C, MS 55
nido-(Et,C,B3H;3-4-R-5-R")Co(CsMey)-CoHy- S, H,B 87
(CSI\/IC4)CO[(EtzCngHg-“-R”-S-R’”)
(R, R, R", R"” =H, Cl, Br, Me) phenylene-bridged
[”i[/O-(EthZB3H4I{)COle(C6H4)LCO(EtzCZBg,HzR)- E 61
M(Et,C,B3H,R)CoL],(CeHy) (2=1, 3, 5; L =5°-CsMey;
M = Co, Ni; R=CI, Me)
nido-, closo-M[(Et,C,B3H-4-R-5-R")Co(CsMey4)-CoHy- S, X(Co); R,R"=Cl; R"=H), H, B, 87
(CsMey)Co(Et,C,B3H4-R")], UV, MS(FAB)
(R, R’, R"=H, CI, Me; M = Co, CoH, Ni) phenylene-bridged
nido-, closo-[(Et,C,B3;H4Cl)Co(CsMey)],[(CsMey)Co- S, MS(FAB) 87
(Et,C,B3H,ClCo(Et,C,B;H,Cl)Co(CsMey)]3(CeHy)s
phenylene-bridged
Other nido-CoC,B; phenylene-bridged complexes 87
1,3,5-[(2’,3’-Et2CZB3H3)C0(115- 2sH4)15CoH;3 benzene-centered S, X, H, B, C, IR, UV, MS 57
E 72
1,3,5-[Cp Co(Et,C,B3H,-5-C=C)]5C4H; benzene-centered S, H, B, C, IR, UV, MS 54, 58
1,3,5—[Cp;C02(2',3'—EtZCZBgHZ—S—C:C)]3C(,H3 benzene-centered S, X, H, B, C, IR, UV, E, MS 58, 54
tris(triple-decker sandwich)
Other #ido-CoC,B; benzene-centered complexes 55
[m'd()—(EtZCZB3H4-S-MC)CO(115-C5H4)]Z fulvalene-bridged S, H, B 87
nido-, closo-[(Et,CyB3H4-5-Me)Co(n°>-CsHy),Cos(Et,C,B3H,-5- S, H, UV, MS(FAB) 87
NIC)Z(nS—C5H4)]Z fulvalene-bridged
DAB-dendrimer-{[(5>-CsH,;NHC(0))]Co(Et,C,B;Hs)}, S, H, B, C, IR, UV, E, MS 60
(n=16, 32)
[(EtzCzB4H4)CO(Et2C2B3H3-S-ﬂ-C4H9)Ru]4 S, X, H, MS 65
Theoretical studies
Molecular and electronic structure calculations
CpCo(2,3-C,B;Hs)CoCp Extended Hiickel 72

#Metals coordinated to C4B rings are shown in boldface.

PLegend: S =synthesis, X = X-ray diffraction, H="H NMR, B=""B NMR, C="3C NMR, F="9F NMR, P=°"P NMR, Li="Li
NMR, Pt = "95Pt NMR, IR = infrared data, MS = mass spectroscopic data, UV = UV-visible data, E = electrochemical data,

ESR = electron spin resonance data.

constructing extended systems having tunable electronic properties. As discussed below, these are of two general

types: multidecker stacks consisting of parallel C,B; rings coordinated to face-bonded metal atoms, and covalently
linked arrays in which small metallacarborane clusters are linked by hydrocarbon chains or rings.

3.01.4.1 C,B3 Ring Double-decker Sandwiches

One approach to the synthesis of linked MC,B4 or MC,B3; metallacarboranes is via B-substituted derivatives contain-
ing reactive substituents such as halogens or alkynyl. Following earlier work,>* systematic methods for regiospecific
halogenation®? and introduction of alkynyl groups®*®* have been published. These methods allow selective syntheses
of C,B3 complexes that are functionalized at the middle boron [B(5)] or the end borons [B(4,6)] (see 45-49).52

19
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The B-halogenated derivatives, in turn, allow direct introduction of alkynyl and other functional groups; desilyla-
tion and linkage affords dimers linked by dialkynyl chains:>*>°

Other B-substituted derivatives of metal-C,B3 complexes have been prepared by reducing Co™C,By clusters to
19¢ Co™ species that, in turn, undergo radical reactions with electrophiles and nucleophiles. The MC,By clusters
obtained have OH, OR, or NH; substituents on the center equatorial boron [B(5)]; removal of the apex BH affords
the corresponding metal-C,B3 complexes.®®

Species functionalized at boron, such as S0-53, have also been prepared from the corresponding MC,By c/oso
clusters via the removal of the apex BH unit (decapitation) with TMEDA.5*3” The same approach has been
employed to link CoC,B; units to benzene or other arenes:>>® As shown in the following subsection, di- and

trinuclear complexes such as 53 and 54 are easily converted to multi-triple-decker sandwich systems.

H H
4 ZH\ 74
NG —=B=1"p— \—C—B-~r" — i - -f'r'\ —_—
0BTl cizn-c=C-SiMe, <So=Bt T SiMe; Gigs—=—H
i ] Bu,NF ]
Co N Co _— Co
i, PA(PPhg),
2. g 2.
50 51 52 CICH,C(O)Me
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Other modes of linkage of metal-C,B; complexes have been demonstrated. For example, metal-promoted
connection of monomeric species yielded dimers connected by a single B-B bond S5 or in more complex fashion
56-58 as revealed by X-ray crystallography.> Other polymetallacarborane assemblies that incorporate planar C,Bj
end rings have been constructed by linking metal-bound cyclopentadienyl ligands.>”

© Co

H H H Co
He 0.5 CoCl \ oy ,B—|—Cf\ N M
B 07 c=—B—pB Bi-n—C CcB=B Mo |
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\/C_lBH szco ~—C | BH \H/H ~C | E\\B\B‘/BEC“

Co Co Co HoH
55 56
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CoBgB—I *
~¢C NiBr, ! /

57
al H H H
Ho HH kB'H HH \_ B
\_c—Bog__ cMH [B—pH —B —pn
\Ecisf c AB ~—C—B

Co THF
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Organic functional groups can also be placed on the Cp ligands in CpMC,B; complexes, e.g., 59,°C and this
approach has been exploited to generate metallodendrimers such as 60 [DAB-32 = diaminobutane-dend(NH)3,].%°
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The electrochemical®*®! and chemical redox behavior of metal-C,B; complexes has been studied in detail. The

oxidation of [Cp*Co(EtZC2B3H3X2)]_ anions to the (loso—Cp*Co(EtZCZBngBr) products 61, predicted from electron-
counting theory,ﬁz‘62€l provided the first experimental demonstration of a #ido—closo conversion in a six-vertex cluster

system.®> The process shown is reversible; reduction of 61 (X =Br) with lithium naphthalencide regenerated the
open CoC,B3 cluster.®

x

w ©
X"B%gEB N // N\ LB
~ VT~

do Me,CBrNO, \ Y, //\/

| X=Cl, Br |
= ==

61

Metal-promoted fusion or linkage of anionic CoC,;B; complexes affords exceedingly rich and varied chemistry.
Thus, FeCl,-promoted oxidative face-to-face fusion gave Co,C4Bg clusters 62. With NiBr,, the product was a B-B
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linked dimer 57 as noted above, while CoX, (X=CI, Br, I) generated tetradecker sandwich products (see Section
3.01.4.3).5

\

©
E/CE-E-EB—I FeClz \\ é /\\
% /

Oxidative fusion of the nido-, closo-cobaltacarborane 63, which has both C,B; and C,B, ligands, yielded the Ru,Coy
tetramer 64 whose structure was confirmed crystallographically.6s

. c
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The extensively developed chemistry of cobalt—-C,B; complexes has been extended to the remaining
cobalt group metals. Following an earlier preparation of Cp Rh(Et,C,B3Hs),%® the iridium analogs
Cp Tr(Et,C,B3H4~X) (X=H, Cl) have been synthesized66ﬂ and used to construct mixed metal cobalt group
tetradecker sandwiches (see below). Mixed sandwich cobaltocenium—metallacarborane salts 65 have been
prepared and characterized.®”

B.Q_I—p 5 C=C-C,Hs
Jeor LT eeen

B

65

Several metal complexes of planar C,B; ligands have been shown to have significant cytotoxicity against lymphoma

and leukemia cells in both cultures and solid tumors.®®

23



24

Boron-containing Rings Ligated to Metals

3.01.4.2 C,B; Ring Triple-decker Sandwiches

The study of isolable, robust transition metal multidecker sandwiches began with the synthesis and isolation of
isomeric CpCo(RR’C,B;H;3)CoCp complexes, which were the first examples of neutral, air-stable triple-decker
compounds.®® Extensive development of this area continued through the period covered by COMC (1982)
and COMC (1995), and more recently has been extended in new directions, as is apparent from the compounds
listed in Table 3. These studies include detailed electronic probes, new structural modes such as sandwiches
endcapped by open C;Bj rings and linked triple-deckers, and the synthesis of extended chains. Paramagnetic
triple-deckers such as the Fe'Co™ species 66, whose NMR spectra are ordinarily uninformative because the signals
are shifted over very broad ranges of frequencies, have been characterized by NMR methods in which the neutral
paramagnetic species are gradually reduced and/or oxidized to diamagnetic anions or cations, allowing the paramag-
netic spectra to be interpreted via correlation diagrams.”®”! This is illustrated in Figure 2, where the "H NMR signals
of neutral paramagnetic Cp Fe(Et,C,B3H3)CoCp” (29 ve) vary from ca. +20 to —10 ppm; on stepwise reduction to
the diamagnetic 30 ve monoanion via exposure of the solution to a potassium mirror, the signals are compressed to a
much smaller range, and are readily assigned to the ethyl (A,C), FcCp* (D), and Con* (B) protons. Further reduction
of the anion, or oxidation of the neutral complex, yields the paramagnetic dianion and the paramagnetic monocation,
respectively. The slopes of the correlations are proportional to the degree to which the various proton environments
are influenced by the addition or subtraction of electron density to the complex. Thus, it is clear that in the Fe™Co™
neutral species the unpaired electron resides mainly on Fe, whereas in the Fe"Co' dianion it is primarily located on

Figure 2 Correlation diagram for 'H NMR spectra of Cp Fe(Et,C.B3sHs)CoCp’ in CDCls (for the oxidation) and THF-dg
(for the reductions), showing ¢ plotted vs. mole fraction of the paramagnetic component (fp).7° Reproduced with permission of
the American Chemical Society.
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the cobalt center.” ESR, Méssbauer, and electrochemical data further illuminate the electronic structures of this and

other related multidecker complexes.””

66

Methods for introducing functional groups into Co(C,B3)M triple-deckers, important in many synthetic strategies
for constructing multicage oligomers and polymers (Section 3.01.4.5), have been developed with the synthesis of
B-alkynyl and B-halo derivatives.’>>*7? Hydridometal triple-deckers have also been synthesized.”
bridged triple-decker and larger carborane sandwich complexes that have arene,”*” CO,” pyrrolyl,””

as end ligands have been prepared and characterized (see Table 3); complex 67 is typical.76

Carborane-
or other groups

OC Co

OC\

BH

e
Co
67

Triple-decker sandwiches that are capped at one or both ends by C,B; rings are important synthons for the

construction of larger stacks via coordination to metal ions (see the following subsection), and many of these have

879,80

been synthesized and their reactivity investigated.”>”® Bent triple-deckers such as 6 that resemble bent

metallocene complexes have been prepared, structurally characterized, and shown to be amenable to the introduction

of halo- and organosubsitutuents at boron.%°
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Triple-decker sandwiches of type 69 containing central metal-metal linkages and having C,B; or C,B,4 end ligands

have been synthesized.”®

3.01.4.3 C,Bj3 Ring Tetradecker Sandwiches

During the 1990s, rational methods for the construction of C,;Bs-bridged tetradecker and larger sandwiches were
developed in the author’s group. In these syntheses, anionic stacks having an open C,B3 end ring are face-bonded to a

© Co

central metal ion 70,602-81,82

R\’C S:ﬁ' R\%H
R"‘C\QB/B—X R—Cc 2B —X
HI M H|
Co M

R\'C gt

R—_C\B/\B_X
"

M =Co, CoH, Ni, Ru Co

X=H, Cl, Br, I, Me, C(O)Me, CH,C=CMe
R=alkyl, SiMe,

70

6a

Heterotrimetallic sandwiches involving all three cobalt group metals 71-73 have been prepared and isolated:*%® other

tetradecker types synthesized recently include bent,”® arf:nc—endCappcd,74 and (]2B3—endcappcd75 sandwiches

74-76.
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Iron-centered tetradecker sandwiches, when in contact with oxygen on silica, undergo oxidative fusion with
ejection of iron to generate 12-vertex Co,CyBg clusters.®® The cluster geometry, however, depends on the nature
of the substituent X at B(3) in the iron sandwich. When X =H or ClI, the isolated species are of type 62, also obtained
directly from CoC,B; complexes as described in Section 3.01.4.1;%* when X =Me, the cluster produced is 77.54

The electronic properties of C,Bs-bridged tetradecker (and larger) sandwich complexes have been examined via
clectrochemical, ESR, and other methods. In general, it was found that in paramagnetic species the unpaired

electron(s) are largely delocalized over the three metal centers.5*

3.01.4.4 C,B;3 Ring Pentadecker and Hexadecker Sandwiches

Covalently bonded sandwiches having five or six decks 78, 79 have been constructed via the reactions of C,Bs-
endcapped anions with transition metal cations:"®®° the hexadeckers vary in metal composition, in the nature of
the substituents on boron (X), in the number of protonated metal centers, and in the number of electrons
associated with the metals. Some of these complexes are diamagnetic, but most are paramagnetic with one or two

unpaired electrons, in most cases extensively delocalized over the stack as shown by ESR and electrochemical

studies.®®

27



28

Boron-containing Rings Ligated to Metals

Co
é,Me
o7 B O
*’ ~CTC
Clo CI)o,CoH
X r 7 2- X
B RSP
\/‘C_Cv B~ ~C=C_
] BB !
v > v
'\l/I M2+, 02 \/C | ~ Nll
- N M = Co, Ni Co " M2+, 0, B/<BDX\ B
D) ~Me N
\/CTCIV X ©) Béﬁ M= Co, Pt \/CTC’\/
C.O BB \/C]—C\/ CoH
/Bﬂﬂg e Co “ éiﬂ%
B Ce b
—C~ ~ LT 0
Co L ] Co
@ B=B,BH X=H,Me %j\
78 79

3.01.4.5 C,B;3 Ring Multisandwich Assemblies

The general air stability, solubility in hydrocarbons, and electronic properties of the C,B;-bridged multidecker
sandwich complexes (e.g., 80, 81) suggest possible nanoelectronic applications including, for example, conducting
or semiconducting polymers that can be tailored to have specified combinations of properties. *>*¢*88¢ Oligomers
and polymers of several different architectural types have been constructed and characterized, in some of which the
individual sandwich or cluster units are directly linked via the B-B or C-C bonds, while others are connected by
alkenyl, alkynyl, thionyl, or other connecting groups. In the fulvalene-bridged oligomer 82,87 clectrochemical data
suggest extensive electron delocalization through the entire chain,®® while in 83, whose bridging phenylene rings are
tilted out of the Cp ring planes, there is little communication between the individual tetradecker stacks.’’ Some
insight into the electronic properties of poly(multidecker sandwich) complexes such as 80 and related systems has
been gained through detailed electrochemical, UV-visible, and theoretical studies.”
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3.01.5 Complexes of CsB (Borabenzene and Boratabenzene) Rings

The formal addition of H™, or more generally R™, to neutral, Sm-electron HsCsB (borabenzene, Figure 1) affords
HsCsBR™ (boratabenzene) anions, which feature 6m-electron planar rings and are electronically analogous to cyclo-
pentadieneide ion; indeed, Fe(HsCsB-Me), resembles ferrocene in its chemical properties.89 Like CsHs ™, borata-
benzene ligands face-bond to metal ions to form stable molecular sandwich complexes (Table 4), and thus have
attracted attention as potentially valuable alternatives to metallocene-based catalysts for ethylene polymerization and
in other applications.gg‘()0 In the interval since the publication of COMC (1995), the field has expanded markedly

Table 4 Complexes of CsB, CgB, and C;B rings 1993-2005

Compound* Information® References

Synthesis and characterization
Mononuclear CsB complexes (double-decker sandwiches)
Lithium

Li(OC4Hg) " Li(HsCsBH), ™ S,X,H, B, C 125
[Me,N(CH,)3sNMe,]Li" (HsCsB-NR,)™ (R =Me, Et) S, X(Me) 91

(tmeda)Li" (Me;HgCoB-NMe,) ™ chiral a-pinene boratabenzene S, X, H, B, C, Li 122
(tmeda)LLi" (Me3HgCqoB-Me) ™ pinene-fused dihydroborinine S, X, H, B, C 123

(Continued)
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Table 4 (Continued)

Compound* Information® References
(18-crown-6)K*(HsCsB-NPh,)~ (B-N 7-bonding stronger than B-P S, X 112
m-bonding)
(18-crown-6)K*(HsCsB-PPh,)~ (B-P 7-bonding stronger than B— S, X 112
P m-bonding)
(tmeda)Li"(HoC;3B-Ph)~ 9-boraanthracene complex S, X,H, B, C 107
Sodium
Nat(H5;CsB-CH=CH-C4H,~CH=CHPh)~ boratastilbene S, UV 130
complex
Na," [(HSCSB—CH*CH)ZC(,HAJZ’ boratastilbene complex S, X, UV 130
Scandium
[Sc(HsCsB-Me),],(u-Cl), S, X, H,B,C 120
[Se(3,5-Me,H;CsB-NMe,),],(u-Cl), S, X, H, B, C 120
CISc[3,5-Me,H3CsB-N(SiMe;), 1, S, X, H,B,C 120
Ph,(C4HgO)Sc(HsCsB-Ph) S, X, H, B, C 98
Ph(C4HgO)Sc(HsCsB-Ph), S, H, B, C 98
Titanium
CI;Ti(HsCsB-Me) S, X, H, B, C, E, MS 119
oyclo-(C1,M)N(CMe;)SiMe,[H,CsB-N(CHMe,),] (M =Zr, Th) S, X(Zr), H, B, C 109
constrained-geometry catalysts for C,Hy polymerization
[(Me;Si),N], Ti'" (HsCsB—Ph) S, X, IR 118
(H;C5B-Me)Ti(Hs;CsB-Me) S, X, H, B, C, IR 144
(bicyclo-HgCoB-Me)Ti(HsCsB-Me) S, H, B, G, IR 144
[He(Me3Si)C;B-Me)Ti(HsCsB-Me) S, X, H, B, C, IR 144
Zirconium
Cl3Zr(HsCsB-Me) S, H, B, C, MS 119
Cl,Zr(HsCsB-Me), S, X, H, B, C, E, MS 119
Cp'ClLZr(HsCsB-Me) S, X, H, B, C, E, MS 119
(eyclo-RC=C=C=CR)Zr(H5CsB-X), [X = N(CHMe,, Ph)] S, X, H, C 114
(HyCyB-Ph)Zr(HsCsB-Ph) boratanaphthalene S, X, H, C 114
Cl,Zr(H5C5B),(1-MeNCH,CH,NMe) (chiral) barrier to S, X, H, C 115
conformational equilibrium
Cl,Zr(HsCsB-OErt), catalyst for conversion of C,H S, X 99
to 1-alkenes)
ClL,Zr(p-RH4CsB-Y), [R=H, Y=N(CHMe;,),;; R=H, Y=Ph; X(CMes,Ph), H, B, C, MS 100
R =CMej;, Y=Ph] catalysts for oligomerization of C,Hy in the
presence of MAO
(]p*(IIZZr[H5C5BfN(CHMez)Z] catalyst for polymerization of S, X 103
C,Hy in the presence of MAO
Cl,Zr[HsCsB-N(CHMe;),], catalyst for polymerization of C,H, in S, X 103
the presence of MAO
Me,Zr[HsCsB-N(CHMe,),], catalyst for polymerization of C,H, S 103
in the presence of MAO
X,Zr[-H4CsB-N(CHMe,),](u-CH,CH;) (X = ClI, Me) catalyst for S, X(Me), H, B, C, MS 106
polymerization of alkenes in the presence of MAO
Cl,Zr[-H,CsB-N(CHMe;),](u-SiMe,) catalyst for polymerization S, H, B, C, MS 106
of alkenes in the presence of MAO
Cl,Zr[-H,CsB-N(CHMe;),](u-CMe;) catalyst for polymerization S, X, H, B, C, MS 106
of alkenes in the presence of MAO
ClyZx(exofexo-MesHgCoB-X) (X=NMe,, OMe, Me) chiral S, X(NMe,), H, B, C, MS 124
pinene-fused boratabenzene complexes
Me,Zr(exo/exo-Me3;HgCoB-NMe,) chiral pinene-fused S, H, B, C, MS 124
boratabenzene complexes
Cp ' Me,Zr(HsCsB-R) (R =NMe,, OEt, Ph) S, H, B, C, E(OEvt) 113
Cp Me[MeB(CeFs)3]Zr(HsCsB-R) (R =NMe,, OEt, Ph) S, X(NMe,, Ph), H(var. temp., NMe,, 113
Ph), B,C, F
Cp'(CO),Zr(HsCsB-R) (R =NMe,, OEt, Me, Ph) S, H, B, G, IR 113

(Continued)
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Table 4 (Continued)
Compound* Information® References
(CO),Zr(HsCsB-R), (R=NMe,, OEt, Me, Ph) S, H, B, C, IR 113
Cl,Zr(HsCsB-R), (R=NMe,, Me) S, E 113
Cl,Zr(HsCsB-OR), (R = ¢yclo-CgH 3, Ph, CH,Ph) catalyst for S, X(Ph), H, B, C 105
oligomerization of C,Hy in the presence of MAO

Cl,Zr(H5CsB-OR)(p-cyclo-CeHy ) S, X,H, B, C 105

Cl,Zr(H5C5B-O-)(u-binap) catalyst for oligomerization of C,H, in S, H, B, C 105
the presence of MAO

Cp'ClLZr(HsCsB-Me) S, X, H, B, C 105

Cp Cl,Zr(HsCsB-OEt- AlMes) S, X,H, B, C 105

Cl,Zr(H5CsB-R), (R =Me, Ph) catalyst for oligomerization of S 105
C,Hy in the presence of MAO

Cp'ClLZr(HsCsB-Me) S, H, B, C, MS 119

Cp*CIZZr(HSCSB—Ph) catalyst for polymerization of C,Hy in the S, H, B, C 107
presence of MAO

Cl,Zr(H5sCsB-R), (R =Ph, OE¢) catalyst for conversion of C,H, to 104
branched polyolefins in the presence of MAO

Cp*Zr(H7CgB—R) [R=NEt,, N(CHMe,),] boratanaphthalene S, X(CHMe;,),, H, B, C, MS 116

Cp*MeZZr(chlg,B—Ph) 9-boraanthracene S, H, B, C 107

Cp*CIZZr(HngB—Ph) 9-boraanthracene catalyst for S, X, H, B, C 107
polymerization of C,Hy in the presence of MAO

(PhCH,);Zr(H;CsB-CH,Ph) S, H, B, C 98

(PhCH,;),Zxr(HsCsB—CH,Ph), catalyst for polymerization of C,Hy S, H, B, C 98
in the presence of MAO or B(CgFs)s,

(Me,N)3;Zr(HsCsB-NMe,) S, X, H, B, C 98
Hafnium
CL;Hf(HsCsB-Me) S, H, B, C, MS 119
CLHf(HsCsB-Me), S, H, B, C, MS 119
(PhCH,);Hf(HsCsB—CH,Ph) S, X, H, B, C 98
Tantalum
(Ph3;H4Cy)Me, Ta(HsCsB-Me) S,X,H, C 117
(C4Hg)Cp Ta[HsCsB-N(CHMe,),] S, X, H, C 117
Chromium
(CO);Cr[(SiMe3)H,CsB—(oxazoline)] single stereoisomer S, X, H 126
Cr(HsCsB-R); (R=Me, NMe,, Ph) co-catalysts for C,Hy, S, X(Me, NMe,), H, IR 102
polymerization with MAO or B(C¢Fs)3

Cl,(MesP)Cr(HsCsB-Me) co-catalysts for C,Hy polymerization S, X, H, IR 102
with MAO or B(CgFs)3

[MeCr(HsCsB-Me)],(1-Cl), (R=Me, NMe,, Ph) co-catalysts for S, X, H, IR 102
C,Hy polymerization with MAO or B(C¢Fs)3

(H5CsN)R,Cr(HsCsB-R) (R =Ph, Me) co-catalysts for C,Hy S, X, H, B, IR 102
polymerization with MAO or B(C¢Fs);

L,(Me;P)Cr(HsCsB-R) (L. = Me, Ph) co-catalysts for C,Hy S, X, H, B 101
polymerization with MAO or B(C¢Fs);

[MeB(C¢Fs)s]T [Me(Me;sP),Cr(HsCsB-Me)] ™ S,X,H, B 101

Manganese
(CO);sMn[HsCsB-NRR'] (R, R"=CHMe,),; R=Me, R’ =Bz) S, X(Me, Bz), H (var. temp), B, C, MS 111

B-N bond rotation studied
(CO);Mn(Me;HgCoB-NMey,) chiral pinene-fused boratabenzene S, H, B, C, MS 124
complex

Tron
(CeMeg)Fe(HsCsB-R) (R =Me, Ph, NEt,) S, X(Me), H, ESR, E, MS 127
(1°-CeMe;)Fe(HsCsB-R) (R =Me, Ph, NEt,) S,H,B,C, E 127
(°-CeMegH)Fe(HsCsB-R) S, H 127
(CeMeg)Fe(HsCsB-OH) S, H, ESR, E, MS 127
[(CeMeg)Fe(HsCsB-R)]* (R =Me, Ph, NEt,, OH) S, X(Me), H, B, C, IR, E 127

(Continued)
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Table 4 (Continued)
Compound* Information® References
(ChMe(,)Fe(n‘f—H;MeCsB—Ph) (Three isomers) S, H,B,C, IR, E 127
(CeMeg)Fe(i-HCsB-Ph) (Two isomers) S, H, B, C, IR 127
Fe(HsCsB),(1-MeNCH,CH,NMe) (chiral) barrier to S, X, H, C 115
conformational equilibrium

Fe[Hs;CsB-NRR'], (R, R"=CHMe,; R=Me, R’ =Bz) B-N bond S, H (var. temp), B, C, MS 111
rotation studied

Cp*Fe(fXO/fﬂJO—I\’IC:gHgC]OB—X) (X=NMe,, OMe, Me) chiral S, X(exo-NMe,), H, B, C, MS 124
pinene-fused boratabenzene complexes

Ruthenium
Cp Ru(HsCsB-R) (R =NMe,, OMe, Me) S, H, B, C 131
Cp Ru(H;CsB-Me) S, H, B, C, E, MS 132
Cp*Ru(H7ch—Mc) boratanaphthalene S, X, H, B, C, MS 116

Rhodium
[Cp Rh(HsCsB-Me)]* S, H,C 131
(C,Hy4),Rh(H5CsB-R) (R =Ph, NMe;,) S, X, H, catalysis of (¢yclo-C;Me,OBO) 110

to (¢yclo-C,;Me,OB{(CH;);Me}O)

Germanium
Ge(Hs;CsB-Me), S, H, B, C, MS 121

Tin
Sn(H;CsB-Me), S, H, B, C, MS 121

Lead
Pb(HsCsB-Me), S, X, H, B, C, Pb, MS 121
Pb(Hs5CsB-Me), - L. (L. = tmeda, bipyridyl) S, X(bipyr), H, B, C, Pb, MS 121

Dinuclear CsB complexes (triple-decker sandwiches and dimers)

Tron
[Cp Fe(HsCsB-Me)FeCp'1™ S, X, B, E, UV, MS 132
[Cp Fe(HsCsB-Me)MCp 1" (M =Ru, Rh, Ir) S, B, E, UV, MS 132
[Cp 'Fe(HsCsB-Me)MCp 1" (M =Rh, Ir) S,H,C 132

Ruthenium
[Cp Ru(HsCsB-Me)RuCp'1* S,X,H, B, C 131
[Cp Ru(HsCsB-Me)RhCp 1** S, H, B, C 131
[Cp Fe(HsCsB-Me)RuCp']* S, B, E, UV, MS 132
Cp*tRu[HSCSB—C:C(C5H4)F¢:Cp]Jr nonlinear optics application S, X, H, G, IR, UV, E, hyper-Rayleigh 20

scattering
~obalt
1,4-[CpCo(H5CsB)],CsHy (phenylene-linked) S, X, H, B, C, IR, E, MAG 128

Rhodium
[(CgH,)Rh(HsCsB-Me)Rh(CgH ;)] " S, X, B, H 132
[Cp Fe(HsCsB-Me)RhCp']" S, B, E, UV, MS 132
[Cp Fe(HsCsB-Me)RhCp 12" S, H,C 132
[Cp Ru(HsCsB-Me)RhCp ** S,H,B,C 131
Cp*Rh[HSCSB—C:C(C5H4)FeCp]+ nonlinear optics application S, X(Rh), H, C, IR, UV, E, hyper- 20

Rayleigh scattering

Iridium
[Cp Fe(HsCsB-Me)IrCp 1+ S, B, E, UV, MS 132
[Cp Fe(HsCsB-Me)IrCp 12+ S,H,C 132
Cp*Ir[HSCSB—CEC(C5H4)FCCP]+ nonlinear optics application S, X(Rh), H, C, IR, UV, E, hyper- 20

Rayleigh scattering

CgB complexes

Molybdenum
(HeCsB-R)Mo(CO); [R =H, OMe, OH, N(CHMe;),, N(CH,)s, S, X[N(CHMe,),l, H, B, C, IR, MS 142

N(CgH 1)z, NMeCH,Ph, Oy,,] borepin complexes

(Continued)
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Table 4 (Continued)

Compound* Information® References

OB complexes
(H,C;B-Me)Ti(HsCsB-Me) S, X, H, B, C, IR 144
[He(Me3SHC7B-Me] Ti(HsCsB-Me) S, X, H, B, C, IR 144

s Ly s Dy Ly

Theoretical studies

Catalytic activity calculations

[(7]()-H5(15B)-CNICZ-(HG-C(,HS)I\’I[](HCZCH)Z]Jr (M = Zr, Hf) Conversion of C,Hy to linear a-olefins, 108
C,Hy trimerization (DFT)

@Metals coordinated to C,B rings are shown in boldface.

PLegend: S =synthesis, X = X-ray diffraction, H="H NMR, B=""B NMR, C="°C NMR, F="9F NMR, P=°"P NMR, Li="Li
NMR, Pt = '9Pt NMR, IR = infrared data, MS = mass spectroscopic data, UV = UV-visible data, E = electrochemical data,
ESR = electron spin resonance data.

through contributions from Herberich, Ashe, Bazan, Fu, and others. A significant advance during this period was the
discovery of a more efficient route to borabenzene derivatives that utilizes metal-promoted electrocyclic ring closure
of 2,4-pentadienylborane intermediates.” ™3 An earlier method, involving the hydrostannation of 1,4-pentadiynes to
form stannacyclohexadienes that are converted to boratabenzenes on reaction with boron halides, has been extended
to generate a variety of new HsCsBR™ derivatives®>9+7

Bazan and co-workers have found that boratabenzene complexes can be generated from base-substituted boraben-
98

that are available as ligands in metal sandwich complexes.

zene precursors via intramolecular nucleophilic substitution:

@ B—R L= PMeS, CSHE,N
B—L + L/MR, — < >
// |

\ R=Ph, CH,Ph
ML’ Ry M=Sc, Zr, Hf

3.01.5.1 CsB Ring Double-decker Sandwiches

Considerable effort has been directed to the study of early transition metal boratabenzene complexes in catalysis.
Bazan has explored Cl,Zr(HsCsB-R), sandwiches 84 as co-catalysts with MAO in the conversion of ethylene to
1-alkenes.”® 192 The catalytic properties of these complexes toward C,H, in the presence of MAO can be tuned by
varying the substituent X on boron. Thus, when X is N(CHMe,),, the product is high molecular weight polyethy-
lene; 129193 more electrophilic substituents promote faster S-hydrogen elimination, leading to 1-alkenes and dimers
thereof.!%’ A different approach employing 84-type complexes in combination with silicon-bridged titanium species
85 as co-catalysts with MAO converts ethylene to branched polyolcfins.104 The catalytic activity of B-alkoxy and
B-aryloxy derivatives of type 84 (with MAO) toward ethylene varies considerably with the choice of X; 1-alkenes are
the predominant products, but when the two X groups are replaced by a 1,2-#rans-cyclohexanediol bridge, polyethylene
is generated.los Other zirconium-boratabenzene complexes that have been explored as olefin polymerization
co-catalysts with MAO include bridgedm6 and borataanthracene!” derivatives 86, 87.

cl
~Cl' X=Ph, N(CHMe,), /
R=H, CMe,
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/ |
= 5 — N(CHMe,), _ 8
)
; _X X =Ph, N(CHMe,), |
"~y R=H, CMe, Zr
A
B —~N(CHMe,),
86106 87107

The activity of CMe,-bridged Zr(I1) and Hf(II) boratabenzene cationic complexes toward ethylene trimerization
has been explored computationally using a gradient-corrected DF'T" approach; the Zr species was calculated to be a
highly efficient catalyst, exceeding the efficiency of the corresponding Cp system.108

Constrained-geometry catalysts for C,H,4 polymerization 88 that are counterparts of well-known ansa-metallocene
systems have been prepared and shown to be active, in combination with MAO, toward polymerization of ethylene;

the product is almost entirely polyethylene, with ca. 1% of 1-octene obtained. The titanium complex was found to be

four times as active as the zirconium species.109
B —N(CHMe,),
MBZSi \ cl
M
VM
N )
/ M=Ti, Zr
CMey
88

Late transition metal boratabenzene complexes can catalyze C-H activation; thus, the bis(ethylene)rhodium
derivatives (HsCsB—R)Rh(C,Hy), (R=Ph, NMe,) promote boration of alkanes faster than does the Cp* analog
Cp 'Rh(C,Hy),, although the boratabenzene compounds are thermally less stable.!1?

The molecular and electronic structures and bonding interactions in boratabenzene—transition metal sandwich
complexes have been explored in detail. The rate of exocyclic B-N bond rotation in B-amino manganese and
iron complexes has been measured via variable-temperature NMR spectroscopy, and was found to be strongly
influenced by the electron-withdrawing power of the metal.'! Thus, in (CO);Mn(HsCsB-NMeCH,Ph),
NMR and X-ray diffraction data show that the B-N binding is much stronger than the B-Mn interaction. A
crystallographic study comparing P-B and N-B 7-bonding in phosphido- and amidoboratabenzene salts revealed
that the B-N interaction is significantly strongcr,112 a finding that correlates with their respective chemical
reactivities.

Bazan and co-workers have probed the electron-donating abilities of various boratabenzenes as ligands in zwitter-
ionic zirconium complexes 89 which undergo ion-pair dissociation/recombination in solution, and in dicarbonyl
sandwiches 90, 91.183 In this study, changes in electron density at the metal as a function of the boron substituent
were measured via variable-temperature NMR, electrochemical, infrared (IR), and crystallographic evidence, and
applied to the tuning of boratabenzene catalysts for olefin polymerization. As in other studies, the authors concluded
that this “tunability” in boratabenzene complexes confers the advantage of greater versatility than that of standard
metallocene catalysts.

The bis(trimethylphosphino)zirconium complex 92 undergoes unusual reactions with alkynf:s.114 With diynes,
metallocyclic products 93 are formed, whereas acetylene affords 94 whose nonplanar boratanaphthalene ligand is
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coordinated to Zr via both CsB rings. In 94 the bridgehead carbon is close to Zr (2.39 A)andis presumably bound to it,
making this carbon atom pentacoordinate.5!'* Ashe and co-workers have prepared chiral bis(boratabenzene) iron
and zirconium complexes in which the two boron atoms are linked by MeNCH,CH,NMe chains, and determined the
barrier to the interconversion of the enantiomers, which is higher than that of the Cp analogs.115

g—R _R
@ R = NMe,, OEt, Ph @ @B
\ _co

&* Zr Zr 7Zr

-~
Me- B(Cer ~co y ~co
i@ﬁg & B,

, o= R-C=C-C=C-R @\/ PMe, H-C=C-H_ \
/ < c= / ' PMe, QW
@ R=Me, Et, Ph (/
B—pr —R Ph
92

93 94

Boratanaphthalene complexes of ruthenium and zirconium 95, 96 have been synthesized by Ashe and co-workers. 16

In 96 the binding of the metal to the CsB ring is unsymmetrical, with very long Zr-B and Zr-bridgehead carbon
distances suggesting little or no bonding interaction. In related work, (tribenzyldimethane)Ta(boratabenzene) com-
plexes that are counterparts of well-known Cp systems have been synthesized and structurally characterized.'t?
The Cp-boratabenzene analogy has also been pursued in the preparation of Ti(i) complexes such as

[(Me;Si),N1, Ti"(H;CsB-Ph), which is inactive in promoting C,H, polymerization.!!®

N(CHMey,),

95

Since 1993 a number of advances in boratabenzene—metal chemistry have been reported from Herberich’s
laboratory. Complexes of the type CIsM(HsCsBMe) and CpClI,M(HsCsBMe) (M =T, Zr, Hf) were prepared from
the metal tetrachlorides and MCI;Cp reagents, respectively,!'? while monomeric and dimeric scandium—borataben-
zene complexes were obtained from ScCl; and Li(HsCsB-R) salts [R =N(SiMe3), or NMeZ].IZU Extension of this
field to the p-block elements has been accomplished with the synthesis and characterization of the species
M(H;5CsBMe), (M = Ge, Sn, Pb), all of which have bent-sandwich structures.'?!

Metal complexes of pinene-fused boratabenzene ligands, analogous to chiral metallocenes that have found
application in catalysis and enantioselective synthesis, have been prcpared.lzz_124 With late transition metals such
as Mn and Fe, the complexes are obtained as mixtures of diastereomers (e.g., 97) with the sterically less congested exo
form predominating, but the bis(ligand) Zr complex 98 was obtained as the pure exo,exo product.124 A lithium
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bis(1-H-boratabenzene) sandwich'® and an enantiomerically pure Li complex have also been synthesized.'?* In a

different approach, Fu ¢ a/. prepared a planar-chiral Lewis acid complex 99 as a single steroisomer.'2¢
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97 98 99

T'he electronic structure of boratabenzene complexes has been a focus of interest. A family of electron-rich 19-valence
electron iron sandwiches (e.g., 100) was prepared via reaction of CpFe(arene) complexes with organic halides and oxidized
to their 18¢ diamagnetic cations.'?” The structures of the cations are markedly different from the neutral species, with the
arene ligand adopting, for example, a boat conformation in 100 and an inverted boat conformation in the cation 100™. This
finding illustrates the effect of the “extra” electron in paramagnetic 100, which appears from ESR data to occupy a
predominantly metallic antibonding #"(34,.) orbital. On treatment with NaBH,, the B-phenylated cation