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Abstract

The amine exchange reaction between [?j‘sZG’-MBzC(Cst;)(CgB10H10)]M(NM62)2
M = Zr, Hf, Ti) and N, N’-dimethylethylenediamine or N,
N’-dimethylpropane-1,3-diamine gave [%°:6-Me2C(CsHa)(C2B1oH o) IM-
[7-N(Me)(CH,);N(Me)] (M = Zr, Ti) or [5°:0-Me;C(CsH)(CyB1gH 0)]M-
[qz-N(Me)(CHz)gN(Me)] (M= Zr, Hf, Ti) in good yields. The metal-nitrogen bonds in
these group 4 metal diamide complexes were very reactive toward unsaturated polar
organic substrates, such as RNC, RNCS, RNCO, R-N=C=N-R and RCN to give
multiple insertion products. The carbodiimide and XyINC (Xyl = 2,6-Me,CgH3)
insertion products [ns:a—MeQC(C5H4)(C2B10H10)]M-
[ -N(Me)(CH2)sN(Me)C(=NR)NR] (M = Zr, R = 'Pr, Cy; M = Hf, R = Cy) and
[7”:0-Me>C(CsHa)(C2B1oH 10)IM- [72:72-N(Xyl)=CN(Me )X CH,):N(Me)C=N(Xyl)] (M
= Zr, Hf) also showed reactivities toward unsaturated molecules, resulting in the
de-insertion of carbodiimide and XyINC. Different reactivity patterns were observed,
depending on the nature of metal atoms and substrates.

[17°:0-MexC(CsHa)(C2B1oH10)1Zi{77-82C:B1oHio](NHMez),  was  prepared by
amine elimination reaction between [ns:a~Me2C(C5H4)(C2B.on)]Zr(NMez)z and
1,2-(HS);-1,2-C3B1gHio. It underwent ligand substitution reaction with );(yINC to

generate [??5IO’-MCzC(CsHa)(CzBlon)]ZI‘[??Z-SQCZBmHio] [2,6-(CH3)2C5H3N=C]2 and
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reacted with THF to give ring opening product [P?S:O'-MCQC(C5H4)(CZB|()H;ﬁ)]ZI'-
[7°-S2CB1oH10][0-O(CH2)sNHMe;]. Zirconium-promoted nucleophilic reaction of
dimethylamine with various kinds of unsaturated polar organic substrates, such as
PhCN, PhNCO, "BuNCS and MA were studied.

Direct deboration of group 4 metal carboranyl complexes was achieved by
reactions  of [’?5:U'MCZC(C5H4)(C2B]OH]O)]M(NMGQ)Q M = Zr, Hf,
[1°:5-Me2C(CsHe)(C2B1oH10))Zr(NMez); or [17°:0-HyC(C13Hg)(CaB1oH 10))Zr(NMey),
with  excess diamines. The resultant metal dicarbollide complexes
[17°:7°-Me;C(CsHa)(C2BoHi0)] Zt [*-N(Me)(CH,),NH(Me)] and
[ryszryﬁ-MeQC(CsH4)(CgB9H1o)]Zr[rf~N(Me)(CH2)3NH(Me)] were active toward
unsaturated molecules, like "BuNCS, Pr-N=C=N-Pr and "BuNC, to give
mono-insertion products. [1°:7°-Me,C(CsHa)(C2BoH 10)]Zr[#>-N(Me)(CHz)sNH(Me)]
was able to be deprotonated by "Buli to give a lithium salt
{[7°:7°-MeaC(CsHa)(C2BoH 10))Zr[#*-N(Me)(CH;)sN(Me)Li]};. It reacted with
[HNEt;][BPhy] to afford cationic zirconium species
[{175:né-Me2C(C5H4)(C2B9H1g)}Zr{rfz-NH(Me)(CHngH(Me)}][BPh4]. The dichloro
species [{1?5:nﬁ-MezC(C5H4)(C2B9Hw)}MClg][Li(DME)g] (M = Zr, Hf) were reduced
by sodium metal to produce a new class of metallacarbornes bearing arachno-n°-C,Bg

tetraanion.
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[#:0-MeyC(CsHa)(CaBioH 10) IM(NMes)z (M = Zr, Hf, Ti) I N,N° -~ 2 — ik
B NN-Z— RN TR ERRAZ RN UL 87 18 3B
[7°:6-MerC(CsHa)(CaB 1oHig)IM[7-N(Me)(CH2),N(Me)] (M = Zr, Ti) =
[7°:0-Me2C(CsHa(CaB1oH10)IM[172-N(Me ) CH,}:N(Me)| (M= Zr, Hf, Ti). X5
&R IEELEDIMEB-ABIEEEE, LSk E el HURY.,
MR, REERE. RERE, BA_VikslEseyRLE RN, BEE
AT . Hhmi —WRERUE 26 - FEEXRIFEANTY
[7°:6-Me2C(CsHa)(CaB 1gH10)IM[77°-N(Me)(CH2);N(Me)C(=NR)NR] (M = Zr, R = 'Pr,
Cy, M = Hf R = Cy M [17°:0-MeaC(CsHa)(CaB1oH 1) M-
(7% -N(Xyl)=CN(Me)(CH)sN(Me)C=N(Xy1)] (M = Zr, Hf) BT DL FIAHFES) &
RN, ANRECE Y B BRBRIC A 2,6- —HER R HRVRFER R
T-& B EFREDPER .

[17°:6-MeaC(CsH )N CoB o) Zr[77-S:CBgHol(NHMey), | LU i 3¢
[17°:6-MexC(CsHa)(CaB1oHi0)]Zr(NMeg), FH 1,2-(HS)z-1,2-C2B1oHio 2 18] B 1% i B
KNSR BRI 2,6 B EE R R AR KR RN E T
[17°:0-MeaC(CsHa)(CaB 1oH 1)) Zt[77-S2CaB1oH10] [2,6-(CH3 ), CsHaN=C]5, 4 7T LLFN

2 o om R N B B OF R W [5:0-MeyC(CsH)(CoB o)) Zr
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[77-S2C:B1oH10)[0-O(CH2)ANHMe,) . BIARFHEERER T, —PIETURTE
WEAMAEY, W EE, XEME, T EFRARELAFAHRTAEL
A SRAL IR S

B IUHE & B BRI 5L &4 [ :0-Me; C(CsHa)(CoB1oH o) ]M(NMes), (M = Zr,
Hf) ' [rgs:a—Me2C(C9H6)(C2BmH]o)]Zr(NMez)z 17}

[17°:0-HaC(C13Hg)(C2B1oH10)]1Zr(NMe,), 7] LA B 2 Al B ) = & A Bt R 5

7 ®8 &€ B W W x #* & ¥ . H F
[7°:7°-Mes C(CsHa)(CoBsHi )] Zr[*-N(Me)(CH,),NH(Me)] )4

[ :7°-Mes C(CsH)(CaBoH 10) 1 Zr[#*-N(Me)(CH,);NH(Me)] T LURAH 4 F, 4
METESFEME, —SNEBRL - ERRETESERERN, B35
ATEY) . LB (7 n°-MeaC(CsH)(CoBeH 1)) Zr[n2-N(Me) CH,)sNH(Me) | 0] BATE
TRERAMERT 57T 1052084 £ ({1 5°-MepC(CsHa)(C2BgH ) Zr-
[7"-N(Me)(CH2):N(Me)Lil}2, ELE IR EM = 248 8 R A IS ME s
W) [ :7°-MeC(CsHa)(CaBoH0)} Zr {>-NH(Me)(CH,):NH(Me)} | [BPhy] - B 1l 4%
& I8 —E A5 :7°-MeaC(CsH)(CaBoH ) )MCLJ[Li(DME);] (M = Zr, Hf) 1] B4
BEBMEEER —EFNSERMESTE RS SR AWK+ -0

3 MRS P



Abbreviation

br broad

“Bul.i n-butyl lithium

‘Bu tert-butyl

Bn Benzyl

CAd carbon-atom-adjacent

CAp carbon-atom-apart

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl

Cy cyclohexyl

d doublet (NMR)

DCC dicyclohexylcarbodiimide

DIC diisopropylcarbodiimide

dd doublet of doublets (NMR)

DME dimethoxyethane

DMEDA N,N’-dimethylethylenediamine

DMPDA N,N’-dimethyl-1,3-propanediamine

Et ethyl

Et,O diethyl ether

IR infrared spectroscopy

m multiplet (NMR)

M metal

Me methyl

NMR nuclear magnetic resonance
spectroscopy
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Ph
PPN
"Pr

Pr

THF
T™S
XS

Xyl

phenyl
bis(triphenylphosphine)iminium cation
n-propyl

iso-propyl

pyridine

singlet (NMR)

triplet (NMR)

tetrahydrofuran

trimethylsilyl

excess

2,6-dimethylphenyl
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Chapter 1. Introduction

Carboranes are a class of boron hydride clusters in which one or more polyhedral
boron vertices are replaced by carbon atoms.] Generally, these electron-deficient
compounds can be classified into four classes, closo, nido, arachno, and hypho,
according to the number of skeletal electrons and vertices.” Compared to the borane
analogues, carboranes are usually highly stable toward moisture and air. They are
also thermally stable and robust. For example, the neutral icosahedral carborane cage
can be heated to 600 °C without decomposition, and the C;Bg-cage ions remain
unchanged after several hours of heating in acidic or basic solution.? These properties
make carboranes potentially good ligands in organometallic chemistry, and progress
in the chemistry of group 4 metal carborane complexes is presented in the following
sections.

It 1s noted that in the following schemes a black dot in the polyhedrons represents
a carbon atom, a hollow black dot stands for a C(H) vertex, a solid white circle
stands for a boron atom, an open circle is for H atom and unlabelled vertex in the
polyhedrons represents a B(H) vertex. If a vertex contains an atom other than B and

C, the heteroatom ts shown explicitly.

1.1. Group 4 Metal Complexes Bearing nido-C;B, Ligands

The dicarbollide ligand [CngH“]Z', which was first prepared in 1960s by
Hawthorne from the deboration reaction of o-carborane with KOH/MeOH,! is
isolobal and isoelectronic to Cp.> It can coordinate to the metal centers in an
#’-fashion by contributing six delocalized z-electrons to the metal center and serve as
good inorganic x ligand, initiating the metallacarborane chemistry.S



The first group 4 metallacarborane [(C2H5)4N][3-(1}8-C3H8)-3-Ti-1,2-C2B9H11]
was reported by Hawthomne in 1976, from the reaction of [(CgHg)TiCl], with
Na,C,BgHyj, followed by cation exchange with (C;Hs)sNBr. This Ti(IIl) complex
can be oxidized to the neutral air stable Ti(IV) species 3—(q8-CgHg)-3-Ti-l,2-C2B9H11.

These transformations were summarized in Scheme 1.1.7

Scheme 1.1. Synthesis of titanacarborane 3-(1;:8-C3H3)-3-Ti-1,2-C2B9H11.

*—C 112 (CgHg)TiCly o

e — CH ] \Y
+ Ti Ti
o —B - . b O, ;
LA
unlabelled vertex — BH

Besides salt metathesis reaction, alkane elimination is also useful in the synthesis
of group 4 metallacarboranes. Reactions between neutral C;BgH,y3, which contains
two acidic protons, and Cp*,ZrMe; or (etmep),ZrMe; (etmep = CsMeyEt) in pentane,
afforded the monomethyl complexes Cp*,ZrMe(C;BgH)2) or (etmep)ZrMe(C3BsH 5)
in high yield (Scheme 1.2). But single crystal structure of (etmcp),ZtMe(C2BgH )
revealed that the [(etmcp);ZrMe]” cation bonds to the [C;BsH)3]" anion solely
through a Zr-H-B bond to a terminal hydride on the nido-C,B; face instead of the
n’-manner. It was regarded that the bulky peralkylcyclopentadienyl ligand prevents
the approach of the carborane anion to the metal. These two neutral Zr complexes
can catalyze ethylene polymerization under mild conditions.®

Other group 4 metal alkyl complexes with one Cp ligand,
[(Cp*)(C2BsH 1 )M(Me)),,, were synthesized from the equimolar reaction of C,BoH s
with Cp*MMe; (M = Zr, Hf) in aromatic solvents. These metal alkyl complexes can
catalyze the polymerization of ethylene and oligomerization of propylene. Also, it

can form THF adducts {Cp*)(C2BoH 1)M(Me)(THF) which do not undergo exchange

2



with free THF on the NMR time scale at 23 °C. Both the Zr and Hf complexes react
with 2-butyne to give the monomeric alkenyl complexes
(Cp*HCyBoH, DM[C(Me)=CMe;]. Furthermore, they can undergo methane
elimination to afford the methylidene-bridged complexes

[(Cp*{C2BsH 1)Ma(u-CHy) (Scheme 1.3).%

Scheme 1.2. Synthesis of zirconocene carborane complexes Cp*,ZrMe(C,BoH;2) and

(etmcp);;ZrMc (CZBQH 1 2) .

R R
H H ﬁ/
Zr/Me . er,Me
R R
R = Me, Et

Scheme 1.3. Synthesis and reactivity of group 4 metal alkyl complexes

[(Cp* )(CngH 11 )MMC] ne




The structure of [(Cp*)(CaBoH;)Hf(Me)], was reported later. It does not adopt a
polymeric  structure  rather an  unsymmetrical  dinuclear  structure
(qS-Cp‘)(qs-CngHl1)Hf(y-ry2:n3-C2BgH1[)Hf(qS-Cp*)Mez. This Hf species can react
with H, to yield the hafnium hydride complex
(CpM)(-CaBoH HI(u-n" 7' -CoBoH 1) HF(Cp*)H,  which  can  catalyze  the

hydrogenation of internal alkynes to cis-alkenes (Scheme 1.4).%"°

Scheme L4. Synthesis of hafnium hydride

(Cp*)(7°-C2BoH 1 YHE(u-1 ' -CoBoH 1) HE(Cp* H.

{(Cp™)(7-CaBgHq1)Hf}(u-CHy)

The titanium analogue was also studied. The reaction of an equimolar amount of
Cp*TiMe; with C;BgH;3 resulted in the formation of a l14-electron Ti(IV) species
(Cp*)(°-CaBoH 1 )TiMe. X-ray studies revealed that the titanium dicarbollide
complex adopts a bent metallocene structure, in contrast to the dinuclear structures
found in Hf analogues. Each metallocene unit is linked by weak Ti-H-B interactions
to form polymeric chain. Different from the Zr and Hf analogues, it is not thermally
stable and decomposes at 23 °C to yield a monomeric fulvene complex
(7°-CsMesCHa) Ti(y-CaBoH 1), rather than a binuclear species
{(Cp™)(%°-C,BgHy)Ti} (u-CH,). This result shows the high degree of steric hindrance
in the Ti complex. The Ti alkyl complex forms labile adducts with PMe; and THF.

Insertion of CH;CN afforded (Cp*)(#°-C,BoH 1) TiN=CMe;)(CH:CN), which loses



CH3CN upon recrystallization, and reacts with ethylene to afford insertion product
(n°-Cp*)(n°-C,BgH )TiEt and propene. It can also react with CO (0.5 -1 atm) in
toluene to yield a mixture of Cp*(#’:n'-8-CHMeO-CyBsH;o)Ti  and
(Cp*)(i° ' -4-CHMeO-C;BgH 0) Ti in a molar ratio of 1:4. Both complexes contain a
linked carborane-alkoxide ligand but differ in the site at the central boron of the C;B;
open face. *C labeling experiment shows that the formation of acyl complex
(Cp*)(°-C2BoH ) TIC(=0)Me occurred first, then rearrangement took place to give
the B-H bond activation products. Further treatment of
Cp*(i°:n'-4-CHMeQ-C,BsH ) Ti with CH3CN afforded the CH3;CN coordination
complex Cp*(:n'-4-CHMeO-C3BoH o) TiINCMe), which has been structurally

characterized. These transformations are summarized in Scheme 1.5.1113

Scheme 1.5. Synthesis and reactivity of titanacarborane (Cp*)(5°-CaBoH ;) TiMe.

ﬁ/ NCCH, 7{; ;@’ e
FAN
Cl‘h\ I A"’ea
HH 7?/ %67‘%/
@ +CP*MME3 TI_Me _C:C_l 'TI\%\




The first example of group 4 metal complex incorporating both porphyrin and
nido-CyBy ligand was synthesized by Hawthorne in 1992. This mixed sandwich
complex (OEP)Zr(#’-C,BoH;1) (OEP = dianion of octaethylporphyrin) was obtained
from the simple metathesis reaction between (OEP)ZrCl, and [nido-7,8-C;BoHy > in

refluxing THF (Scheme 1.6).

Scheme 1.6. Synthesis of (OEP)Zr(r’-C2BsH; ).

Amine elimination reactions of C;BoH 3 and M(NR)s (M = Ti, Zr; R = Me, Et)
yielded the half sandwich complexes (P?S-CngH]1)M(NR2)2(HNR2). X-ray analyses
revealed that (5°-CoBoH,)Zr(NEt:),(HNEt;) adopts a three-legged piano stool
geometry with one »’-bound dicarbollyl ligand and three nitrogen atoms.
(17°-C3BoH 1 1)Zr(NEt,),(HNEt;) underwent facile ligand substitution with THF,
4-picoline, and reacted selectively with 2 equiv of [HoNE]Cl to give

(7°-C2BoH, 1)ZrCLy(HNE), (Scheme 1.7)."°

Scheme 1.7. Synthesis of group 4 metallacarboranes.
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Our group has studied the effects of cage carbon substitutions on bonding
interactions between the dicarbollide and the metal ion and on the reactivity of the
resulting metallacarboranes using (C¢HsCH,),CoBoHo™ and [0-CeHy(CHa)2]C2BoHo™
as ligands. Interaction of MCI(THF); (M = Zr, Hf) with 1 equiv of
[(CeH5CH,),CaBoHgINay(THF), in THF afforded the bis(carboranyl) complexes
{1t P -[(CeHsCH),CaBsHo b, MCI(THE)} {Na(THF)3}, rather than the half sandwich
complexes (Scheme 1.8). Treatment of (C¢HsCH2):C2BoH)y with M(NEt;)s (M = Ti,
Zr) in toluene gave monocarboranyl complexes
[#*-(CsHsCH2)C2BoHoIM(NEL),(HNEL,) (M = Ti, Zr) in good yields (Scheme 1.9).
When a less bulky yct rigid moiety of o-xylylene was used, a bent-metallocene type
complexes [{o-C¢Ha(CH3)23CaBoHg:M(THF), (M = Zr, Hf) was obtained from the
reaction of MCIly(THF), with [{0-C¢Hs(CH):}CoBoHg]Nay(THF), in toluene

(Scheme 1.10).'¢

Scheme L8. Synthesis of bis(carboranyl) complexes

{7 n*-[(CeHsCH,);C2BoHg ,MCI(THF) } {Na(THF )3}

_.Na(THF);
Ph 3
Ph Ph
M~
2 [Nay| MCl(THF),  THF
Ph ¥~ Ph
Ph
M =Zr, Hf

Group 4 metal complexes containing constrained-geometry ligands have attracted
considerable attention because they are very active catalysts for copolymerization of
a-olefins. Kang and co-workers reported the first constrained-geometry complex

[7:4"-RC,BsHe-CHNMe, | TiCly (R = Me, H) and [#°:7'-C2BgHy-CHNMe, M (M



= Ti, Zr, Hf), in which the central metal atoms were in the formal oxidation state of
+4. These metallacarboranes were obtained from the reaction of deprotonated ligand
[rido-7-NMe,;CH,-7,8-RCyBoHg]> with MCly in THF. The structure of the
full-sandwich zirconacarborane [ryszf?]-CngH9-CH2NMez]ZZr was confirmed by
single-crystal ~ X-ray  analyses (Scheme 1.11)."7 The titanacarboranes
[??Slﬂ]—RCngI‘Ig-CHgNMCz]TiCIZ (R = Me, H) exhibit moderate catalytic activities
for ethylene polymerization in the presence of MAO."” Hosmane and coworkers
reported the synthesis of other constrained-geometry group 4 metal complexes
[ :n'-CoBoH o-CH;NHIMCI(THF), M = Zr, n = 1; Ti, n = 0). These
metallacarboranes were obtained from a 1:1 molar reaction of triple salt of the
[nido—'?-(NHCHz)—T,8—C2}39Hm]3' trianion with MCl; in THF, whose structures have

not been confirmed by X-ray analyses yet (Scheme 1.12).'%

Scheme 1.9 Synthesis of monocarboranyl complexes

[#*-(CsHsCH;)C,BoHy ]M(NEL )(HNEL,).
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Scheme 1.10. Synthesis of bent-metallocene of complexes

[ {O-C5H4(CH2)2} CngHg]gM(THF)g.

AN
Bw
= MCI(THF),  THF-M-THF
zl"' [Na '




Scheme 1.11. Synthesis of constrained-geometry complexes containing

[nido-7-NMe,CH,-7,8-RC,BoHg]* ligands.
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Scheme LI2. Synthesis of constrained-geometry complexes
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Kang and coworkers also reported the preparation of multidentate dicarbollide
ligand nido-7,8-(NMe,CH;3),-7,8-CaBoHjy, and the corresponding group 4
metallacarboranes. Interaction of nido-7,8-H(NM¢,CH»),-7,8-C;BgH;;  with
Ti(NMej)4 in toluene afforded the half-sandwich complex
[7°:1'-(NMe,CH,),C2BoHoCH;NMe,] Ti(NMey),. This titanacarborane reacted with
0.5 equiv of Ti(NMey); and 1.5 equiv of water to give oxo-bridged trimetallic
complex [1°:n'-{(NMe,CH)C2BsHoCHoNMe; } Ti(NMe)p-1°-O-Ti(NMe,), (Scheme

1.13).



Scheme 1.13. Synthesis of titanacarboranes containing multidentate dicarbollide

ligand [nido-7,8-(NMe;CHy)-7,8-C2BoH o).
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The Kang’s group reported various types of constrained-geometry complexes in
2005. Reaction of the potassium salt of ligand [nido-?-NBzz(CHg)z-8-C2B9H10]2'
with ZxCly gave the constrained-geometry complex
[(7°-RC2BoHo)(CH,)a2(5' -NBz)]ZrCl, (R = Me, H). Reaction of
nido-7-HNBz;(CH;);-8-C;BgH;; with Ti(NMe,)s afforded the titanium amide
complex [(7°-RCyBoHo)(CHa)a(n'-NBz)] Ti(NMe,), which can be converted to the
corresponding chloride species [(7°-RC2BoHo)(CHa)a(n'-NBzp)]TiCl, by treatment
with TMSCI. These titanium dichloride species undergo unusual B,N-cyclization
reaction to generate an exocyclic dicarbollide
exo0-B,N-nido-7,11-NBz;(CH;),-8-R-7,8-C,BoHg (R = Me, H) when reacted with O,.
In contrast, the reaction of the dicarbollide with Zr(NMe,); gave the untethered
half-sandwich metallacarborane [(7°-RC;yBoHo)(CHa),(NBz2)]Zr(NMe,),(NHMe,), in
which the dibenzylamine sidearm was not coordinated to the Zr metal, which was

presumably owing to the steric interaction between the dibenzyl unit and the



dicarbollyl  ligand  (Scheme 1.14)*® The sterically less hindered
mono-benzylamino-dicarbollide ligand reacted with ZrCly in toluene to give the
constrained-geometry  complex [(ﬂs-CH3C2B9H9)(CH2)2(I?] -NBz,)]ZrClL(THF)

(Scheme 1.15).%°

Scheme 1.14. Synthesis and reactivity of group 4 metallacarboranes containing

[nde-T-NBZz(CHz)z-S—CngH10]2‘ ligand.
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Scheme 1.15. Synthesis of constrained-geometry complex

[(7°-CH3C3BsHs)(CHy )a(7'-NBz3)| ZrCly(THF).
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Interaction of 7-Me;N(H)CH;CH;-7,8-CoBoHpy with M{CH,TMS)4 in toluene
gave the C-H bond activation products

[7":0:7°- {MeN(CH,)CH,CH, } C;BgH o ]M(CH,TMS)THF) (M = Zr, Hf). Insertion



of diphenylacetylene into the Hf-C bond and subsequent elimination of SiMes
generated a new metallacychc complex
[6:0:7" :7°- {{CH) [(CH)PhC=CPh]N(CH,),C,BoH 0} JH(THF). On the other hand,
treatment of 7-Me;N(H)YCH;CH»-7,8-CoBoH,; with Zr(CH>Ph)s in refluxing DME
gave the C-H/C-O bond activation species
[{#":6:7°-{MeN(CH,)CH,CH,|C,BoH 0} Zr(s:n' -OCH,CH,OCH;)J;,  which  was
supposed to come from the reaction of intermediate

[7":0:7°-{MeN(CH;)CH,C11;} CoBoH 0] Zr(CH,Ph) with DME (Scheme 1.16).2!

Scheme 1.16. Synthesis and reactivity of group 4 metallacarboranes incorporating

[7-Me;NCH;CH,-7,8-C2BoHj 0] ligand.
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Dicarbollide ligands with cyclohexyl oxide®® or aminocyclohexy! sidearms® were

synthesized from the reaction of carborane monolithium salt with cyclohexene oxide
or 7-azabicyclo [4.1.0] heptanes, respectively. Interaction of
[nido-1-R-2-(2°-ACH4)-1,2-C2BgHsl> (A = O, R = Me or A = NH, R = Ph) with
MCL(THF); produced the corresponding half-sandwich metallacarboranes

[1°:6-7-R-8-ACsH4(C2BsHg)]MCL (M = Zr, Ti) in moderate yields. The Merrifield’s



peptide resin substituted dicarbollide ligand
[nido-1-(2"-ACsH,)-2-polystyryl-1,2-CoBgHg]* and the corresponding half sandwich
zirconacarborane [??5:0-7-(2‘-AC.SH,;)—8~polystyryl-(CngI-lg)]ZrCI were  also
synthesized {(Scheme 1.17). These zirconacarboranes can catalyze polymerization of

ethylene and vinyl chloride in toluene to give high molecular weight polymers.?*

Scheme 1.17. Synthesis of group 4 metallacarboranes incorporating dicarbollide
ligands with cyclohexyl oxide or aminocyclohexyl sidearms.
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Amine elimination reaction between M(NR3)4 and
[MesNH][7,8-CHOCH;-7,8-C2BoH 0] gave
[rys—(CHzOCHg)CngHg]M(NMeg)g(NHMeg) (M = Zr, Hf) or unexpected C-O bond
cleavage product [o:1':7 -(OCH)(RNCH,)CBsHs ] Ti(NR,) (R = Me, Et) (Scheme
1.18). The formation of the titanium species was found to be a convenient and
practical method for the synthesis of constrained-geometry half-sandwich
metallacarboranes with two different sidearms.”* This titanacarborane reacted with a
variety of unsaturated molecules such as R-N=C=N-R, CS,, RNCS, R;C=C=0, RCN,

RNC and RNCO to give the Ti-N bond mono-insertion products (Scheme 1.19). The
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Ti-O bond remained inert in these reactions.”® Moreover, the half-sandwich

titanacarborane amide [O'II?]I??5-(0CH2)(MC;NCH2)C2B9H9]Ti(NMCz) can catalyze

guanylation of amines in a broad substrate scope.”

Scheme 1.18. Synthesis of group 4 metal amides bearing dicarbollyl ligand.
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Constrained-geometry dicarbollide [MesNH][7-CoH7-7,8-C3BoH ;] was obtained
from the reaction of l-indenyl-1,2-carborane with NMe; aqueous solution.
Equimolar reaction of this complex with M{(NMe;); (M = Zr, Hf) afforded
structurally unique complexes [qs-(Cgl-I-,:)CngHlg]M(NMez)g(NHMeg) (M = Ti, Zr,
Hf) in good yields {Scheme 1 .20).26 Reaction of
[qs-(CgH7)CngHlo]Zr(N Me;),(NHMe,) with carbodiimides were studied. The results
showed that the guanidinato ligand is not always inert, and can undergo C-N bond
cleavage to generate amides and carbodiimides.”’ Dissolving
[7°-(CoH7)CoBgH g]HE(NMe3)»(NHMe,) in DME led to the isolation of a C-O bond
cleavage product [{7°-(CoH7)CoBoH1o} HF(INMe,)(:n'-OCH,CH,0CH3)], in 12 %
yield. The formation of this Hf species was proposed to proceed through a ¢-bond

metathesis reaction as shown in Scheme 1.20.2



Scheme 1.19. Reactivity of titanacarboranes

[o:7" #°-(OCH2)(RaNCH,)C2BoHo Ti(NR).
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Scheme 1.20. Synthesis and reactivity of group 4 metallacarboranes incorporating

[7-CgH7-7,8-C,BsH o] ligand.

M =T, Zr, Hf



Recently, our group has reported the selective deboration of
Me,C(CsHsYCyB1oH1y) using piperidine/EtOH as deboration reagent. Its group 1
metal salts were useful synthons for the preparation of group 4 metallocenes. X-ray
studies revealed that the presence of a Me,C linkage in these group 4 complexes
increases the open coordination sphere of the central metal significantly, in
comparison with the corresponding unbridged complexes (Cp*)(C,BoH; )MCHs,
which make the synthesis of neutral metal alkyls unsuccessful. The neutral group 4
metal amide species [#’:n°-MesC(CsHu)(C2BsHig)|Zr(NHC¢Hs'Pro)(THE)  was
obtained from the reaction of [{°:5°-Me,;C(CsHq)(CaBoH 0) sMCL][Na(DME);] with
NaNHCgH;'Pr; in THF, and the relatively short Zr-N distance suggested the presence
of pi(N)-dr(Zr) interaction. Such an elcctronic plus steric effect imposed by the two
Pr groups lead to the formation of a neutral metallacarborane. Both
({777 -MeyC(CsH N CoBoH 1) IMChL][Na(DME);] (M =  Zr, Hf) and
[{#’:#°-MeaC(CsHa)(C2BgH10)} ZrCI(CH,CeHs)[[Na(DME);]  exhibit  very  high
activities in ethylene polymerization after activation with a large amount of MAO.
The active species were suggested to be the neutral group 4 metal methyl complexes
[7°:7°-Me;C(CsHa ) (C,BgH 1) ]MCHs.  These transformations are summarized in
Scheme 1.21.%

Later, an indenyl analogue Me,C(CoH7)(C2BoH;t) was synthesized by the same
method, and was expected that the diverse bonding mode (rys-rf-n') between the
central metal and five-membered ring of the indenyl ligand could facilitate the
formation of neutral metal alkyls. Treatment of the trianionic salt of the ligand with
MCI4(THF); afforded the mixed sandwich complex
trans-[{n":#°-MeaC(CoHe)(C2BsH 10) }MCLy][Na(DME);] (M = Zr, Hf). Complex ions

were always obtained when the dichloro species reacted with KCH;Ph or CsHsNa.
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Also, no NaCl climination was observed upon heating their DME solution. Neutral
metallocenes can be achieved only in the presence of amido or alkoxyl coligands,
which can be ascribed to the p,-d; interactions. Complexes
trans-[ {1 :1°-Me,C(CoHg)(C3BoH o) IMCL][Na(DME);] (M = Zr, Hf) and
trans-[{n° 7" -Me;C(CoH)(CaBeH )} ZrCH(CH,CeHs)J[Na(DME)s]  are  active
catalysts for ethylene polymerization after activation by a large amount of MAO, but
their activities are lower than the corresponding cyclopentadienyl analogues. These

. . . 29
transformations are summarized in Scheme 1.22.

Scheme 1,21. Synthesis and reactivity of wmetallacarborane containing

[Me2C(CsHa)(C2BsHi0)]* ligand.
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Scheme 1.22. Synthesis and reactivity of metallacarborane containing

[Me2C(CoHe)(CaBoH 10)]* ligand.
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Interaction of closo-carborane ligand with group 4 metal amides sometimes
afforded the metallacarborane amides, in which the carborane cages were deborated
to a [nido-C3Bs]” anion. Treatment of ProNB(CoH7)(CaBigHi)) with an equimolar
amount of Ti(NMes)s in toluene led to the isolation of the deborated product
(??S-CngH]])Ti(NMCz)g(NHMCg) (Scheme 1.23). But the reaction was very
complicated as monitored by 'H NMR. It was assumed that NMe; group in
Ti(NMe,)qs might attack the bridging B atom and the carborane cage, leading to the
formation of (5°-CaBoH1)Ti(NMey)(NHMez).*®  Another carborane ligand,

1-(CH=NC4H;Pry-2,6)-1,2-C3BgHy), reacted with Ti(NMey)s in toluene at 70 °C to
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give the deborated species [r;l:qs—('Pr2C6H3N=CH)C2B9H10]Ti(NMe2)2 (Scheme
1.24).31 The xylene analogue 1-(CH=NC;H;Me>-2.6)-1,2-C2BgH;, also reacted with
Ti(NMe,)s to give a mixture of [5':°-(MeyCeHsN=CH)C;BgH,o] Ti(NMe,); and
[7':7°~-(Me;NYCH(NMez)CaBoH o] TiNMe,),, as evidenced by NMR spectroscopy
(Scheme 1.25). These reactions suggested that the in situ generated HNMe; might act
as the deboration agent for the formation of the two metallacarboranes.*’ Moreover,
interaction of (C3Hg)('Pr;N)P(=0)(CaB1oH1 ) with Zr(NMes)s in toluene at room
temperature or at 110 °C in a sealed vessel gave amine elimination product
[0:6-(C13Hg)(PraN)YP(-O)C,B1oH 0} ] Zr{(NMes ) or deborated product
(7' :7°-(C13Ho)-(PrN)P(=0)(C2BoH 1) IM(NMe,), (M = Ti, Zr) in moderate yield.
Complex [6:0-(CisHg)(PraN)P{-OXC2BoH 0)]1Zr(NMe;); was stable in refluxing
toluene, but converted to the deborated species
[nl:rys-(C131-19)-(‘Per)P(=O)(C2BgH10)]Zr(NMc2)2 in the presence of excess HNMe;

(Scheme 1.26).%?

Scheme 1,23. Reaction of Ti(NMey)s with ‘ProNB(CoH7)(C2B,oH;;) ligand.
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Scheme 1.24. Reaction of Ti(NMey); with 1-(CH=NC¢H;'Pr;-2,6)-1,2-C;B,9Hy,
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Scheme 1.25. Reaction of Ti(NMe;)s with 1-(CH=NC¢H3sMe,-2,6)-1,2-C,B1oH;;

ligand.
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Scheme 1.26. Reaction of M(NMe,), with (Cy3Hg)('Pr,N)P(=0)(C;B;oH, ;) ligand.
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Besides the single atom bridged carborane ligands, the group 4 metal amide
complexes [#7°-(CaBioHi)CoHgIM(NMez); (M = Zr, Hf) derived from the
1-indenyl-1,2-carborane can be converted to the corresponding metallacarborane

[7°-(CoH7)C2BoH o] M(NMe,),(NHMe;) in the presence of HNMe; (Scheme 1.27).%
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Scheme 1.27. Reaction of [1°-(C2B1oH|1)CoHg]M(NMe;); with HNMe,.

2 HNMe,
- HB(NMey),

1.2. Group 4 Metal Complexes Bearing closo-C2B ¢ Ligands

Group 4 metal “constrained-geometry” complexes bearing a closo-carboranyl
ligand is of interest as they contain M-Cg,. o-bonds, which would be active toward
unsaturated molecules. Thus several kinds of ligands R-C»BoH,; were prepared and
used to synthesize metal complexes bearing closo-carboranyl ligand, and their
reactivities were also studied.>

A series of versatile ligands, A(CsHR)(C;B1gH 1) (A = Me;C, R = H; A = Me,Si,
R = H, Me), A(CH)C:BioHn) (A = MeC, MeySi, PrNB, Pr;NP),
beaSi(CoHg CH,CH2GYCaB1oH ) (G = OMe, NMey) and A(C3HoHCoBoH ) (A =
H,C, Me,Si), have been developed.® Their group 4 “constrained-geometry”
complexes [??SIO'-A(CsHR4)(C2B1[)H1o)]M(NMez)z {(A=MeC,R=H; A=MeSi, R
= H, Me), [#”:0-A(CoHs)(C2B16H10)IM(NMe,); (A = Me,C, Me;Si, ‘PrNB, ‘PraNP)
were synthesized by treatment of M(NMe;)y (M = Ti, Zr, Hf) with 1 equiv of
A(C:HRO(C:BigHn) (A = Me;C, R = H; A = MeSi, R = H, Me) or
A(CsH7)(CaB1oH 1) (A = Me,C, Me;Si, ‘PraNB, 'ProNP), respectively, as shown in
Scheme 1.28.> The planarity of the nitrogen atoms and noticeably short M-N bonds
in these complexes indicate the sp* hybridization of the N atoms and partial
N{p)—M(dy) interactions.>

Reactions of [#°:0-MesA(CoHg)(CyB1pH 0)]Zr(NMe3), (A = C, Si) toward polar

unsaturated molecules were investigated in detail. The results showed that
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unsaturated molecules such as CS,, PhCN, CH,=CHCN, "BuNCS and PhNCO insert
exclusively into the Zr-N bond affording the mono-, di-, or tri-insertion products
depending on the substrates, whereas the Zr-Cc,ge bond remains intact (Scheme 1.29).

The preference of Zr-N over Zr-Cey insertion is mainly governed by steric factors.>*

Scheme 1.28. Synthesis of constrained-geometry group 4 metal amide complexes.
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The above constrained-geometry carboranyl group 4 metal amides can be
conveniently converted into the corresponding chloride complexes by interaction
with [HNMes]Cl or TMSCI, depending on the ligands and the group 4 metal ions.
Reaction of [r;r5 :0-MexC{CsHa )(C2B10H10) TI(NMe3); with excess TMSCI in toluene
generated the corresponding monochloro metal amide
[7:6-MeyC(CsH(CoB 1H10)] TICI(NMe;) (Scheme 1.30).>° The zirconium chloride
species [HNMes][{#”:6-Me;C(CoHg X CaBi1oH10) } ZrCHu-Ch) 5] (A = C, Si) can also
be synthesize by treatment of [#°:6-Me;A(CoHgCaBioHio)]Zr(NMe,); with 2.5
equiv of [HNMe;]Cl in a typical yield of 85% (Scheme 1.31). The Zr-Ccqge bond
remains intact in these reactions even in the presence of excess [HNMes;]Cl,

indicating that the Zr-C & bond is well protected by the carborane moiety.*
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Scheme 1.29. Reactivity of [°:0-Me A(CoHgX(CaB1oH 10)]Zt(NMe3),.
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Scheme 1.30. Synthesis of titanium chloride species

[7°:0-Me,C(CsHa)(CaB gH 1) TICI(NMe,).

Me\C@\ NMep (2one Me\cﬁ‘ _NMe,

Ti

Ti.
Me/@ NMe, Me/@ Cl

Scheme 1.31. Synthesis and reactivity of zirconium complexes containing

carbon-bridged indenyl-carboranyl ligand.
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A new carboranyl-thiol-appended cyclopentadiene ligand,

1-SH-2-[CsHsCH(Ph)]-closo-1,2-C2B19H o was prepared from the equimolar reaction

of dilithium salt of 1-SH-closo-1,2-CaB1gH; with 6-phenylfutvene. Reaction of this
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ligand with Ti(NMe;)4 gave the titanium amide complex
[1-(0-8)-2-(*-CsH CH(Ph))-1,2-C5B1oH ] Ti(NMey),, which can be converted to the
corresponding monochloro species
[1-(6-S)-2-(5°-CsHsCH(Ph))-1,2-C,B H ;0] TICI(NMe;) in the presence of TMSCI or

[HNMe;]Cl (Scheme 1.32).%

Scheme 1.32. Synthesis of titanium complexes containing carboranyl-thiol-appended

cyclopentadiene ligand.

SH

‘. ~NMe; 10 TMSCl or
2 [HNMes]Cl

Salt metathesis reaction of the dilithium salt of the -carbon-bridged
cyclopentadienyl-carborany! ligand Me,C(CsHs)}{(C2B1gHy () with ZrCly, in 2:1 molar
ratio, afforded rac-Zt[n’:0-Me;C(CsHa}(C:B1oH o)l as air stable white crystals
{Scheme 1.33), which can catalyze the formation of syndiotactic PMMA in THF in

the absence of any cocatalysts.*’

Scheme 1.33. Synthesis of ?‘CIC-ZI'[??S:O'-M62C(C5H4)(C28loH]o)]p_.

Me  Me
od 1) 2 "Buli Me
I
@ % 2)112 ZrC 4 Me
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Several titanium imido complexes were synthesized through simple metathesis
reactions. Treatment of Ti(=NR)Cly(py)s (R = ‘Bu, 2,6-MesCgHs, 2,6-'PraCeHs) with
I equiv of dilithium salt of the carbon-bridged carboranyl ligand
[Me;C(CsHa)(CoB1oHig)]Li, or  [MexC(CoHgXC2B1gH9)]Liz  gave  new
constrained-geometry titanium mido complexcs
[7°:0-MeaC(CsHa)(CaB1oH, ) I TI(=NR)(py) (Scheme 1.34) or
[7°:0-Me2C(CoHg)(CaB1oH 1)1 TiI(=N'Bu)(py) in 42 — 70% isolated yield (Scheme

1.35).%

Scheme 1.34. Synthesis of [#°:0-MeaC(CsHg)(CaB1oH10) Ti(=NR)(py).
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Scheme 1.35. Synthesis of [1°:0-MesC(CoHe)(C2B 10H10)  Ti(=N'Bu)(py).
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@L 5 “&5 0
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Their reactivities toward unsaturated molecules were studied. The reaction with
CS,, PhNCO, Ph,CO and PhCHO gave either N/S or N/O exchange products in

addition to the formation of titanium oxo/sulfide oligomers (Scheme 1.36).%

Scheme 1.36. Reactivity of [#°:0-MeyC(CsH, Y (CaB1oH10) TI=N‘Bu)(py).
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Two new trivalent and pentavalent phosphorus-bridged ligands
(C3Hg)('PraN)P(CaB1gHy ) and (C13Ho)(PraN)P(=0XC2B1cH1 i) were synthesized.
They showed a significant difference in the reactions with group 4 metal amides.
There was no reaction between (C3Ho)('Pr2NYP(CaBoH) ;) and M{(NR3)4 in toluene

even at high temperature, which may be due to the less acidic and sterically more
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demanding fluorenyl group. However, the pentavalent P ligand reacted with
Zr(NMe;); at room temperature to generated the amine elimination product [o:o-
(C13Hg)('PraN)P(-O)(C2BoHi0))Zr(NMe;),. These differences may be ascribed to the
stronger acidity of the two acidic protons in (C;3Hg)('ProN)P(=0)(C;B0H;,) over
(Ci3Ho)('PraN)P(CyB1oH ), or the formation of ylide
(C13Hg)=P('PryN)(OH)(C,B10H;;) which provide the driving force for the reaction

(Scheme 1.37).%

Scheme 1.37. Synthesis of phosphorus-bridged carboranyl zirconium complex [#:0-

(C lgHg)(:Per)P(-O)(CgB mH ] 0)]ZI‘(NM02)2.

l 1

O N'Pr . N‘Pr
- —o THF
—P OH  Ze(NMe,), —P % 7
Oy~ Oyl
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Recently, the synthesis and characterization of the new double ansa-type ligand
Me;Si(CsH7)(CsHs-3-(Me,C)-C2B1gH 1) was reported, which was prepared from the
reaction of monolithium salt of [Me,C(CsHa)(C2B1oH 1)]Li with (CoH7)Me,SiCl in
Et;O. Treatment of this ligand with Zr(NMe;), in refluxing hexane produced
[Me,Si(7’-CoHe)[17":0-Cs5Ha-3-(MeC)-CyB10H10]]Zr(NMe;), which can be converted

to the monochioro species [MexSi(’-CoHg)[77°:0-CsHy-3-(Me2C)-C3B1oHi0]1Z1Cl in
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the presence of excess TMSCL These transformations are summarized in Scheme

1.38.%

Scheme 1.38. Synthesis of ansa-zirconocene complex

[Me3Si(n°-Cole)[#° :0-CsHs-3-(Me,C)-CaBigH 0]]ZxClL
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Metallacarboryne, in which the metal center is linked to two cage carbons, is a

[Li(THF),|

three-dimensional relative of benzyne. Treatment of
[qS:U-MCZC(CgHQ(CzB;@Hw)]Zr(NMeg)z with excess TMSCI, followed by reaction
with 1 equiv of Li;C;Bi¢H)o afforded the first zirconocene-carboryne complex
[{7*:6-MeaC(CsHg)(C2B 10H10)} ZrCl(7*-CaB1oHi0) [Li(THF)4] in 60% yield in 2003
(Scheme 1.39). This complex is found to be extremely air and moisture sensitive.
The molecular orbital calculations suggested that the bonding interactions between

Zr and the 1,2-dehydro-o-carborane are best described as a resonance hybrid of both
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the Zr-C o- and Zr-C z-bonding forms as shown in Scheme 1.40, which is similar to
that observed in the Zr-benzyne complex. However, it showed no reactivity toward

unsaturated molecules as the Zr center is negatively charged.*

Scheme 1.40. Possible bonding interaction in zirconocene-carboryne complex.

Zr@ - Zr_@

Scheme 1.41. Synthesis and reaction of zirconocene-carboranyl complex.
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An unprecedented zirconocene-carboranyl complex

CprZr(u-ClY-C2B1oH1)Li(OEt:), was synthesized in 2005 by interaction of
CpZrCl, with an equimolar amount of Li;C;BgHjp in Et;O at room temperature
(Scheme 1.41). It was unstable, and decomposed slowly at room temperature, but can

serve as an efficient precursor of the zirconocene-carboryne species,
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szzr(nB-CgBmHm), to react with a series of unsaturated molecules such as DCC,
PhN3, ‘BuNC and PhCN to give substituted carboranyl zirconium complexes in
moderate to high yields as shown in Scheme 1.41. This result clearly showed that
this zirconocene-carboryne complex shows very similar reactivity to that of
zirconocene-benzyne complexes in the reaction with polar unsaturated substrates.*! It
can also react with internal alkynes in refluxing toluene to afford a series of

zirconacyclopentenes incorporating a carboranyl unit in moderate to high yield.***

Scheme 1.42. Reactivity of zirconocyclopentene complex.
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The zirconocyclopentene complex [CpaZrC(Et)=C(E1)]-1,2-C:B1oHyo is a very
useful intermediate for the synthesis of a variety of functional carboranes. In addition

to share some reactivities with zirconacyclopentadienes



Cp2Zr[C(R)=C(R)-C(R)=C(R)], the zirconocyclopentene complex has unique
properties of its own due to the presence of highly sterically demanding carboranyl
unit. It can couple with o-diiodobenzene in the presence of CuCl, to generate the
naphthalocarborane. Also, C-C coupling product 1,2-[C(Et)=C(Et)]-1,2-C:B¢H;o
can be obtained in the presence of CuCl; in toluene at elevated temperature in 46%
isolated yield. It also reacted with unsaturated molecules like PhCN and XyINC,
afforded the PhCN or XyINC coordinated species. XyINC mono-insertion species
can be obtained when the reaction mixture was heated in toluene. Moreover,
[Cp2ZrC(Et)=C(Et)]-1,2-C2B10H1o can be hydrolyzed under acidic media, or reacted
with I/CuCl to afford the mono-substituted carborane

1-[CI(Et)=C(Et)]-1,2-C2B1oH). These reactions are summarized in Scheme 1.42.*

Scheme 1.43. Reaction of zirconium chlorides with Li,C,B9Ho.
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A series of Zr-carboryne complexes have been prepared and characterized from

the reaction of carborane dilithium salt with zirconium dichloride species (Scheme
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1.43) or salt metathesis reactions between [ryS-CzBlong]ZrCIZ(THFb and anionic
ligands (Scheme 1.44). These reactions show that both steric and electronic factors of

the ligands have significant effects on the formation of resultant complexes.**

Scheme 1.44. Reaction of dichlorozirconium-carboryne with nucleophiles.
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1.3. Group 4 Metal Complexes Bearing nido-C,Bj Ligands

The 12-vertex nido-carborane anion [CgBlongRz]z' is another kind of z-ligand
that can be derived from o-carboranes. These ligands can be easily synthesized by
the reduction of 0-C;BjoH;0R> with group 1 metals. Three types of anions are

normally observed depending on the R groups. When no C,C’-linkage is present,
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{7,9-C2810HmR2]2' is formed in which the two cage carbons are separated by one
boron atom. When the two cage carbons are linked in a small ring,
[7,8-CzBlgHwR2]2' isomer is afforded. A large ring size will lead to the formation of
[7,10-C,B1H 0R,)” isomer (Chart 1.1). The 7,8- and 7,9- 12-vertex nido-carborane
anions are very useful synthons for numerous metallacarboranes of s-, p-, d- and

f-elements, and the former of which are well studied.*’

Chart 1. 1. Isomers of nido-carboranes.

7.8-isomer 7.9-isomer 7,10-iscmer

In 1975, Hawthorne and coworkers reported the synthesis and characterization of
several new metallacarboranes incorporating nido-CyB1oHp > ligands, including the
group 4 metallacarboranes. Treatment of [nido-7,9-C2B1gH,¢R2]Na; with MCly (M =
Ti, Zr or Hf) in THF gave, after cation exchange, group 4 metallacarboranes in
general formula [(CoHs)N|2[4,4°-M(1,6-(CHj),-1,6-CoBiogHip)y] (Scheme 1.45).
Crystal structure of the Ti complex revealed that the metal center was #°-bound to
two nido-carborane cages. The metal ions were reduced to the oxidation state of +2

by the nido-R;C,B1oH;o™ anion.”

Scheme 1.45. Synthesis of group 4 metallacarboranes

[(C2Hs)aNT2[4,4-M(1,6-(CHs)z-1,6-CoB oHio)].

R@l
NN MC =
{ WA RNl i !
0 7 o>
R=H Me R
M =Ti, Zr or Hf
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Titanacarboranes bearing cyclopentadienyl or rys-cyclooctatetraenyl ligands were
synthesized in a very similar manner. The cation exchange product
[Et4N][4-(?38—C8H3)-4-Ti-],6-C2B10H12] was isolated and structurally characterized.’
This  Ti(lll) species can be oxidized to the Ti(IV) complex
4-(q8-C3Hg)-4-Ti-1 ,6-C;B1oH 2 which undergoes a new lower energy pathway for the
conversion of ortho- to meta- carborane 1,7-C3B1gH); at 250 °C in high yield (>95%).

S . . . 7
This conversion is shown in Scheme 1.46.

Scheme 1.46. Conversion of ortho- to meta- carborane via a titanacarborane.

2 Na
{CgHaTICl]

g —=— @

The first structurally characterized high-valent group 4 metallacarboranes bearing

250°C

nido-CoBje ligand was reported by our group in 2002, Treatment of
[#7°:0-Me3Si(CoHg)(C2B1oH10)]ZtCI(NMe;) with 1 equiv of "BuLi in THF/pyridine
gave the unprecedented complex [qS:nG:o-MeQSi(CgHﬁ)(CgBmHmCHzNMc)]Zr(py),
through an unexpected intramolecular oxidative-addition/electron-transfer reaction as
shown in Scheme 1.47.%

Another carborane ligand closo-1-[Si(Me),N(H)R]-1,2-C;B;¢gH;,, (R =
2,6-(MeyCH),CgH3) was reported by Hosmane and coworkers from the reaction of

Li3[1,2-C3BoHy] with N(R)HSi(Me),Cl. This ligand can be reduce by sodium
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naphthalide in THF to give the sodium salt [Me;Si(NR)(#ido-C,BoH;1)]Nas. Further
treatment with an equimolar amount of MCl, in THF produced constrained-geometry
group 4 metallacarboranes [0:75-Me;Si(NR)(C,BioH;;)]MCI(THF), (M = Ti, n = 0;

M = Zr, n=1). These reactions were shown in Scheme 1.48.*

Scheme 1.47. Synthesis of high-valent zirconacarborane

[7°:1%:6-Me2Si(CoHg)(C2B 10H0CHaNMe) | Ze(py).

,
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The first example of half-sandwich group 4 metallacarborane alkyls incorporating
nido-CyBjo ligand was synthesized by alkane elimination reaction of the zwitterionic
salt Me,NHCH,CH-7,9-C,ByoHi2 with Hf(CH,SiMe;)s (Scheme 1.49). The
development of the carborane zwitterionic salt, which provides the second acidic

proton, enables acid-base reaction, representing a new route to high-valent group 4
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metallacarboranes. Also, it can stabilize the resultant metal alkyl complexes via the

intramolecular coordination.*?

Scheme 1.48. Synthesis of constrained-geometry group 4 metallacarboranes

[6:7°-Me>Si(NR)(C,B 16H (1 )JMCI(THF),..

Me\ Me
T 4B N SR
2) CISi{Me),NHR H
H H
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R
\
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Me~gi M- MCl Me-g;
A
/7
M=Tin=0
M=2Zrn=1

R= 2,6-(MEZCH)2C6H3

Scheme 1.49. Synthesis of half-sandwich group 4 metallacarborane alkyls.
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The reaction between ZrCl(THF), and equimolar amount of carbon-adjacent
(CAd) carborane salt [{p!-1,2-[O-C6H4(CH2]Q]-1,2-C3B10H1g}2N&4(THF)6]n gave the
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unprecedented full-sandwich high valent zirconacarborane containing the unusual
B-B-linked bis(carboranyl) ligand [o-CsHe(CH,)C2B1oHo],™ in 8% isolated yield,
while the formation of this product is not clear. The major product in this reaction
was found to be the Zr(II) species {[o-Ce¢Ha(CH2),CiBioHio]2Zr} {Na(THF)s},,
which was isolated in 49% yield. This Zr(I[) complex is the first structurally

characterized divalent zirconacarboranes. This reaction is outlined in Scheme 1.50.%

Scheme 1.50. Reaction of ZrCly(THF), with

[{u-1,2-10-CeH4(CH3)21-1,2-C3:B1oHip} aNas(THE g1,

N2

IZrcl4
AN
--NAY _
THE)Na ) (THF)sNa ” Al LA
2 (A

(THF}aNa.._

P TN
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1.4. Group 4 Metal Complexes Bearing arachno-C;By Ligands

The first high-valent zirconacarborane bearing ry7-carb0ranyl ligand
[{(-7"):n"-MeySi(CsHa)(CaB1oH11)} Zt(NEt: )2 {Na3(THF)4} ],  was prepared and
structurally characterized from direct reduction of

[7°:0-Me»Si(CsH)(C2B19Hi0))Zr(NE1); with excess Na metal in THF (Scheme 1.51).
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It is formed by reduction of closo-CyByy carboranyl ligand and proton abstraction
from solvent to give the nido-C;Bjp intermediate. This intermediate was further
reduced by Na metal to give the final product. This work shows that the
arachno-CyB1H " tetraanion can effectively stabilize the high oxidation state of the

group 4 metals.*’

Scheme L5L Synthesis of zirconacarborane

[{(-n"):n-MeaSi(CsHe)(CaB1oH 1)} Zt(NEt)2 {Nas(THF )} .

Me, ﬁ\ - NEt; 2 Na Me, . NEf

sz . [Na(THF),

Me” “NEt, proton Me < “NEt,
abstraction
H
.xs Na

Another zirconacarborane incorporating an # -arachno-carboranyl ligand was
reported in 2005 by our group. Reaction of {nido-(Me;NCH;CHz)RCyBgH 10]Naz (R
= MeOCH,;CH;, Me;NCH2CH,) with ZrCly(THF), afforded the unprecedented
zirconacarborane {??]Z?fl:H?-(MCQN(CHg)g)RCZBIOH]Q}Z!’({J-CI)N&(THF);; (Scheme
1.52). The formation of these complexes was presumably regarded to pass through a
Zr(Il) intermediate, followed by intramolecular electron transfer from the metal
center to the nido-carborane to afford the final products. These results suggested that
heteroatom-containing pendent sidearms on the carborane cage are both

electronically and entropically necessary for the formation of zircomacarborane
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bearing the arachno-C,Bio ligand. By changing the nature of substituents R,
controlled  syntheses of  divalent metallacarborane of the type
[(nido-chzBmHm)gM]z' (M = group 4 metals) or high-valent metallacarboranes of

the type (arachno-R,CaBgH;p)M can be achieved.”®

Scheme 1.52. Synthesis of Zr(IV) complexes bearing #'-arachno carborane ligand.
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R = NMe, or OMe

1.5. Research Objectives

The research objectives of this thesis include (1) reactivity of group 4 metal
diamides toward various kinds of unsaturated organic molecules, (2) synthesis and
reactivity of group 4 metal disulfides incorporating a carbon-bridged
cyclopentadienyl-carboranyl ligand and (3) synthesis and reactivity of group 4 metal
complexes bearing [MeaC(7’-CsHa)(%°-CoBoH10)]* ligand. The details of our work

on the above subjects are described in the following chapters.
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Chapter 2. Synthesis, Structure and Reactivity of Group 4
Metal Diamides Incorporating Carbon-Bridged

Cyclopentadienyl-Carboranyl Ligands

2.1. Introduction

Reactivity studies on [nS:J-A(CgHﬁ)(CzBmHm)]Zr(NMez)g (A= Me,C,** Me,Si, >
Pr:NPY) and [7°:0-Me,C(CsHa)(C2B1oH 16) TI(NMe)X (X = Cl, alkyl) complexes™
indicate that the unsaturated molecules insert into the M-N bonds in the absence of
the M-Cyy bonds and the M-Cepe bonds remain intact, and thus the relative
reactivity follows the trend: M-Cay > M-N >> M-Copge.” Since the M-Ceqge and
M-Cay bond distances are almost identical, the preference of M-N over M-Ceage
insertion is suggested to most likely be governed by steric factors.”**'** On the other
hand, [17°:0-Me;C(CsHg)(C2BjoH o) 22t was reported to catalyze the polymerization
of MMA in the absence of any cocatalyst through the action of the nucleophilic cage
atom.>” Complexes [1°:0-Me;C(CsH)(CaB1oH 0)]M(7 -CsMes)Cl (M = Ti, Zr) are
active catalysts for ethylene polymerization in the presence of modified MAQO.
Possible involvement of the activation of the M-Ceqee 6 bond is suggested.”* With this
in mind, a question subsequently arises as to whether the mobility of the carborane
cage plays a role in the migratory insertions aforementioned as the cage is tethered to
the cyclopentadienyl unit in comparison with the terminal amido groups. One
possible way to address this issue is to link the two terminal amido groups via several
methylene moieties, lowering their mobility and then to investigate the reactivity
pattemms of the resultant metallacycles toward unsaturated molecules. In this regard,

we synthesized carbon-bridged cyclopentadienyl-carboranyl group 4 metal
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complexes incorporating diamido ligands [}?5:O'-Mezc(C5H4)(C2B10H10)]M-
[ryz-N(Me)(CHz),,N(Me)] (M =Ti, Zr, Hf, n = 2, 3) and studied their reactivities

toward unsaturated molecules.

2.2. Synthesis and Characterization of [qs:a-MezC(C5H4)(C2BmHm)]M—
[#*-N(Me)(CH3),,N(Me)] (M = Ti, Zr, Hf, n = 2, 3)
Salt metathesis and amine elimination are two useful methods for the preparation

3 17- 21,3 46-4
of metal amides, !7"!8-20-21,33,36,46-48,50,55

However, reactions of
LiN(Me)(CH):N(Me)Li with 0.5 equv of {[}?SZG-M€2C(C9H6)(C2B]{}H]0)]21'-
(u-CD)1 sC1 2 {Li(THF)2}*° or 1 equiv of [17°:6-Me,C(CsHa)(CaB1oH10)] ZrClL* in THF
did not afford isolable pure products. On the other hand, treatment of
[#°:0-MesC(CsHa)(C2B1H 10)IM(NMes), (M = Zr, 1a; M = Hf, 1b; M = Ti, 1¢) with
1.1 (M =Zr) or 5 (M = Ti) equiv of DMEDA in toluene gave the corresponding
zirconium or titanium amide complexes [1°:0-Me;C(CsHsXCaB1oH10))Zr-
[7*-N(Me)(CH,),N(Me)](NHMe,) (2a) in 73% yield, or
[qsza-M62C(C5H4)(C2B 1oH 10)]Ti[qz—N(Me)(CHz)zN(Me)] (2¢) in 068% vyield,
respectively (Scheme 2.1). The formation of volatile HNMe, and chelating effect of
the bidentate diamido ligand provide the driving forces for the above reactions. It is
noted that much excess of diamine is needed for 1c to accelerate the reaction. Both
complexes were fully characterized by 'H, PC and ''B NMR as well as elemental
analyses. Complex 2a contained a coordinated HNMe, molecule probably due to the
relatively larger size of the Zr atom.

In a wvery similar manner, complexes [??SZO"-MCQC(Cchi)(CzB][)H[O)]M-
[qZ-N(Me)(CHz)gN(Mc)] (M = Zr (3a), Hf (3b) and Ti (3¢)) were prepared in 64 ~ 82%

isolated yields from the reactions of 1a, 1b or 1c¢ with DMPDA in toluene (Scheme
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2.2). They showed similar spectroscopic features without coordination of HNMe,,
presumably owing to the formation of sterically more demanding six-membered

metallacycles.

Scheme 2.1. Reaction of complexes 1a and 1¢ with DMEDA,.

>NH'
Me 8,
C Zr—y
Me A
I N
Me, . _NMe, NH /
. M + E =
Me’ @ “NMe, NH 2 |
- Me\ ﬁ\ /N""“i
M=2Zr(1a C Ti
Ti ((1c)) Me” SN
i
2c
Scheme 2.2. Reaction of complexes 1a, 1b and 1¢ with DMPDA.
J4 | ve, S A
Me_ . _NMe, e, L
Me’c M £ <:NH Me’c "\ >
& " Sy &
M=2 (1a A
Hf (1b) Ti (3¢)
Ti (1c)

The molecular structures of 2¢ and 3¢ were confirmed by single-crystal X-ray
analyses, and shown in Figures 2.1 and 2.2, respectively. Key structural data are
compiled in Table 2.1 for comparison. The Ti atom in each complex is #’-bound to
the five-membered ring of the cyclopentadienyl group, o-bound to a carborane cage
atom and two nitrogen atoms in a distorted-tetrahedral geometry. The average
Ti~Cring distances of 2.326(8) A in 2¢ and 2.367(3) A in 3c, the Ti-Ccage distances of

2.173(8) A in 2¢ and 2.199(3) A in 3¢, the average Ti-N distances of 1.869(6) A in
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2¢ and 1.882(2) A in 3c are very comparable to each other. These measured values
are close to those of 2.369(3) A, 2.209(2) A, and 1.894(2) A observed in their parent
complex 1¢*® and other titanium amides.>® The Cring-C-Ceage angles of 109.6(7)° in 2¢
and 108.4(3)° in 3¢, the Ceenr-Ti-Ceage angles of 105.9° in 2¢ and 105.3° in 3¢ are very
similar to the corresponding values of 108.5(2)° and 105.0° found in l¢.>* The
N-Ti-N angle of 96.2(4)° in 2¢ is, however, significantly smaller than that of
105.6(1)° in 3¢ and 106.1(2)° in 1¢.”> These data suggest that the coordination
geometry around the Ti atom in 3¢ and [qs:a—Me2C(C5H4)(C2BlgHm)]Ti(NMez)g 18
almost identical, and no ring strain is built after linking two nitrogen atoms by three

methylene units.

Figure 2.1. Molecular structure of

[nsza-MeZC(C5H4)(C2BmHlo)]Ti[qz—N(Me)(CHz)zN(Me)] (2¢).
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Figure 2.2. Molecular structure of

[17°:0-MeaC(CsHa)(CoB1oH 1)1 Ti[#°-N(Me)(CHa)sN(Me)] (3¢).

2.3. Reaction of [qs:a-MezC(C5H4)(CzBmH1u)]M[?}Z—N(Me)(CH;)zN(Me)l M=Ti,
Zr) with Unsaturated Molecules

Reaction of 2a or 2¢ with 2 equiv of XyINC in toluene at room temperature gave
the diinsertion products [7°:6-Me;C(CsHe)(C2B1oHi0) M-
[7°:7*-XyIN=CN(Me)(CH),N(Me)C=NXyl] (M = Zr, 4a; M = Tj, 4¢) in 58 ~ 70%
isolated yields. Only diinsertion products were isolated in the presence of 1 or more
equiv of XyINC (Schemes 2.3). The results showed that XyINC molecules inserted
exclusively into the M-N bond giving ring expansion products, and the M-Cgaqe bond
remained intact regardless of the ring size of the metallacycles. They were
characterized by various spectroscopic techniques and elemental analyses. The
unique N-C=N resonance at ~205 ppm was observed in the 13C NMR spectra of the

insertion products.
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Scheme 2.3, Reactions of complexes 2a or 2¢ with unsaturated molecules
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Single-crystal X-ray analyses confirmed the molecular structures of 4a and 4¢,

and showed half benzene of solvation for both 4a and 4¢. Complexes 4a and 4¢ are

isostructural and isomorphous. Figures 2.3 and 2.4 show the structures of 4a and 4e,
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respectively. In these structures, the central metal atom is coordinated by an
n°-cyclopentadienyl ligand, a cage carbon atom and two #’-iminocarbamoy! ligands
in a five-legged piano stool geometry. As indicated in Table 2.1, the average
Zr-C(sp®) distance of 2.162(3) A in 4a and Zr-N(sp?) distance of 2.236(3) A in 4a are
close to the corresponding values of 2.259(4) A and 2.221(3) A in
Zr(NMeCyc),[CINXy)NMeCyc],*®  2.209(8) A and 2143(6) A in
(°-CoHg)Zr[C(NMe,)=N(2,6-Me,CsHa)]2C1.>® The average Ti-C(sp®) distance of
2.033(6) A in 4¢ and Ti-N(sp®) distance of 2.111(5) A in 4c are close to the
corresponding  values of 2061(5) A and 19554) A in
[17°:0-Me;C(CsHa)(CoB1gHi6) TI(CI) [ -C(NMez)=N(C¢H;Me»-2,6)),2  2.032(5) A

and 1.982(4) A in (n°-CoHg)Ti[C(NMe,)=N(2,6-Me,Ph)]Cl,.**°

Figure 2.3, Molecular structure of [ﬂs :0-MeyC(CsHa)(CBoHyg)1Zr-

[qz:nz-(Xyl)N=CN(Me)(CHZ)ZN(Me)C-——N(Xyl)] (4a).
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Figure 2.4. Molecular structure of [nsza-Me2C(C5H4)(C2Blon)]Ti-

[77:1*-(Xy)N=CN(Me)(CH,),N(Me)C=N(Xyl)] (4¢).

Treatment of 2a with 1 or 2 equiv of PANCO in DME at room temperature
afforded a diinsertion product {[7:6-MeaC(CsHa)(CaB gHy0)] Zt-
[-7":7*-OCN(PhN(MeX(CH2)2(Me)N(PhNCO1}; (5a) in 69% isolated yield
(Scheme 2.3). A characteristic N-C=0 resonance at 156.1 ppm was observed in the
BC NMR spectrum of 5a. Unlike [7’:0-MesA(CoHg)(CaBioH o) Zt-
[72-N(Ph)C(NMey)Ol (A = Me;C,** Me,Si,>* 'Pr,NPY, 5a did not show any activity
towards excess PhANCQ. The reasons are presumably owing to the steric effects
imposed by very crowded coordination environments around the Zr atom in Sa,
which may also lead to the formation of the dinuclear complex bearing an
18-membered metallacyclic ring.

Such a dimeric structure was confirmed by a single-crystal diffraction study and

43



shown in Figure 2.5. Each Zr atom is #°-bound to a cyclopentadienyl ring, qz—bound
to each of two OC(NMeR)NPh moieties and o-bound to a cage carbon atom in a
five-legged piano stool geometry. The average Zr-Criyg distance of 2.516(6) A and
Zr-Cepge distance of 2.371(5) A are very close to the corresponding values found in
4a. The average Zr-N/O distances of 2.217(5)/2.196(4) A compare well with the
2.242(3)/2.165(3) A observed in [ :0-MesC(CoHg Y(CaB1gH )] Zt-
[7*-N(Ph)C(NMe»)O],>* and 2.186(4)/2.161(3) A in

[ :0-"PraNP(CoHe)(C2B1oH10)) Zr[7°-OCN(Ph)] [#*-OC(NMe,)N(Ph)C=(NPh)O].*’

Figure 2.5. Molecular structure of{[#*:0-Me;C(CsHa)(CoB1oH10)] Zr-

[u-r:2-OCN(PR)N(Me)(CHz)2(Me)N(Ph)NCO] }, (5a).

On the other hand, interaction of 2a with 2 equiv of CH3;CN in DME at room
temperature gave an unexpected product {[rys:a—Me;C(C5H4)(C2BmHlo)]Zr-
[72-N(Me)(CH,),NH(Me))[#-NHC(CH3)=CHC=N]}, (6a) in 42% isolated yield
(Scheme 2.3). The NMR data were not obtainable due to the insolubility of 6a in
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organic solvents. Its composition and molecular structure were unambiguously

confirmed by elemental analyses and single-crystal X-ray analyses.

Figure 2.6. Molecular structure off [nS:U-MegC(C5H4)(C2B;OHIO)]Zr-

[7*-N(Me)(CH2):NH(Me)][z-NHC(CH3)=CHC=N]}, (6a).

As shown in Figure 2.6, each Zr atom is coordinated to an n°-cyclopentadienyl
ring, a cage carbon atom and four nitrogen atoms in a five-legged piano stool
geometry. A much shorter Zr-N(1) distance of 2.075(4) A over the Zr-N(2) distance
of 2.443(5) A and the planar geometry of N(1) suggest that N(1) is the amido
nitrogen and N(2) is the amino nitrogen. The Zr-N(3)/N(4) distances of
2.279(4)/2.320(5) A, C(28)-N(4)/C(27) distances of 1.149(7)/1.387(8) A and
C(25)-NQ3)Y/C(27) distances of 1.316(7)/1.392(7) A as well as the planarity of the
N(4)-C(28)-C(27A)-C(25A)-N(3A) fragment indicated some electron delocalization
over such a unit. These structural data imply that the N(3) atom is best described as
an amido nitrogen formed via intramolecular proton shift. Scheme 2.4 shows a
possible reaction pathway for the formation of 6a. Acid-base reaction between 2a
and CH3;CN gives the intermediate A which contains Zr-Cyyyi, Zr-Ceage and Zr-N

bonds. The second equivalent of CH3CN inserts into the Zr-Cuxy bond to afford the
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monoinsertion species B/B’, which dimerizes to form the final product 6a. This

result suggests that the reactivity follows the order: Zr-Cayr> Zr-N>> Zr-C cqq.

Scheme 2.4. Proposed mechanism for the formation of 6a.
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Complex 2a reacted with TMS-N=C=N-TMS in toluene at room temperature to
afford a desilylation product {[1°:6-MesC(CsH,)(C2B 1oH o)) Zt-
[7°-NMe(CH,),NHMe][4-TMSN=C=N]}, (7a) in 53% isolated yield (Scheme 2.3).
This complex was fully characterized by various spectroscopic techniques. A unique
N=C=N resonance at 125.1 ppm was observed in its 3¢ NMR spectrum.

As shown in Figure 2.7, the coordination environment of the Zr atom in 7a is very

similar to that observed in 6a. The C(26)-N(4)/N(3) distances of 1.167(4)/1.286(4) A
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and the linearity of the N(3)-C(26)-N(4) unit suggest that the N=C=N moiety
remains in the product, which is consistent with the NMR results. The Zr-N(1)/N(2)
distances of 2.403(3)/2.090(3) A and the planarity of the N(2) indicate that N(2) is
the amido nitrogen and N(1) is the amino nitrogen. Scheme 2.5 shows a proposed

mechanism for the formation of 7a.

Scheme 2.5. Proposed mechanism for the formation of 7a.
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Figure 2.7. Molecular structure of {[#°:0-MesC(CsH)(C,2B H 16))Zr-

[7*-N(Me)(CH),NH(Me)][¢-TMSN=C=N]}; (7a).

2.4, Reaction of [1°:0-Me;C(CsHq)(CzB1oHi)IM[*-N(Me)(CH,)sN(Me)] (M =
Zr, Hf) with Unsaturated Molecules

Reaction of 3a with 2 equiv of PhCN in DME at room temperature generated a
diinsertion dimeric complex { [ns :0-Me,C(CsHyg)(CoByoHio)]Zx-
[#-N=C(Ph)N(Me)}(CH,)sN(Me)C(Ph)=N]}, (8a) in 61% isolated yield (Scheme 2.6).
Such a ring expansion reaction led to the formation of a 20-membered metallacyclic
ring. Its *C NMR spectrum exhibited a unique resonance of N=C-N at 163.4 ppm.
The molecular structure of 8a was further confirmed by single-crystal X-ray analyses
with 0.75 THF of solvation. As shown in Figure 2.8, each Zr atom is coordinated by
an »°-cyclopentadienyl ring, a cage carbon atom and two nitrogen atoms in a
four-legged piano stool geometry. The average Zr-N distance of 1.958(9) A is close
to the corresponding  value of 1.972(2) A observed in

[7*:0-MezC(CoHg)(CaB 10H10))Zr[N=C(Ph)NMe,],.**
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Scheme 2.6. Reaction of 3a or 3b with unsaturated molecules.
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Treatment of 3a or 3b with 1 equiv of DIC or DCC in toluene at room
temperature gave the monoinsertion products [rgs:a-Me2C(C5H4)(CzBloHlo)]M-
[’ -N(Me)(CH,);N(Me)C(=NR)NR] (M = Zr, R = 'Pr (9a) or Cy (9a’); M= Hf,R =
Cy (9b")) in 54 ~ 69% isolated yields. No multiple insertion products were isolated

in the presence of excess carbodiimide (Scheme 2.6). The results showed that
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carbodiimide molecules can only insert into one M-N bond giving an #*-coordinated
guanidinato group, and the other M-N bond remains intact. The guanidinate ligand
adopts an asymmetric fashion of coordination, which has only been reported for
limited examples.”” It is noteworthy that 3a did not react with TMS-N=C=N-TMS
even in refluxing toluene, indicating that the coordinated HNMe; in 2a played a role

in the desilylation process.

Figure 2.8. Molecular structure of {[1*:0-Me;C(CsHa)(C2B1oH10))Zr-

{#-N=C(Ph)N(Me)(CH,);N{Me)(Ph)C=N1]}, (8a), showing one of the two

crystallographically independent molecules in the unit cell.

Complexes 9a, 9a’ and 9b’ were characterized by various spectroscopic
techniques and elemental analyses. The unique N-C=N resonances at about 150 ppm
were observed in their >C NMR spectra. Molecular structures of 9a’ and 9b* were
further confirmed by single-crystal X-ray analyses, showing that they are
isostructural and isomorphous with a toluene of solvation. Figures 2.9 and 2.10 show

the structures of 9a* and 9b’, respectively. The central metal atom is coordinated by
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an #n’-cyclopentadienyl ligand, a cage carbon atom, an amido group and an
n*-guanidinato ligand in a four-legged piano stool geometry. As indicated in Table
2.2, the key structural features in 9b” and 9¢’ are well comparable with the literature
data. The Zr-Namige and Hf-Namigo distances of 2.037(2) A and 2.031(4) A show

typical M-N single bonds.*®

Figure 2.9. Molecular structure of [5°:6-MeyC(CsHg)(CoB1oH; o)} Zt-

[17-N(Me)(CH,)sN(Me)C(=NCy)NCy] (92’).

Interaction of 3a or 3b with 2 equiv of ‘BuNCS or XyINCS in toluene at room
temperature afforded isothiocyanate moneinsertion products
[1°:6-MesC(CsHa)(C2B 1oH )M -N(Me)(CH,);N(Me)C(=NR)S] (M = Zr, R = ‘Bu
(10a) or Xyl (10a”); M = Hf, R = ‘Bu (10b)) in 52 ~ 81% isolated yield. Their *C
NMR spectra exhibited unique resonances of N=C-S at about 160 ppm. Still, only
one isothiocyanate was inserted to the M-N bond, regardless excess amount of
reagents used. The structures of 10a, 10a’ (with 0.5 toluene of solvation) and 10b

were shown in Figures 2.11, 2.12 and 2.13, respectively. Each metal atom is
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coordinated by an 5 -cyclopentadienyl ring, a cage carbon atom, two nitrogen and
ene sulphur atoms in a four-legged piano stool geometry. Like the DCC or DIC
inserted species 9a, 92’ and 9b’, one of the nz-coordination N atoms is originated
from the bridging amide group, but not from the unsaturated molecule, which is very
different from that observed in [#:0-Me; C(CoHg)(C2B 1oH 10)) Zr-
[7*-SC-(NMey)N"Bu)>.>* It might be due to the ring-strain of the bridging amido

ligand.

Figure 2.10. Molecular structure of [rys :0-Mey C(CsH)(CoB 1 oH 10)]Zr-

[7"-N(Me)(CH,;sN(Me)C(=NCy)NCy] (9b°).

58



65

"T[29 J1un 3y ur sa[noajour juspuadapur Aj[esryderdoreisAio omy ay) yo sanjea ageraay , ‘Sull [Auarpejuado]o£s ay) JO pronuad Ay Ju)) ,

(£)8'501 N-A-N
(£)6°601 (#)s 601 (mzorl (@ 8601 (€ or1 @ror1r (8)s011 N6 6 caawd
9'L6 €001 666 8'66 £'86 ¥'86 L'66 BRI
@TLsT (D¥z9C (1)T65°C S-N A
(6)856'1 PUIN-IN A
(P)61¥'C @o1v'e (#)85€°T (QesHT MUEN-IN AR

(Orr1T @191
(b)r86'1 (P)r66'1 (@ 00T FPUEN-IA AR

PE0'T /(DLEDT
(F)oseT (e (P)Loce (@D9LET (P)L8ET (Q)8LE'T 6)1¥ET BN AR
L1TT 991°C 081°C 181°C ¥81°C 102°C €0T°T JUS)-JN A®
(6)915°T (S)ELY'T (S)s8p'C (2)88%T (S)o6¥'C (£)505°T (1D)L6v'T BO-IN A€
(17) el (GH) 901 1Z) 201 (17) B01 GH) 46 (1Z) (6 , (1Z) &8 (W) xodwo)

» (o) Se[3uE pue () SAoUBISIP PuOq PIJII[IS ‘Z°Z II9VL



Figure 2.11. Molecular structure of [ns:a—MeZC(C5H4)(C2BmHlo)]Zr-

[7°-N(Me)(CH,)sN(Me)C(=N'Bu)S] (10a).

Figure 2.12. Molecular structure of [7?5:O"MSQC(CSI_LI)(CZBIOH]{])]ZI"
[n3—N(Me)(CH;);N(Me)C(=NXyl)S] (10a), showing one of the two

crystallographically independent molecules in the unit cell.
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Figure 2.13. Molecular structure of [??SZO'-M82C(C5H4)(CzB10H10)]Hf—

[7-N(Me)(CH,);N(Me)C(=N‘Bu)S] (10b).

Reaction of 3a with 3 equiv of ArNCO (Ar = 1-naphthyl) in toluene at 60 °C

—
afforded a triinsertion product [’?5 :0-MerC(CsHy)(CaByoH 0) 1 Zr-

[nz:q2—{OC(=NC10H7)N(C.oH;)C(=(I))}N(Me)(CH;);N(Me)C(NCmH-,:)O] (11a) in 69%
isolated yield. Similar to that of [#°:0-Me;Si(ColHg)(CaB1oHi0)]Zr(NMey),,>* one of
ArNCO molecule inserts into one Zr-N bond, while two insert into the other Zr-N
bond, giving a spiro|3.5]metallacycle, if the bridging N(Me)(CH;);N(Me) unit is
ignored. The structural parameters indicate that there are some electronic
delocalization among O(1)-C(19)-N(1), O(2)-C(35)-N(4) and O(3)-C(46)-N(5) units.
The 'H and *C NMR showed that four isomers existed in the solution with a molar
ratio of 1.5:1:1:0.5, one of which was crystallized out and confirmed by
single-crystal X-ray diffraction studies (Figure 2.14). The formation of four isomers
is presumably owing to the steric effect imposed by constrained-geometry ligand and
the bulky naphthalene rings, which restricts the rotation of the naphthalyl
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substituents. The Zr-N(1)/O(1) distances of 2.211(4)/2.167(3) A are compare well
with  the  2.186(4)/2.161(3) A in [7:0~"PraNP(CoHg)(C,B 10H 0) ) Z1-

[7*-OCN(Ph)][#*-OC(INMe)N(Ph)C=(NPh)O]*! and 2.217(5)/2.196(4) A in 5a.

—
Figure 2.14. Molecular structure of [#7°:6-Me;C(CsHa)(C2B1oHi0)) Zr-

|
[ :7°-{ OC(=NC1oH7)N(C10H7)C(=0)} N(Me)(CH2)sN(Me)C(NC H7)0] (11a).

Reaction of 3a or 3b with 2 equiv of XyINC in toluene at room temperature gave
the diinsertion products [ns:o-Mezc(C5H4)(C2Blngg)]M-
(77 -(Xy)N=CN(Me)}(CH,sN(Me)C=N(XyD} (M = Zr, 12a; M = Hf, 12b) in 58 ~
63% isolated yields. Similar to complexes 2a and 2¢, only diinsertion products were
isolated in the presence of 1 or more equiv of XyINC (Schemes 2.7). No further

reaction was observed. The titanium species 3¢ did not react with XyINC in a C¢Dy
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solution even at 90 °C for 3 days. It may be due to the larger ring size of the amide

ligand that prevents the insertion of XyINC.

Scheme 2.7, Reaction of 3a or 3b with isocyanides.
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They were characterized by various spectroscopic techniques and elemental
analyses. The *C NMR was not obtainable due to very poor solubility in organic
solvents. The molecular structures of 12a and 12b were further confirmed by X-ray
analyses and shown in Figures 2.15 and 2.16, respectively. Similar to complex 4a
and 4c, the central metal atom is coordinated by an »°-cyclopentadienyl ligand, a
cage carbon atom and two r;z-iminocarbamoyl ligands in a five-legged piano stool
geometry. The average Zr-C{sp?) distance of 2.190(3) A and Zr-N(spz) distance of
2.212(2) A are comparable well with 2.162(3) A and 2.236(3) A in 4a.

Unlike XyINC in which only diinsertion products were formed, complexes 3a or
3b reacted with other isocyanides bearing a-CH; wunit, such as »-butyl-,
2-morpholinethyl-, benzyl- and trimethylsilylmethyl-isocyanide to afford multiple

insertion products (Schemes 2.7).

Figure 2.15. Molecular structure of [?}'SIJ-M62C(C5H4)(C2B;(}Hm)]zr-

[7%:7°-(Xy)N=CN(Me)(CH,);N(Me)C=N(Xy1)] (12a).
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Figure 2.16. Molecular structure of [#°:0-MeaC(CsHa)(CaB1oH o) JHf-

7%~ (XyDN=CN(Me)(CH2);N(Me)C=N(Xy1)] (12b).

Treatment of 3a or 3b with 4.5 equiv of "BuNC at 60 °C in toluene gave

|

tetrainsertion  products  [7°:0-Me;C(CsHa)(C2B1oH10)IM[57*:7%-{N"Bu} {N"Bu} -

[(=C)-C=CHN("Bu)CH,N[(CH2);N(Me)N-C=N("Bw)]] (M = Zr, 13a; M = Hf, 13b)
1 |

in about 55% isolated yield. The '"H NMR spectra showed that the reactions were
completed in 2 days. Only multiple insertion products were observed in the presence
of 1 or more equiv of "BuNC. No intermediate was detected.

Four multiplets in the region 6.52 — 5.92 ppm assignable to the cyclopentadienyl
protons and two singlets at about 1.7 ppm attributable to the two diastereotopic
methyl groups of the bridging CMe; unit, a singlet at about 5.8 ppm of the
characteristic olefinic hydrogen, two doublets in the region 3.75 to 3.35 ppm
corresponding to the two diastereotopic NC/H>N protons and one singlet at ~2.5 ppm

for one NMe group, were observed in the 'H NMR spectra of 13a and 13b. The
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unique M-N("Bu)=C-C, M-N("Bu)=C-C and N("Bu)C=CH resonances at ~165, ~129

and ~130 ppm were found in the *C NMR spectra of 132 and 13b.

[
Figure 2.17. Molecular structure of [1°: 6MeaC(CsHa)(CaB1oHio)]Zr[n:7°-{N"Bu} -

{N"Bu} [(=|C)-IC=CHN(”Bu)CHﬂ;J[(CHz)gN(Me)N-CZN(”Bu)]] (13a).

The molecular structure of 13a and 13b were confirmed by single-crystal X-ray
analyses and shown in Figures 2.17 and 2.18, respectively. Complex 13a and 13b are
isostructural and isomorphous, in which the central metal atom is #°-bound to the
cyclopentadienyl ring, obound to a cage carbon atom, };r?'-bound to an
iminocarbamoyl ligand and #-bound to the amino-imino-tetrahydropyrimidine group
in a five-legged piano stool geometry. There is clearly a six-membered ring
formation in these structures. A C-H bond activation on the NMe group of the

bridging diamido ligand occurred.
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Figure 2.18. Molecular structure of [1°:0-MeyC(CsHa)(CyB1oH; o) [HE[# 17~ {N"Bu} -

{N"Bu} [(=F)-(II=CHN("Bu)CHzll\l[(CHz)3N(Me)N-C=N("Bu)]] (13b).

As indicated in Table 2.3, the key structural features in 13a and 13b are
somparable well with the literature data. The Zr-N(1)/C(19) distances of
2.154(4)/2.245(6) A are close to the 2.236(3)/2.162(3) A in 4a, 2.190(3)/2.212(2) A
in 12a, 2.174/2.271 A in [Zr{#°-CsH;3-1,3-(SiMes-4-N'Bu), } -
{-C(CH,Ph)=N(2,6-Me;CsH3)} ] The  Hf(1)-N(1)/C(19)  distances  of
2.146(4)/2.230(5) A are comparable to the 2.193(4)/2.176(4) A in 12b and
2.207(5)2.269(6) A in  [HRTC-3,5){#-(Cy)N=C(CH,Ph)},] (TC =
Tropocoronand).*® A much shorter Zr-N(6/Hf-N(6) distances of 2.126(4)/2.117(4)
A over the Zr-N(5)Hf-N(5) distances of 2.374(4)/2.361(4) A and the planar

geometry of N(6) suggest that N(6) is the amido nitrogen and N(5) is the amino
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nitrogen. The planar geometry of C(29), C(34) and C(35) atoms suggest that they are
sp” hybridized carbon and the short N(4)-C(29) and C(34)-C(35) distances of
1.307(6)/1.376(6) A in 13a, and 1.298(6)/1.376(7) A in 13b represent a typical
double bond. The planarity of the N{4)=C{(29)(-N(3))-C(34)(-N(6))=C(35)-N(5)
fragment indicates some electron delocalization over such a unit. All the
spectroscopic data confirmed the formation of metal-bound

amino-imino-tetrahydropyrimidine structures of complexes 13a and 13b.

|
Figure 2.19. Molecular structure of [175: O'-MCZC(CSH4)(C2Bmng)]Zr[nz:qz-{NR}-

—
{NR}[(=C)-C=CHNRCH,N[(CH,);N(Me)N-C=NR]] (R = 2-morpholinethyl) (14a).
| J

Under similar reaction conditions, reactions of 3a or 3b with

—
2-morpholinethylisocyanide afforded [%°:0-MezC(CsHa)(CoB1oH 10) M-

[7*:n"-{NR}{NR} [(=(|?)-é:CHNRCHZI?J[(CHg);N(Me)N-CZNR]] (R =
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2-morpholinethyl) as red crystals in 59% isolated yield (M = Zr, 14a) or orange red
crystals in 70% isolated yield (M = Hf, 14b). Both 'H and C NMR spectra of
complexes 14a and 14b showed similar patterns as those of complexes 13a and 13b.
A singlet at about 6.0 ppm assignable to the characteristic olefinic hydrogen and two
doublets in the region 4.0 — 3.6 ppm corresponding to the two diastereotopic NCH>N
protons were observed in the 'M NMR spectra in each case. The unique
M-N(R)=C-C and N{R)C=CH resonances at ~164 and ~130 ppm were found in their
BC NMR spectra, suggesting the formation of a  metal-bound

amino-imino-tetrahydropyrimidine moiety.

I
Figure 2.20. Molecular structure of [??5:G—MCQC(C5H4)(C2B10H10)]Hf[)?2:??2-{NR}-
- 1
{NR} [(=E)-C=CHNRCHZJN[(CHg)gN(Me)N-C=NR]] (R = 2-morpholinethyl) (14b).

The structures of 14a and 14b were further confirmed by single-crystal X-ray

analyses and shown in Figures 2.19 and 2.20, respectively. The corresponding bond
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distances are comparable and similar to those in 13a and 13b and those found in
literatures.” The Zr-N(1)/C(19) and Hf-N(1)/C(19) distances of 2.155(4)/2.232(5) A
and 2.151(5)/2.236(6) A are close to that of 2.154(4)/2.245(6) A and
2.146(4)/2.230(5) A in 13a and 13b, respectively. The short N(5)-C(31) and
C(38)-C(45) distances of 1.294(5)/1.363(5) A in 14a, and 1.303(7)/1.357(8) A in 14b,
in addition to the planarity of C(31), C(38) and C(45) atoms, suggest that N(5)-C(31)
and C(38)-C(45) are two double bonds. Similar to complexes 13a and 13b, the
N(5)=C(31)(-N(4))-C(45)(-N(9))=C(38)-N(7) atoms are in coplanar rearrangement,
indicative of some electron delocalization among this unit.

On the other hand, different reaction patterns were observed if there is no

F-hydrogen in the isocyanides. The reaction between 3a or 3b and benzyl isocyanide

at afforded complexes [qs:a-MeZC(C5H4)(C2BIOHIO)]I\I/I[qZ:qZ—{NCHzPh}{NCHZPh}-
[T(II(=CH2Ph)N(Me)(CH2)3N(Me)C=N(CH2Ph)] (M = Zr, 15a; M = Hf, 15b) in 50%
and 44% isolated yields, respectively. Although conversion was almost quantitative
as monitored by NMR, the isolated yield was comparatively low in each case, which
may be caused by the loss in purification and recrystallization processes. Complexes
15a and 15b were characterized by various spectroscopic techniques as well as
elemental analyses.

In addition to the peaks derived from the phenyl ring, carbon-bridged
cyclopentadienyl-carboranyl and diamido ligand, a peak at about 5.9 ppm
attributable to the characteristic olefinic proton, and three sets of diastereotopic
protons assignable to the three PhCH, groups were observed in the 'H NMR spectra
of both 15a and 15b. The unique M-N(CH,Ph)=C-C, M-N(CH,Ph)=C-C and

C=CHPh resonances at ~166, ~153 and ~110 ppm were observed in their *C NMR

spectra, suggesting the formation of a amino-acrylimidamide structure.

70



1L

Bun [Auarpriuado]ako a1 Jo pronuads oy ;jua)) |,

(Ng911 (16911 N-A-N

®corr (@601t (9oLl @cotr ot ot Wstir ol (@601l S0 50 Sive'
7’86 L'L6 €'L6 6°L6 I'L6 0'86 S'L6 1001 1001 B W-"D
(eDece' T (OLogl  (01)6SET @®@set @t (WeLer  (WkLEd D=0
(Dzzer (@ogee W8Iy Wicer (©8vec (WD19eT (MPLET PUIN-TA A€
(Lestz  @eL1'z  (Ostz Qs ssic  ovi'e  (estz Wl (DTITT PMWIN-A AR
(Wsy1c  @isre  @serz  (pzic  ©ovi't  WLITT  (19T1T PUEN-IAL AR
@®scer @iove @swwr  ove Wzevr e OLeeT  hser  ()STrT BN Ae
W LSTT 877°C 6€T°T 6YTT 0vTT 867°C 961'C v12T )N AR
(1ovsz  (9sssz ®egst (Lsest (©)8psT (OzwsT  (9essT  (9)00sT  (£)SIST ULy AR

GH) 99¢ (17) v91 (GH) gsT (GH) qav1 () epr  GH) A€Y (22) egY JH) 9z1 (xz7) 71 (D) xardwo))

o{o) SI[BUE puE () SIOUBISIP PUOq PAOIIS €7 GV



The molecular structure of 15b was further confirmed by X-ray analyses and
showed half DME of solvation. As shown in Figure 2.21, the central Hf atom is
#°-bound to the cyclopentadienyl ring, o-bound to a cage carbon atom, 7>-bound to
an iminocarbamoyl ligand and #*-bound to the amino-acrylimidamide group in a
five-legged piano stool geometry. The short N{(4)-C(32) and C(40)-C(41) distances
of 1.308(9) A and 1.359(10) A and the planarity of C(32), C(40) and C(41) atorns
show that N(4)-C(32) and C(40)-C(41) are typical double bonds. The N(4), C(32),
C(40) and C(41) atoms are not in the same plane, which may be due to the bulky

CH,Ph and C=CHPh groups preventing the coplanar rearrangement of these atoms.

—
Figure 2.21. Molecular structure of [:;rS 1 o-Me, C(CsHg )(CoB1oH ) JHE-

'
[#?:1°-{NCH,Ph} {NCH,Ph} [-C(=CH,Ph)N(Me)(CH.);N(Me)C=N(CH,Ph)] (15b).

Treatment of 3a or 3b with 6 equiv of TMSCH,;NC at 70 °C for 3 days afforded
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—
the multiple ingertion products [ :0-Mey C(CsHa ) CaBgH10) [M-

)
[ryzzrgz-{NCH;,TMS}=C{(ENCH(Me)Si(Mez)N(CHgTMS)Cllz}N(Me)(CHg)gN(Me)C=

NCH,TMS] (M = Zr, 16a; M = Hf, 16b) in 57 ~ 64% isolated yields. These two
compiexes were fully characterized by various spectroscopic techniques as well as

single-crystal X-ray analyscs.

X
. =
N

O ()

c20

Figure 2,22, Molecular structure of

[
[7°:0-MeaC(CsH X C2B1oH 0)] Zr[ 77>~ {NCH, TMS }

1
=C{CNCH(Me)Si(Mez)N(CHgTMS)(Il=}N(Me)(CHz)gN(Me)C=NCH2TMS] (16a).
L

A singlet at ~6.0 ppm assignable to the characteristic C=CHNCH,TMS resonance,
a quartet at about 3.9 ppm attributable to the Si(Me),CHMe proton, a doublet at ~1.2
ppm corresponding to the Si(Me),CHCH; group, two singlets in the region 0.7 - 0.0

ppm for the two diastereotopic SiMe; groups and three sets of diastereotopic
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CH,TMS protons were observed in the 'H NMR spectra of 16a and 16b. The unique
M-N(CH,TMS)=C-NMe, M-N(CH,TMS)=C-C=CH, M-N(CH,;TMS)=C-C=CH

resonances at ~168, ~134 and ~133 ppm were found in their *C NMR spectra.

)
\\
‘v'a‘, s
9 @

Figure 2.23. Molecular structure of

|
[17°:0-Me;C(CsHa)(C2B 1oH o) JHE[ 717~ {NCH, TMS }

=C {|CINCH(Me)Si(Mez)N(CHgTMS)CZ}N(Me)(CHz)gN(Me)C=NCH2TMS] (16b).
|

As shown in Figures 2.22 and 2.23, the coordination envirorunents of the central
metal atoms are very similar to that observed in the above multiple insertion products,
in which the central metal atom is #°-bound to the cyclopentadienyl ring, o-bound to
a cage carbon atom, n*-bound to an iminocarbamoyl ligand and #*-bound to the
tetrahydrodiazasilinylmethanimino group in a five-legged piano stool geometry. The
short N(4)-C(29) and C(34)-C(35) distances of 1.304(3)/1.367(3) A in 16a, and
1.296(12)/1.339(13) A in 16b, show that they are two double bonds. The planarity of
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the N(4)=C(29)(-N(3))-C(34)(-N(6))=C(35)-N(5) fragment indicates some electron
delocalization over such a unit, which further confirms the structures.

The reaction between 1b and TMSCH;NC, did not afford a pure product, as
monitored by NMR techniques. This result shows that the bridging amido ligands

have some influences on the multiple insertion reactions.

Scheme 2.8. Three types of isocyanide insertion reactions

~X
M

T

X
RNC

R i
N N —X
Py w1
M X hl.l X
R
mono-insertion multiple insertion coupling reaction

Isocyanides are isoelectronic analogue of CO, and insertion of these compounds
into M-C or M-N bonds has been extensively studied %% Generally, these reactions
can be classified into three types: monoinsertion,* multiple insertion,” and coupling
reactions®® (Scheme 2.8). Although these reactions seem simple, tandem reactions
with migration of these inserted species or intermediate can construct complicate
organometallic framework and provide useful synthetic routes to nitrogen-containing

60-63

organic compounds. For examples, reaction of [PdCly(PPhs);] with excess

XyINC in the presence of H,SiMe, afforded multiple insertion product
[PA{[CENXYD]sCHENXYD I (C=NXyI)Cl], which reacted further with RNC (R =

Xyl or Mes), CO or PhC=CPh to give diazabicyclooctadiene derivatives or pyrrole

65b

derivatives, respectively. Reaction of  iminotitanium complex

[(F-NNpy)Ti=N'Bu)(py)] [(NoNpy) = (2-CsHiN)C(Me)CHyNSiMes);]  with

75



isocyanides bearing one a-H afforded metal bound heterocycles

| |
[(*-NoNpy)Ti{N'Bu} {#>-NR}[-C=NCH(R)N(R)CHC-]] (R = H, CH;, C3H; or

Ph).%

Chart 2.1. Common structures in the isocyanide multiple insertion products.

o 47 s W MZ«R

Mh" G M\""N @ _{-
Me N N
&, B N
N
R Ph
M=Zr,R="Bu (133). M = Zr (15a) M=2Zr {16a)
R = 2-morpholinethyl (14a) M = Hf (15b) M = Hf (16b})

M = Hf, R = "Bu (13b),
R = 2-morpholinethyl (14b)

Scheme 2.9. Proposed mechanism for the formation of heterometallacycles.

R R
&\ | 0 N \? Ny N
Me\C \M,N:> 2 RNC Me\c \\\M,/)\/ > RNG Me\CF§47/1\|’R\g
Me” N ’ s "‘\
BT B
- r'e j
; ((3?)))' A IIB

In current cases, different isocyanides gave different products. They share the
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same structural motif as high-lighted in Chart 2.1. Based on these, we proposed a
possible mechanism for the formation of these heterometallacycles (Scheme 2.9).
Simple insertion of two equiv of isocyanides into two M-N bonds forms the
diinsertion intermediate A.>*****%* The reaction of 3a or 3b with XyINC stops at this
stage mainly because of the steric hindrance of the bulky Xyl groups, which prevent
further reactions. The second step is insertion of an isocyanide into the newly formed
M-C bond gives the triinsertion species B,%® which is in resonance with a carbene
intermediate C with a new M-N ¢ bond. Consequence coupling of the fourth equiv of
isocyanide gives the iminoketene derivative D.5% Although D cannot be isolated or
detected by NMR techniques, the reaction of carbenes or carbenoids with

isocyanides to give iminoketenes is well established.”

Scheme 2,10, Proposed mechanism for the formation of 13a, 13b, 14a and 14b.

H | [
NN NN
Me, r&?/ 'R\g Me. l7’ ,Rg
=N C =N
< T e
N A N~
1 W
N N
R R
D |
g o
Me, ﬁl ) gx Me,_ \lflR\
C N\q‘*N - I‘u'le/C “{bﬁh\y @,
Me N{N N~ N
! \ ) R" s Hs
N HC =
R R
M = Zr, R = "Bu (13a), E

R = 2-Morpholinethyl {14a)
M = Hf, R = "Bu (13b),
R = 2-Morpholinethyl (14b)
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This intermediate D can undergo different migratory processes depending on the
R groups. For R = "Bu, an 1,5-H sigmatropic reaction occurs at the NMe group to
give the Eschenmoser’s salt intermediate E.%” Intramolecular ring closure gives the

final products 13a, 13b or 14a, 14b, as shown in Scheme 2.10.

Scheme 2.11. Proposed mechanism for the formation of 15a and 15b.
T

>N N N
Mebﬁ 7/17\'\% 1.3-benzyl Me_ ﬁlr R\S

shift C M=~—N

Me” V%N T T owe \ 3 N
&< e
R ¢ R

5 C\
N— PH H N

F

L- HCN

Ve, ﬁﬁ’

@”’“{

R = PhCHs,
M = Zr (15a), Hf (15b)

When R = Bn, a 1,3-benzyl migration gives the corresponding intermediate
propionitriles F.”* This type of conversion via thermal arrangement of the benzyl
groups is well known as a radical mechanism.”’ Elimination of HCN from F gives
complexes 15a or 15b (Scheme 2.11). It is noted that decyanation reactions of
isocyanides in the presence of transition metal to afford metal bound cyanides have

been previously reported.”” From the reaction mixtures, we also got few crystals

|
characterized as  [#”:0-MexC(CsHa)(CB gH 0)}Z1[#%:#*-{NCH,Ph} {NCH,Ph}-

—
[-C(-CaN)CN(Me)(CH,);N(Me)C=NCH,Ph] (17a) by X-ray analyses with half
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toluene of solvation (Figure 2.24). Unfortunately, its spectroscopic data cannot be
obtained due to a very small quantity of the crystals. Nevertheless, the structural

characterization of 17a supports the proposed decyanation process.

2]
O
A
)
0
% %
o AN ',
(2
—

Figure 2.24. Molecular structure of [)}52O'—M82C(C5H4)(C2B]0H]0)]21‘-

[~ {NCH,Ph} {NCH,Ph} [-é(-CEN)CN(Me)(CHz)gN(Me)C=NCH2Ph] (17a).

When TMSCH;NC was used, the a-H in the intermediate D can be transferred to
the sp-C of the iminoketene group to form the intermediate G557 Attack of the
amide on the Si atom followed by the Me group migration gives the final product
16a or 16b (Scheme 2.12).

These reactions involve several bond-breaking and -forming processes. Although
the rearrangement of imidoylketimines to dihydropyrimidines is a known
21,74

conversion,” selective C-H bond activation at NMe group is not very common.

Meanwhile, Si-C bond activation on TMS group is comparatively rare,”” and is
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usually involved in late transition metal organometallic or organolithium
compounds.’® Tt is clear that the electronic effects of the R groups play important
roles in these intramolecular bond activation and migratory processes, although exact

reasons for the different product formation are not known yet.

Scheme 2.12. Proposed mechanism for the formation of 16a and 16b.
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R = TMSCH,
M = Zr (16a), Hf (16b)

2.5. Summary

Group 4 metallacycles can be conveniently prepared via amine exchange reaction
of [I?SZO'-M62C(C5H4)(C2B|0H[0)]M(NM62)2 with diamines HN(Me){(CH,),N(Me)H (»
= 2, 3) in toluene. The formation of volatile HNMe; and the chelating effect of the
diamido ligands are the driving forces of the reactions. Reactivity studies show that

unsaturated molecules insert exclusively into the M-N bonds to give the ring
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expansion products, and the M-Cg,,; bond remains intact. These results suggest that
the inertness of the M-C.,g. bond toward unsaturated molecules is best ascribed to the
steric effect of the cage, and the mobility of the migratory groups may not play a role
in the insertion reactions. Also, the insertion of unsaturated molecules into the M-N
bonds in metallacycles 1s a useful and effective method for the construction of large
ring systems. The reaction with isocyanides gives different insertion products
depending on the substituent groups. The sterically demanding isocyanide, XyINC,
gives diinsertion products. For less bulky isocyanides, multiple insertion products are
obtained with the C-H, C-C or C-Si bond activation. The carbon-bridged
cyclopentadienyl-carboranyl and bridging amido ligand both play important roles in
the multiple insertion reactions. The presence of a carbon-bridged
cyclopentadienyl-carboranyl ligand leads to the unique insertion patterns, whereas

the bridging amido ligand may restrict the reaction site.
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Chapter 3. Insertion and Deinsertion Reaction of
Carbodiimide and Isocyanide. Synthesis and Structure of
Group 4 Metallacycles Bearing a
Cyclopentadienyl-Carboranyl Ligand

3.1. Reaction of [17°:6-Me;C(CsH4)(C2B1oH19) IM[77°-N(Me) CH,)s-
N(Me)C(=NR)N-R] with Unsaturated Molecules
3.1.1. Introduction

Guanidinates, as commonly used ligands in organometallic chemistry, can
stabilize transition metal complexes due to their coordination flexibility and easily

7 acid-base

modifiable steric and electronic properties.’>**"7"® Salt metathesis,
reaction®® and insertion of carbodiimide into M-N bond®' are useful metbods to
synthesize guanidinato metal complexes. The inert nature of guanidinates was

550,57,77,78,82 . . ey
0 and deinsertion of carbodiimides is

observed in many of these compounds
rare but would proceed in some cases. Our group have recently investigated the
reaction of [o:#°-(CoH7)CBoH g)Zr(NMe;)(DME)  with  carbodiimides, and
unprecedented zirconacarboranes [7::5°-{2-[C=N'Pr(NH'Pr)]C2BoH o Z1-
[7-(PrN),C(NR3)] (R = Me, Et) were isolated. Mechanistic studies showed that
dissociation of carbodiimide from the Zr-N bond occurred.® In literature, reversible
insertion of carbodiimide into Zr-C* and Zr=N*’ bond had been studied kinetically.

Moreover, dissociation of carbodiimide from the M-N bond was reported to be

involved in the transamination of guanidine using metal amido or imido
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species.”®**® But it was hard in the case of metal amides and most of which are
high-temperature thermolysis.*” The insertion of carbodiimide into the M-N bond in
[1°:6-Me2C(CsH)CaB1oH 1) IM[7°-N(Me)(CH,):N(Me)] (M = Zr (3a), Hf (3b)) and
their reverse reaction were studied. The carbodiimide insertion species reacted with
other unsaturated molecules, leading to the dissociation of carbodiimide and
affording mono-, di- and multi-insertion products.
3.1.2. Reactivity

Reaction with isocyanides. Treatment of [??SZU-M€2C(C5H4)(C2B]UH]{))]M-
[7*-N(Me}(CH,)sN(Me)C(=NR)NR] (M = Zr, R = ‘Pr (9a), Cy (92°), M = Hf, R = Cy
(9b*)) with 2 equiv of XyINC in toluene at 60 °C afforded the unexpected isocyanide
diinsertion products [qs :6-Me; C(CsHa)(CoB 1 oH ) ]M-
[7*-N(Xy)=CN(Me)(CH2):N(Me)C=N(Xyl)] (M = Zr (12a), Hf (12b)) almost
quantitatively as monitored in situ in C¢Dg (Scheme 3.1). The characteristic C=NCH
resonance at 3.11 or 3.33 ppm and N=C=N resonance at 140.0 or 140.4 ppm of DCC
or DIC, respectively, were clearly observed in the "H and >C NMR spectra, which
confirmed dissociation of DCC or DIC from 9a, 9a’® and 9b’. These results show that
carbodiimide would be deinserted from the M-N bond to afford complex 3a or 3h,
thus insertion of carbodiimides into the M-N bond was reversible. It is noted that
heat is needed as the reaction proceeded very slowly at room temperature.
Complexes 12a and 12b can also be synthesized from the direct reactions of

complexes 3a or 3b with XyINC,



Scheme 3.1. Reaction of complexes 9a, 9a’ or 9b” with isocyanides.

M = Zr, R ='Pr (9a) or Cy (9a")
M = Hf, R =Cy (9b")
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M = Zr (16a), Hf (16b)
R= TMSCH2

Besides XyINC, complexes 9a’ and 9b’ also reacted with other isocyanides

bearing a-CH, to afford multiple insertion products in 50 to 78% isolated yields
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(Scheme 3.1). The reactions of 9a’ or 9b’ with isocyanides were monitored in situ in
CeDs. These reactions were completed within three days at 60 °C, with the
appearance of DCC. They were fully characterized by 'H and *C NMR spectroscopy.
As discussed in chapter 2, complexes 12 — 16 were also prepared from direct reaction
of 3a,b with the corresponding RNC.

Reaction with isothiocyanates. Reaction of 9a’ and 9b’ with 2 equiv of
‘BuNCS or XyINCS in toluene at 60 °C afforded the isothiocyanate monoinsertion
products [17°:6-MeaC(CsHa)(CoB1oHi0)IM[7°-N(Me)(CH,)sN(Me)C(=NR")S] (M =
Zr, R’ = 'Bu (10a), or Xyl (102’), M = Hf, R = ‘Bu (10b)) in 72 ~ 95% isolated yields
with the dissociation of DCC (Scheme 3.2). Their >C NMR spectra exhibited unique
N=C-S resonances at about 160 ppm. Only one isothiocyanate was inserted into the
M-N bond, regardless of the amount of isothiocyanate was used, which might be due
to the presence of the bridging diamido ligand. These results further confirmed the
dissociation of carbodiimide from the guanidinato metal unit.

Reaction with isocyanate. In addition to isocyanides and isothiocyanates,
isocyanates also reacted with guanidinato metal complexes, resulting in the
deinsertion of carbodiimide. Interaction between 9a’ and PhANCO or XyINCO gave a
mixture of products, which might be due to the trimerization of isocyanates at the
reaction temperature. If a less reactive isocyanate was used, the insertion product
could be isolated. Treatment of 9a’ with 3 equiv of 1-naphthylisocyanate in toluene

—
at 60 °C afforded a triinsertion product [4’:0-MeyC(CsHa)(C2B1oH 0)]Zr-

|
[17*:77-{OC(=NC oH7)N(C10H7)C(=0) }N(Me)(CH,)sN(Me)C(NC1oH7)O] (11a) in 68%
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isolated yield with the release of DCC (Scheme 3.2). Four isomers were observed in
its 'H spectrum, which was presumably owing to the steric effect imposed by
carborane and the bulky naphthalene ring, which restricts the rotation of the

naphthaly] substituents.

Scheme 3.2, Reaction of complexes 9a’ or 9b’ with isothiocyanates and isocyanate.

\
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ANCO Me > SN
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Ar = 1-Naphthyl (11a)

Reaction with nitriles. On the other hand, treatment of 9a> with excess PhCN
and p-CH3;C¢HCN in tolueme at 60 °C gave unexpected products
[7:0-MeaC(CsHa(CaB1oH 10)) Zt o1 -N(AD)=CN(Me)(CH2)sN(Me)C=N(Ar)C(NCy}
NCy] (Ar = Ph (18a) or p-CH3C¢H, (19a)) in 57 ~ 79% isolated yields (Scheme 3.3).
They were characterized by spectroscopic techniques and elemental analyses. Their
BC NMR spectra exhibited unique resonances of Zr-N=C and N-C-N at ~168 and

~153 ppm, respectively. The structures of 18a and 19a (with a toluene of solvation)
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were further confirmed by single-crystal X-ray analyses. As shown in Figures 3.1
and 3.2, the central Zr atom is coordinated by an #’-cyclopentadienyl ring, a cage
carbon atom, a nitrogen atom of nitrile, and r;z-guanidinato ligand. The Zr-Nimo
distances of 1.968(3) A in 18a and 1.961(4) A in 19a are close to the corresponding
value of 1.958(9) A observed in 8a, and the average Zr-Ngyanidinate distances of
2.233(2) A in 18a and 2.232(4) A in 19a are also close to the corresponding value of

2.206(2) A observed in (guan),ZrMe; (guan = 7°-('PrN);C(NMey)).”®

Scheme 3.3. Reaction of complexes 9a, 9a’ or 9b’ with nitriles.
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Figure 3.1. Molecular structure of [I?SIO'-M62C(C sHa)(C2B1oH o)} Zr-

[o:72-N(Ph)=CN(Me)(CH,);N(Me)C=N(Ph)C(NCy)NCy] (18a).

Figure 3.2. Molecular structure of [};S:O'-M62C(C5H4)(C2B10H;@)]Zr-
[a:7-N(AD=CN(Me)(CH,):N(Me)C=N(Ar)C(NCy)NCy] (Ar = p-CH;C¢Hy) (19a).
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Scheme 3.4 shows the possible reaction pathway for the formation of 18a and 19a.
The deinsertion of DCC from 9a’, followed by the insertion of PhCN into the Zr-N
bonds give the metallacycles. Re-insertion of the released DCC into the newly
formed Zr-N bond afforded the final product. It is not clear yet whether this insertion
proceeds before the insertion of the second equiv of PhCN into the Zr-N bond or vice

versa.

Scheme 3.4. Proposed mechanism for the formation of complexes 18a and 19a.
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Ph

Ph = CgHs (18a)
= p-CHa{CgH,) (19a)

In the case of Hf complex 9b’, re-insertion of DCC was also observed and a
dimeric complex  {[#°:0-MesC(CsHa)(C2B1oH10)JHIo:7°-N(Ph)=CN(Me)}(CH,)s-
N(Me)C=N(Ph)C(NCy)NCy]}, (18b) was isolated in 71% yield (Scheme 3.3). Such
a ring expansion reaction led to the formation of a macro metallacycle. The unique

resonances of Hf-N=C and N-C-N at 166.5 and 153.2 ppm were also observed in its
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C NMR spectrum, which are well consistent with those of complexes 18a and 19a.
The molecular structure of 18b was further confirmed by single-crystal X-ray

analyses and showed two toluene of solvation (Figure 3.3).

Figure 3.3. Molecular structure of {[1":0-Me;C(CsHg}(C2B gH o) Hi-

[o:77-N(Ph)=CN(Me)(CH,);N(Me)C=N(Ph)C(NCy)NCy]}» (18b).

Complex 9a reacted with a bifunctional unsaturated molecule S-hexynenitrile in
toluene at 60 °C, affording the cyclization product [qs:J-M82C(C5H4)(C2B10H10)]Zr—
2 f 7 . . .
[¢:7°-N(Me)}(CHy sN(Me)}C=N(CH,);C=C(N'Pr)N'Pr] (20a) in 44% isolated yield
(Scheme 3.3). Although conversion was almost quantitative as monitored in situ, the
loss in purification and recrystallization led to the low yield. Complex 20a was fully
characterized by various spectroscopic methods and single-crystal X-ray analyses.

As shown in Figure 3.4, the Zr atom is coordinated to an #°-cyclopentadieny! ring, a
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cage carbon atom, an amido group and an #°-guanidinato ligand in a four-legged
piano stool geometry. The average Zr-Nguamamao distance of 2.248(2) A is well
comparable 1o the 2.233(2) A and 2.232(4) A in complexes 18a and 19a. The short
C(28)-C(29) distance of 1.331(4) A confirmed the formation of C=C bond. The
unique C=CH and C=CH resonances of 5.08 and 112.4 ppm were observed in its 'H
and ’C NMR spectra, respectively, further supporting the insertion of alkyne. The
resonance at 158.6 ppm was corresponding to the N-C-N moiety confirming the
presence of the DIC unit. Similar to complexes 18a and 19a, re-insertion of
carbodiimide proceeded, but insertion of nitrile only took place at one M-N bond, it
may be due to the steric effects of the six-membered ring. A possible reaction
pathway for the formation of 20a is shown in Scheme 3.5. Deinsertion of
carbodiimide from 9a affords the carbodiimide coordinated species A. The nitrile
group of 5-hexynenitrile inserts into one M-N bond to give nitrile mono-insertion
product B. Intramolecular insertion of terminal alkyne into the Zr-N bond
(ring-closure) to forms a six-membered ring. Re-insertion of the released DIC into

the Zr-C bond generates the final product 20a.
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Figure 3.4. Molecular structure of [PysZO'-M62C(C5H4)(CzB]{)H]o)]zr-

[77-N l - ! — NI i
77 -N{Me)(CH;)sN(Me)C=N(CH;);C=C(N'Pr)N'Pr] (20a).

Scheme 3.5. Proposed mechanism for the formation of complex 20a.
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3.1.3. Summary

Reactions of 9 with various unsaturated molecules were investigated which
showed the insertion of carbodiimides into M-N bond is reversible in the presence of
other unsaturated molecules. The reactions with XyINC afforded diinsertion species
12a or 12b. For other isocyanides bearing a-CH,, multiple insertion species were
obtained. In both cases, deinsertion of carbodiimides occurred. Besides isocyanides,
complexes 9a’ and 9b° also reacted with BuNCS or XyINCS to give isothiocyanate
monoinsertion products 10a, 10a’ and 10b, with the release of carbediimide.
2-Naphthylisocyanate reacted with 9a’, leading to the deinsertion of carbodiimide
and triinsertion of isocyanate complex 1la. These insertion products were also
obtained from the reaction of 3a or 3b with unsaturated molecules. Re-insertion of

carbodiimide was observed in the reactions with nitriles,

3.2. Reaction of [17°:6-Me;C(CsH3)(C2B1oH 10)IM[7%:17-N(Xyl)=CN(Me)(CHz)3-
N(Me)C=N(Xyl)N] with Unsaturated Molecules
3.2.1. Introduction

Insertion of carbon monoxide into the M-N or M-C bond affords r*-acyl
compounds,‘53 which are very reactive and readily undergo a variety of interesting
reactions® such as deinsertion reaction,*® uptake of the second equiv of CO to give
enediolate species,”” or insertion of alkyl groups to generate an 5’-ketone.*®
Isocyanides, which are isoelectronic analogues of carbon monoxide, typically insert

into early transition metal M-C or M-N bonds, producing #*-iminoacyl moieties.*®
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Similar to #”-acyl compounds, isocyanide insertion species are reactive towards the
second equiv of isocyanide to generate enediamine moiety,°® or undergo alkyl
insertion to give n’-imine.?%*°! Moreover, multiple insertion reactions® are often
observed in the reaction of metal alkyls with isocyanide, which provides useful
synthetic route to nitrogen containing organic compounds.®*® Unlike #’-acyl
functionality, #°-iminoacyls are more stable and migratory deinsertion of isocyanide
is comparatively rare.®

Examples of isocyanide deinsertion reactions were reported.”” Reversible
insertion of XyINC into the metal carbon bond of Cp*FvMCl (M = Ti, Zr) (Fv
:??G-CsMC.qCHz) was observed at room temperature by NMR techniques. An
equilibrium strongly favorable for the insertion product was found.’®® Insertion of
‘BuNC into the Ti-C bond of titanacyclobutane Cp*,Ti[n*-CH,CH('Pr)CH,]
produced q1-iminoacyltitanocyclopentane Cp*gTi[?grz-CH2CH(iPr)CH2C(=N‘Bu)],
which underwent thermolysis at 65 °C either in the presence or absence of ethylene,
leading to the detnsertion of isocyanide and the formation of the titanacyclobutane
species.®® In late transition metal complexes, deinsertion of XyINC from the

platinacyclopentane was observed.”™ Moreover, the reversible insertion of ‘BuNC

into the Ni-C bond took place in the formation of nickel complex

I ]
trans-(Me3P)Ni[C(N‘Bu)CsHs~0-CH,JNiBr(PMe;).
In current case, the XyINC diinsertion species [°:0-MeyC(CsHa)(C2B1oH10) M-
[ -N(Xy)=CN(Me)(CH2)sN(Me)C(=NXyl)] (M = Zr (12a), Hf (12b)) reacted

with other unsaturated molecules, affording the isocyanide deinsertion species
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depending on the metal atoms and the substrates used.
3.2.2. Reactivity

Reaction with isocyanide. Treatment of 12a with an excess amount of "BuNC in
toluene at 60 °C for 7 days afforded the unexpected product
[7°:0-MexC(CsHa)(C2B1oH10)] Zr[77:17-N(Xyl)=CN(Me)(CH,);N(Me)C(=N("Bu))C=
N("Bu)] (21a) as white crystals in 72% isolated yield (Scheme 3.6). It was
characterized by various spectroscopic techniques as well as single-crystal X-ray
analyses. Only one XyINC was deinserted from the 12a, although excess "BuNC was
added. When this reaction was monitored in CgDs, the characteristic CsH3z(CHs)z
resonance at 2.06 ppm was clearly observed from 'H NMR spectrum, which
confirmed the dissociation of XyINC from 12a. This result showed that the insertion
of isocyanide into the M-N bond was reversible. It also indicated that heat was

necessary for the reaction to occur.

Scheme 3.6. Reaction of complex 12a with isocyanides.
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There were two multiplets in the region 7.2 — 7.0 ppm assignable to the aryl

protons, and two singlets at 2.22 and 1.78 ppm attributable to the C¢Hi(CHz),
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protons were observed in the '"H NMR spectrum of 21a. The unique Zr-C=N(Xyl),
Zr-C=N("Bu) and N-C=N("Bu) resonances at 205.8, 247.]1 and 159.1 ppm were

observed in its *C NMR spectrum.

Figure 3.5. Molecular structure of [rys:cr-Me2C(C5H4)(C2BmHm)]Zr-

[7%:7°-N(Xyl)=CN(Me)(CHa)sN(Me)C(=N("Bu))C=N("Bu)] (21a).

As shown in Figure 3.5, the central Zr atom is qs-bound to the cyclopentadienyl
ligand, g-bound to a cage carbon, and qz—bound to two iminocarbamoyl group in a
five-legged piano stool geometry. It clearly shows two "Bu groups in this structure,
indicating that the second equiv of "BuNC was inserted into the newly formed Zr-C
bond. The Zr-N(1)/C(27) distances of 2.195(5)/2.190(6) A are very close to the
2.210(4)/2.192(5) A in its parent complex 12a, showing that the insertion of "BuNC
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into the Zr-N bond does not obviously affect the coordination environment of the
metal atoms. The Zr-N(5)/C(38) distances of 2.233(5)/2.204(6) A are comparable
well to 2.259(4)/2.221(3) A in Zr(NMeCy):[C(NXy)NMeCy],,** 2.209(8)/2.143(6)
A in  (-CoHe)Zr]C(NMey)=N(2,6-MesCe3)CL*® 21742271 A in

[Zr{#7’-CsHs-1,3-[SiMe;-#-N'Bu)}> } {#*~C(CH,Ph)=N(2,6-Me,C¢H3)} °*** and other

66a,d-1

ryz-bound iminocarbamoyl zirconium complexes in literature.

Figure 3.6. Molecular structure of [ :0-MeyC(CsHy)(C2B1gH10) 1 Zr-
[7%:7*-N(XyD)=CN(Me)(CH,);N(Me)C(=N(CH,TMS))C=N(CH,TMS)] (23a),

showing one of the two crystallographically independent molecules in the unit ceil.

Besides "BuNC, 12a also reacted with other isocyanides such as
2-morpholinethyl- or trimethylsilylmethyl-isocyanide to afford the products

[7°:0-Me2C(CsHa)(CaB 1oH10)] Zr [ N(Xy)=CN(Me)(CH,)3sN(Me)C(=NR)C=NR]
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(R = 2-morpholinethyl) (22a) as a white solid in 47% isolated yield, or
[ :6-MeaC(CsHa X(C2B1oH 10)) Ze[ 7 177 -N(Xyl)=CN(Me)(CH,);N(Me)C(=N(CH, TM
SHC=N(CH,TMS)] (23a) as colorless crystals in 64% isolated yield, respectively
(Scheme 3.6). They were fully characterized by various spectroscopic techniques as
well as elemental analyses. The unique Zr-C=N(Xyl), Zr-C=N(R) and N-C=N-R
resonances at ~206, ~245 and ~159 ppm were observed in their B3C NMR spectra.
The molecular structure of 23a was further confirmed by single-crystal X-ray
analyses. There are two crystallographically independent molecules in the unit cell
and a representative one is shown in Figure 3.6. The geometry of complex 23a is the
same as that found in 21a. The Zr-N(1)/C(19) and Zr-N(5)/C(38) distances of
2.199(3)/2.193(4) A and 2.243(4)2203(4) A in 23a are very close to
2.195(5)/2.190(6) A and 2.233(5)/2.204(6) A in 21a.

The Hf analogue 12b reacted with n-butyl- and 2-morpholinethyl-isocyanides at
90 °C to afford the substitution products. The reactions proceeded much faster than
the Zr one and finished within 3 days as monitored by 'H NMR spectra. There were
two sets of cyclopentadienyl resonances in the 'H NMR spectra, suggesting the
presence of two possible products. After fractional recrystallization,

[17°:0-Me,C(CsHa}(CoB 1oH10)[HIT 7”1 N(Xyl)=CN(Me)(CH2)sN(Me)C(=N("Bu))C=

NCBw]  @1b)  and  [r:0MesC(CsHa)(CaBuoH o) Rl (NBu}-

|
{N"Bu} [(=C)-C-CHN("Bu)CH:N[(CH2:N(Me)N-C=N("Bu)}] (13b) were isolated

in 34% and 31% isolated yield, and

[1°:0-Me;C(CsHa}(C2B10H 10)JHIT# 72 N(Xyl)=CN(Me)(CH2)sN(Me)C(=NR)C=NR]
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|
(Z2b) and [%°: 0-Me;C(CsHa)(CaB1oH o) JHI[#%:#%- {NR} {NR } -
I

[_(_z(lj)-C=CHNRCH21;][(CH2)3N(Me)N—C=NR]] (R = 2-morpholinethyl) (14b) were

isolated in 35% and 23% yield, respectively (Scheme 3.7). The spectroscopic data of
21b and 22b were very similar to those of 21a and 22a. X-ray analyses revealed that
21a and 21b are isostructural and isomorphous (Figure 3.7). The Hf-N(1)/C(27)
distances of 2.174(3)/2.180(4) A are very close to the average Hf-N/C distances of
2.194(4)/2.176(4) A in the parent complex 12b. The Hf-N(5)/C(38) distances of
2.211(3)/2.192(4y A are comparable well to the 2.222(5)/2.199(5) A in
CpoHEN(CMe;3)C-C(=ENCMe3)CH,SiMe,CH,),®  and  2.212(5)/2.269(6) A in

[HE(TC-3,5){n’*~(n-Bu)N=C(CH,Ph)},]**" (TC = Tropocoronand).

Figure 3.7, Molecular structure of [!?5ZJ—MCzC(C5H4)(C2BmH1(})]Hf-

[ 72 -N(XyD)=CN(Me)(CH,);N(Me)C(=N("Bu))CN("Bu)] (21b).
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Scheme 3.7. Reaction of complex 12b with isocyanides.

R
! I

ﬁ /)’ _RNC _ Me_ /(E\'d e, ﬂ TZ’NNX
> 90°C Mg @ \j» \{ >

12b R = "Bu (21b) R = "Bu (13b)
= 2-Morpholinethy! (22b) = 2-Morphalinethyl (14b)

Me”

Xyl

Complexes 13b and 14b do not contain any #*-XyINC unit, which were not
observed in the reaction of the zirconium analogue 12a with n-butyl- or
2-morpholinethyl-isocyanide. On the other hand, they were directly synthesized from
the reaction of 3b with n-butyl- or 2-morpholinethylisocyanide. To gain insights into
the formation of 13b/14b, complex 21b was treated with excess "BuNC at 90 °C for
3 days. No reaction occurred as monitored by 'H NMR in C¢D¢. If the reaction
temperature was increased to 110 °C, the formation of 13b was not detected by NMR
either, rather the decomposition of 21b was observed. Thus, 13b or 14b would not
likely be formed from 21b or 22b. A possible explanation is that two pathways
co-exist in the deinsertion reaction of isocyanides as shown in Scheme 3.8. The first
step is the deinsertion of one XyINC group from the complex affording the key
intermediate A. Other isocyanides inserted into the newly formed M-N bond to
afford isocyanide diinsertion product (path a). As rn-butyl, 2-morpholinethyl, and

trimethylsilylmethyl groups are less sterically demanding than Xyl one; further
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insertion of another equiv of these isocyanides into the M-C bond is allowed,
affording the final products. The second pathway (path b) is the deinsertion of
another XyINC from A, and affording the Hf diamide species 3b. Reaction of 3b
with four equiv of isocyanides gives the multiple insertion species 13b or 14b.

It is noted that complexes 12a reacted very slowly with ‘BuNC at 90 °C, and only

~10% conversion was observed after 5 days as monitor by 'H NMR spectra.

Scheme 3.8. Proposed mechanism for the formation of isocyanide mono- and di-

deinsertion products.
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To explore the generality of the reversible insertion of isocyanide,
[?}SZO'-MGQC(CjH4)(C2B1{)H10)]Zr[}?2-N(X}’])=CNM62]2 (24a) was synthesized by
treatment of 1a with 2 equiv of XyINC at room temperature (Scheme 3.9). It was
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isolated as colorless crystals in 54% yield after recrystallization. In addition to the
peaks of the carbon-bridged cyclopentadienyl-carboranyl ligand, two multiplets in
the region 7.12 — 7.04 ppm corresponding to the aryl protons, one singlet at 2.41 ppm
and two singlets at 2.19 and 2.12 ppm assignable to N(CHj3), and C¢Hs(CHs), groups
were observed in the '"H NMR spectrum of 24a. The unique Zr-C=N resonance at
206.7 ppm was observed in its BC NMR spectrum. The molecular structure of 24a
was further confirmed by single-crystal X-ray analyses and showed half THF of
sotvation. As shown in Figure 3.8, the central Zr atom is coordinated to an
n’-cyclopentadienyl ring, a cage carbon atom and two #*-iminocarbamoyl ligands in

a five-legged piano stool geometry,

Fig 3.8. Molecular structure of [5°:0-MeaC(CsHy)(C2B1oHi0))Zr-

[7*-N(Xyl)=CNMe;}, (24a).

Reaction of 24a with excess "BuNC at 90 °C in C¢D¢ was monitored by 'H NMR
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spectra for one week. Although free XyINC was observed in the 'H NMR spectra,
the reaction was very complicated. This control experiment indicated that the
bridging amido ligand should play a role in the reversible insertion reaction of

isocyanide.

Scheme 3.9. Reaction of complex 1a with XyINC.
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Reaction with isothiocyanate. Treatment of 12a with excess PANCS at 90 °C in
toluene  for 7 days  afforded [7°:0-MeaC(CsH)(CaB1oH10)] Z1-
[rf‘:nz-N(Xy1)=CN(Me)(CH;);;N(M&)C-N(Ph)(-S)] (25a) as yellow crystals in 27%
isolated yield and 38% of starting material (Scheme 3.10). 25a was confirmed by
various spectroscopic techniques as well as single-crystals X-ray analyses. In
addition to the peaks derived from the carbon-bridged cyclopentadienyl-carboranyl
ligand and the diamido moiety, five multiplets in the region 7.01 to 6.53 ppm
assignable to the aryl protons, two singlets at 2.58 and 1.62 ppm attributable to the
diastereotopic methyl groups on Xyl substituent were observed in the 'H NMR
spectrum of 25a. The unique Zr-C=N and N-C-S resonances at 212.7 and 185.7 ppm
were observed in its °C NMR spectrum, which confirmed the formation of 25a. As
shown in Figure 3.9, the Zr atom in 25a adopts a five-legged piano stool geometry by
one #°-cyclopentadienyl ring, a cage carbon atom, an n*-iminocarbamoy! ligand and
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an #°-NCS moiety.

Scheme 3.10, Reaction of complex 12a with PhNCS,
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Figure 3.9, Molecular structure of [r;sza-Me;;C(CsH4)(CzBme)]Zr-
[7% 77 -N(Xy1)=CN(Me)(CH,);N(Me)C-N(Ph)(-S)] (25a).
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As this reaction proceeded very slowly at 90 °C with lots of starting material
remaining, the reaction temperature was increased to 110 °C. It was found that such a
reaction was completed within 4 days as monitored by 'H NMR spectroscopy. Two
sets of cyclopentadienyl signals with ~1:1 molar ratio were observed in the range
7.01 — 6.02 ppm, indicating the presence of two products. Indeed, fractional
recrystallization from THF, afforded 25a and [?]PSIO'-M62C(05H4)(C2B|(}HIO)]ZI'-
[7°:°-N(Ph)=CN(Me)(CH,);N(Me)C-N(Ph)(-S)] (26a) in 14% and 21% isolated
yields, respectively (Scheme 3.10). The isolated yields were very low, as most of the
products were isolated as a 1:1 mixture in 49% yield.

In addition to the peaks of the bridging ligand and diamido moiety, there wete
four multiplets in the region 7.33 — 6.94 ppm assignable to the two aryl rings in the
'H NMR spectrum of 26a. The unique Zr-C=N and N-C-S resonances at 212.7 and
183.3 ppm were also observed in its °C NMR spectrum. The molecular structure of
26a was further confirmed by single-crystal X-ray analyses. The coordination
environment in 26a is very similar to that in 25a (Figure 3.10). It shows clearly two
phenyl rings, instead of one Xyl and one Ph units. The Zr-N(4)/C(31) distances of
2.128(2)/2.215(3) A are close to the values in the parent complex 12a. The
Zr-N(1)/S(1) distances of 2.263(2)/2.661(1) A are close to the 2.268(2)/2.621(1) A in
[7°:0-MesC(CoHg )(CaB1gH ) 0)}Zr(NMe,)[#7°-SC(INMe;)N"Bu]** and 2.270(5)/2.606(2)
A in [7:0-Me;Si(CsHg (C2B10H10)]| Zr(NMeo)[#°-SC(NMe,)N"Bu] >

The Hf complex 12b also reacted with excess PhANCS at 90 °C in toluene to give

[ :0-MesC(CsHe)(C2B1oH, ) Hl 7 :7*-N(Xyl)=CN(Me)(CH,)sN(Me)C-N(Ph)(-S)]
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(25b) as colorless crystals in 83% isolated vyield (Scheme 3.11). The reaction
proceeded faster than the Zr analogue and finished within 2 days. Unlike Zr complex,
only complex 25b was observed and isolated when the reaction was performed at
110 °C. Complex 25b showed similar 'H and C patterns to those of 25a. The
molecular structure of 25b was further confirmed by single-crystal X-ray analyses, in
which complexes 25a and 25b are isostructural and isomorphous (Figure 3.11). The
Hf-N(1)/C(27) distances of 2.162(4)/2.198(5) A are similar to the corresponding

values of 2.194(4)/2.176(4) A in the parent complex 12b.

Scheme 3.11. Reaction of complex 12b with PhANCS.
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Figure 3.10. Molecular structure of [I}'S:O'-MGQC(CsHa;)(CzB10H10)]ZI'-

[7°:7°-N(Ph)=CN(Me)(CH,);N(Me)C-N(Ph)(-S)] (26a).

Fig 3.11. Molecular structure of [1°:0-MeaC(CsH)(C2B1oH o) ]Hf-

[7%:7°-N(Xy)=CN(Me)(CH:):N(Me)C-N(Ph)(-S)] (25b).
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The formation and isolation of 26a is totally unexpected. We wondered how it is
formed. As monitored by '"H NMR spectra in CgDsg, only 25a was observed at 90 °C
besides the starting material, and 26a appeared when the temperature was increased
to 110 °C. Control experiments indicated that XyINC and PhNCS can undergo
exchange to form PhNC and XyINCS at 110 °C. This process, however, cannot take
place at 90 °C (Scheme 3.12). Thus, it is likely for the newly formed PhNC to

formally substitute the XyINC unit in 25a.

Scheme 3.12. Thermal exchange between isothiocyanates and isocyanide.

RNCS + XyINC XyINCS + RNC

R=Ph, T=110°C
R="Bu, T=90°C

We further examined the reactions of complex 12a or 12b with "BuNCS.
Interaction of 12a with excess "BuNCS at 110 °C in C¢Dg for four days, also two
products with a molar ratio of ~1:1 as evidence from 'H NMR spectra, which were
assigned as [1”:0-Me,C(CsHa)(C2B10H10)]Zr[n*:n*-N(Xyl)=CN(Me)(CH,);N(Me)C-
N("Bu)(-S)] (252) and [7°:0-Me2C(CsHa)(C2B1oHo)] Z1-
[7*:7*-N("Bu)=CN(Me)(CH);N(Me)C-N("Bu)(-S)] (262’) (Scheme 3.13). The Hf
species 12b reacted with "BuNCS at 110 °C for 1 day also afforded two products in a
molar ratio of about 5:1 as measured by 'H NMR spectra, which are probably
[7°:06-Me;C(CsHa)(C2B1oH 10)JHI[7%:77-N(Xyl)=CN(Me)(CH2);:N(Me)C-N("Bu)(-S)]
(250")  and  [1:0-MeC(CsH)(CyB 1oH10)]HI 7% -N("Bu)=CN(Me)}(CH,);N-

(Me)C-N("Bu)(-S)] (26b’). Note that this ratio did not change upon heating for
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another 3 days at 110 °C. Two products were observed at 90 °C by the '"H NMR

spectra.

Scheme 3.13. Proposed mechanism for the formation of complexes 25 and 26.
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M = Hf, R = "Bu (26b").

Interaction of 12b with "BuNCS at 110 °C for one day afforded after fractional
recrystallization 25b’ as colorless crystals in 59% isolated yield and a mixture of 25b’
and 26b’ in a molar ratio of 1:3 in 10% yield. The unique Hf-C=N and N-C-S
resonances at 222.3 and 185.1 ppm were observed in the *C NMR spectrum of 25b°.
The molecular structure of 25b° was confirmed by an single-crystal X-ray analysis.
As shown in Figure 3.12, the coordination environment of the central Hf atom is very
similar to that of 25b, with one #’-cyclopentadienyl ring, a cage carbon atom, an
n*-iminocarbamoyl moiety and an #°-NCS group in a five-legged piano stool

geometry,
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Fig 3.12. Molecular structure of [#°:6-Me,C(CsHa)(C2B1oH ) JHI-

[7:72-N(Xy)=CN(Me)(CH,)sN(Me)C-N("Bu)(-S)] (25b*).

A control experiment showed that metathesis of "BuNCS with XyINC would take
place at 90 °C, while no reaction was observed for XyINC and PhNCS at the same
temperature. 25b’ was isolated in pure form, which did not react with "BuNC to give
26b’. Thus, the formation of 26b’ most likely results from the reaction of 12b with
"BuNCS and "BuNC. A plausible pathway for the formation of complex 25 and 26 is
shown in Scheme 3.13. Complexes 12 eliminate one XyINC to form the intermediate
A. Insertion of a RNCS molecule into the M-N bond to afford product 25.
Intermediate A can further eliminate another XyINC to form complexes 3, which can
react with 1 equiv of RNCS and RNC to give another product 26. The reactivity of
RNC and the reaction rate are two key factors dominating the reaction pathways. For

R = Ph, the reaction of the Hf species 12b is fast and maybe completed before PhANC
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is formed. Thus, no product 26b was observed. When R = "Bu, the
isocyanide/isothiocyanate exchange reaction is much quicker, enabling the
proceeding of the second step and affording complex 26b’.

Reaction with Benzonitrile. Treatment of Hf species 12b with excess PhCN at
110 °C in toluene for 5 days afforded [4:0-Me;C(CsH)(CaBoH o) Hf-

[7%:0-N(Xyl)=CN(Me)}CH,);N(Me)C(Ph)=N] (27b) and

[175ZJ—MBQC(C5H4)(CQB]0H|{))]Hﬂ??z-(xyl)NC![N(Me)(CHz)g,ll\](Me)]:CN(Xyl)] (28b)
in 26% and 33% isolated yields, respectively (Scheme 3.14). The reaction proceeded
very slowly as evidenced by 'H NMR spectroscopy. Although the structure of 27b
was not determined by X-ray analyses, the spectroscopic data together with
clemental analyses confirmed its composition. Besides peaks due to the
carbon-bridged cyclopentadienyl-carboranyl and diamido ligand, four multiplets in
the region 7.30 to 6.86 ppm corresponding to the aryl protons and two singlets at
2.14 and 2.06 ppm attributable to the two diastereotopic methyl groups on Xyl units
were observed in the '"H NMR spectrum of 27b. The unique Zr-C=N(Xyl) and
Zr-N=C-Ph resonances at 217.2 and 164.3 ppm were also observed in its °C NMR
spectrum. This result further confirmed the reversible insertion of isocyanide in the
presence of other unsaturated molecules.

The formation of 28b was confirmed by spectroscopic tcchniques as well as
single-crystal X-ray analyses (Figure 3.13). Two multiplets in the region 5.81 to 5.12
ppm assignable to the cyclopentadienyl protons, a singlet at 1.35 ppm attributable to

the bridging methyl groups, two multiplets in the region 7.12 to 6.97 ppm
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corresponding to the aryl protons, a singlet at 2.65 ppm of NC/;, a singlet at 2.12
ppm of C¢H3(CHs); and two multiplet at 2.86 and 1.26 ppm of the three methylene
groups were observed in the 'H NMR spectrum of 28b. The absence of the
iminocarbamoyl carbon resonance at ~200 ppm, and appearance of an alkene
resonance at 124.7 ppm confirmed the structure of 28b. The NMR data also
suggested that 28b is a symmetrical species in solution. There are two
crystallographically independent molecules in the unit cell and a representative one is
shown in Figure 3.13. The average Hf-N(1)/N(4) distances of 2.025(6)/2.038(6) A
are corresponding to the 2.081(4) A in [(nS-CsMe4H)2Hﬂ2(u2,n2:rf’—Nz).ssc The short
C(27)-C(37) distance of 1.404(10) A suggests a double bond. Complex 28b would be
formed by intramolecular coupling of the two qz-iminocarbamoyl functionality,
which is very common for isocyanide diinsertion spccies.m Complexes 28b can also
be obtained by heating 12b in toluene at 110 °C for one week. Total conversion of

12b to 28b was observed with §9% isolated yield.

Scheme 3.14. Reaction of complex 12b with PhCN.
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Figure 3.13. Molecular structure of [n5 :0-MerC(CsHa)(CaB1oH o) HE-

[nz-(Xyl)N[C [N(Me)(CH2)3N(Me)]=ICN(Xy1)] (28b), showing one of the two

crystallographically independent molecules in the unit cell.

The yield of 27b is low compared to the reactions of 12a or 12b with isocyanides
or isothiocyanates, and may be ascribed to the low reactivity of PhCN. When XyINC
was dissociated from 12b, two possible pathways would be followed. The released
XyINC inserts back to the M-N bond, or the other unsaturated molecules in the
reaction system insert into the M-N bond. In the case of isocyanides, the reactivities
are similar among these reagents, so the probability for the XyINC and RNC (R =
n-butyl, 2-morpholinethyl, trimethylsilylmethyl) are almost the same. However,
RNC was in large excess and the second equiv of RNC can insert into the M-C bond
to get the more stable products. Isothiocyanates are also very reactive, and the

formation of the #*-NCS moiety can stabilize the final product. Therefore, the
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reactions of 12a or 12b with isocyanides or isothiocyanates all gave the desired
products in high yield. On the other hand, the low reactivity of benzonitrile makes
the insertion of PhCN less comparable, so that isocyanide coupling occurs to give
28b as the main product.
3.2.3. Summary

In this study, we have established that the insertion of XyINC into the M-N bond
(M = Zr, Hf) is reversible in the presence of other unsaturated molecules. These
reactions provide a useful method for the generation of new metallacycles containing
different functionalities. In the reaction with isocyanides bearing a-CHz, only one
XyINC unit was substituted in the Zr complexes, whereas one or two XyINC
moieties were replaced in the Hf complexes. Complexes 12a and 12b also reacted
with isothiocyanates to give the isothiocyanates substituted products, in which the
different isothiocyanates gave different results. The reaction of 12b with PhCN

resulted in the formation of both substituted and coupling products.
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Chapter 4. Synthesis, Structure, Reactivity and
Catalytic Property of Carbon-Bridged
Cyclopentadienyl-Carboranyl Group 4 Metal Complexes

Incorporating the [S;C,B;,H;0]* Ligand

4.1. Introduction

1,2-Dicarba-closo-dodecaborane-1,2-dithiolate ([l,2-82-1,2-C2810Hm]2'), a kind of
organic and inorganic hybrid moiety, can be easily synthesized from the reaction of
carborane dilithium salt with elemental sulphur.93 Metal complexes containing this
ligand have been extensively studied and their synthesis and reactivities toward metal
fragments and organic substrates have been reported.%mO

Late transition metal 1,2-dicarba-closo-dodecaborane-1,2-dithiolate complexes
have been extensively studied. The 16e half-sandwich complexes M(y’-
Cp*)(S2C:BigHi0) (M = Rh,” Ir"™), M(#°-p-cymene)(S2C2B1oHi0) (M = Ru, Os)*
and CpCo(S2C2B1gH10)”® were synthesized from reactions of [1,2-S,-1,2-CaB1oHi0]*
with proper MCl, reagents. They can undergo alkyne addition reactions to give stable
18¢ products, in which the metal center and the reaction conditions strongly
influence the reactivity of these compounds. For example, the rhodium complex
Cp*Rh(S,C3BoH0) reacted with acetylene methyl carboxylate to give B(3,6)-
substituted 16e product Cp*Rh(1,2-S,-3,6-(cis-CH=CHCOOMe),-1,2-C;BoH,¢) or
with acetylene dimethyl dicarboxylate to afford Rh-S bond insertion product
(Cp*)SC(COOMe)=C(COOMe)Rh(SC,B1oH ), respectively.”® On the other hand,

the iridium species gave two geometrical isomers in the reaction with methyl
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acetylene methyl carboxylate, in which an Ir-B bond was formed in these
complexes.”

Besides the strong tendency to undergo addition reactions with electron donors at
the metal centers, these carboranyl dithiolate-based metal complexes exhibit
additional attributes for predesigned supramolecular entities. Synthesis of homo- and
hetero-multinuclear clusters were achieved by using this ligand.'™

Bimetallic complexes (LRh)[S,C;BigHig} (L = COD, CO) (COD = 1,5-
cyclooctadiene) with direct metal-metal bond was obtained in the reaction of
dimerized rhodium complex [Rh(COD)u-CD)]: or [Rh(CO)2(u-Cl})> with
LizS2CsB1oH 0./ Direct hetero-metal bonding between ruthenium or group 9 metals
(Co, Rh, Ir) and transition metals (Mo, W, Fe, Co) can be achieved by reaction of the
16e precursor CpM(S;C>B1oH9) (Cp = #°-CsMes, M = Co, Rh, Ir; Cp = q5-1,3-
‘Bu,CsHs, M = Co, Rh; Cp = CsHy, M = Co, Rh; Cp = p-cymene, M = Ru)QSa,97,98,IO4
with carboranyl transition metal reagents.'”

On the other hand, group 4 metal complexes bearing this 1,2-dicarba-closo-
dodecaborane-1,2-dithiolate ligand are less studied. It was reported that group 4
metallocene complexes Cp’sMCl, (Cp® = #°-CsHs, n°~BuCsHa, 5°-1,3-'Bu;CsHs; M
= Tt, Zr, Hf) reacted with Li;S,C;B¢Ho affording ionic half-sandwich complexes
[Cp’M(S2C2B1oHip)2][Li{THF)4], in which one of the cyclopentadienyl! ring is lost.
Attempts to synthesize neutral group 4 metallocene complexes failed.'?’

On the basis of our own studies on the group 4 metal complexes and carboranes,
we are interested in the chemistry of group 4 metal complexes bearing this 1,2-
dicarba-closo-dodecaborane-1,2-dithiolate ligand. The carbon-bridged
cyclopentadienyl-carboranyl zirconium species incorporating [1,2-S2-1,2-C2BoH o]>

ligand was synthesized and the reaction towards unsaturated molecules was studied.
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4.2. Synthesis and Structure of Carbon-Bridged Cyclopentadienyl-Carboranyl
Group 4 Metal Sulphido Complexes

Similar to the synthesis of carbon-bridged cyclopentadienyl-carboranyl group 4
metal diamides, acid-base reaction is also very useful in the preparation of group 4
metal sulphido complexes. Reaction of [#°:0-Me;C(CsHg)(CaB1oH 0)]Zr(NMe;); (1b)
with 1 equiv of 1,2-(HS),-1,2~C3B19Hjp (29) in toluene at room temperature gave
[#°:0-MeC(CsHa)(CaB1oH10)) Ze[77-S2C2B16Hio [ INHMey) (30) as a yellow solid in

71% isolated yield (Scheme 4.1).

Scheme 4.1. Synthesis of carbon-bridged cyclopentadienyl-carboranyl group 4 metal

sulphido complexes
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The 'H NMR spectrum showed four multiplets in the region 6.64 — 5.90 ppm
assignable to the cyclopentadieny! protons, two singlets at 1.60 and 1.55 ppm
attributable to the CMe; methyl groups and a singlet at 2.83 ppm corresponding to
the NMe; unit and a singlet at 9.18 ppm for the N-H proton. Its ’C NMR spectrum

exhibited five peaks in the region 145.9 to 107.3 ppm assignable to the Cp ring and
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two peaks at 34.3 and 31.9 ppm atiributable to the CMe; methyl carbons. The ''B
NMR spectrum exhibited a 5:4:11 patterns spanning a range from —3:4 to —9.4 ppm,

in which signal overlapping of the two carborane cages was observed.

Figure 4.1. Molecular structure of [1°:0-MeyC(CsHq)(C2B1oH10)]Ze[7%-

82CaB1oH 1o](NHMe3) (30%).

Although the structure of complex 30 was not confirmed by X-ray analyses due to
the poor crystallinity, the mono HNMe, coordinated species [#7:0-
MeZC(Csm)(CzBmHlo)]Zr[nz—SzCzB10H10](NHM62) (30°) was obtained as yellow
crystals after recrystallization from toluene. Its spectroscopic data cannot be obtained
due to the very small quantity of the crystals. Figure 4.1 shows the molecular
structure of 30°. The central Zr atom is coordinated to an qs—cyclopentadienyl ring, a
cage carbon atom, an °-disulphido ligand and one dimethylamine in a four-legged
piano stool geometry. The average Zr-S distance of 2.559(1) A is well comparable
with 2.518(2) A in Cp*2Zr(SH),,'% 2.544(1) A in [Z1(5-CsMes)(SC(tBu)PSe)] '
and 2.513(3) A in Cp™,Zr (-8 )2 [I{CO)2 ] [Rh(CO),] ' ®¢ (Cp" = #°-1,3-BuzCsH;3). The
average Zr-Cring and Zr-Ceag. distances of 2.468(4) A and 2.379(4) A are close to the

2.543(2) A and 2.384(2) A in [#”:0-MeC(CsHaXCaB1oH10)] Zr(NEt:)2,” 2.519(5) A
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and 2.353(4) A in [°:0-MexSi(CsHa)(CoB1oH10))Zr(NMez),,® 2.502(4) A and
2.394(3) A in 4a. The Zr-N(1) distance of 2.418(3) A is comparable well with

2.360(3) A in {7°-CoBgH, DZr{NEt)(NHEL,)."

Figure 4.2. Molecular structure of [°:6-MexC(CsHa)(C2B1oH o)) Z1-

[7°-82C2B10H10][2,6-(CH3),CsHaN=C]; (31)

Complex 30 can undergo ligand exchange reaction and the HNMe; can be
substituted by isocyanide. Treatment of 30 with 2 equiv of XyINC in toluene at room
temperature gave [7°:0-MeaC(CsHa)(CaB1oH 10)1Zr[7°-S2CaB1ioH10][ 2,6-
{CH;3);CsH3N=C]> (31) as yellow crystals in 73% isolated yield (Scheme 4.1). Six
multiplets in the region 7.26 to 6.59 ppm assignable to the aryl and cyclopentadienyl
protons, two singlets at 2.60 and 2.24 ppm attributable to the two methyl groups of

XyINC, two singlets at 1.63 and 1.48 ppm corresponding to the bridging methyl
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groups were observed in the 'H NMR spectrum of 31. The unique Zr-C=N and Cag-
S resonance at ~169 and ~95 ppm were observed in its >C NMR spectrum. The ''B
NMR spectrum exhibited a 17:3 pattern spanning the range from 9.1 to —13.5 ppm.
The molecular structure of 31 was further confirmed by single crystal X-ray
analyses and showed half toluene of solvation (Figure 4.2). Complex 31 adopts a
distorted octahedral geometry by one #’-cyclopentadienyl ring, a cage carbon atom,
an #°-disulphido ligand and two coordinated isocyanides. The Zr-C(31YC(41)
distances of 2.381(4)/2.378(4) A are very similar to that of 2.376(3) A in [(y'-
C7H7)7*-CsHs)Zr(CN'Bw)L,'%® 2.372(10) A in [(*-CsHg)(57*-CsHg)Zr(CN'Bu)], '

and 2.350(4) A in [CpaZr(-C=CCH;)(CN‘Bu)][BPhs).'%%

4.3. Stoichiometric Reaction of Group 4 Metal Complex 30 with Unsaturated
Molecules

The HNMe; unit in complex 30 can react with unsaturated molecules, leading to
the formation of new carbon-bridged cyclopentadienyl-carboranyl zirconium
sulphido complexes. Complex 30 reacted with 2 equiv of PhNCO in toluene at room
temperature, afforded after recrystallization, [?}'SZJ-M82C(C5H4)(CzB]{)H]o)]Zr[}?z-
S2CoB oHip[[O=C(NMe,)NHPh], (32) as pale yellow crystals in 87% isolated yield
(Scheme 4.2). In addition to the peaks derived from the carbon-bridged
cyclopentadienyl-carboranyl ligand, three multiplets in the region 7.86 to 7.12 ppm
assignable to the aryl protons, two singlets at 2.93 and 2.50 ppm attributable to the
two dimethylamido groups were observed in the 'H NMR spectrum of 32. The
unique C=0 resonances at 165.7 and 156.2 ppm were also observed in its B¢ NMR
spectrum. Its ''B NMR showed a 6:6:8 pattern spanning the range from —3.7 to ~9.3

ppm. The structure of complex 32 is shown in Figure 4.3. The Zr atom is #°-bound to
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the cyclopentadienyl ring, 6-bound to a cage carbon atom, r;rz—bound to the disulphido

ligand and coordinated to two oxygen atoms in a distorted octahedral geometry.
Scheme 4.2. Reaction of 30 with PANCO and "BuNCS.
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In a similar manner, 30 reacted with 2 equiv of "BuNCS in toluene at room
temperature to give [1°:6-Me2C(CsHX(CaB 1oH 10)] Zr[77-82C:B10H )
[S=C(NMe)NH"Bu] (33) as orange yellow crystals in 76% isolated yield (Scheme
4.2). In addition to the peaks of the carbon-bridged cyclopentadienyl-carboranyl
ligand, a board singlet at 7.73 ppm corresponding to the N-H proton, four multiplets
of the "Bu group in the region 3.87 to 0.78 ppm and a singlet at 3.23 ppm of NMe,
were observed in the 'H NMR spectrum of 33. The unique C=S and Cggpe-S
resonances at 183.0 and 94.4 ppm were observed in its >C NMR spectrum. The
molecular structure of 33 was further confirmed by single crystal X-ray analyses. As
shown in Figure 4.4, the central Zr atom was #’-bound to the cyclopentadienyl ring,
o-bound to a cage carbon atom, 7°-bound to the disulphide ligand and coordinated to

a sulphur atom in a four-legged piano stool geometry, The formation of 33, in which
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the Zr atom is coordinated to only one 3-butyl-1,1-dimethylthiourea, is probably due

to the larger atomic size of sulphur over the oxygen atom.

Figure 4.3. Molecular structure of [#°:0-MexC(CsHy)(C2B1oH 0)] Zt-

[7%-82C2B1oH 0] [O=C(NMe,)NHPh], (32).

Whether these two reactions are promoted by the Zr center is not clear as PRNCO
or "BuNCS can react with free HNMe; in the absence of any metal complex.'”” Since
the isolated yields of 32 and 33 are very high, the Zr atom and sulphido groups may

play a role to enhance the reaction efficiency (vide infra).
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Figure 4.4, Molecular structure of [??5IO’-MGzC(CsH4)(C2B10H]0)]ZI‘[?]’2-

SngBl0H10][S=C(NM82)NH”BU] (33)

Reaction of 30 with an equimolar amount of THF in refluxing toluene afforded
the THF ring opening product [7°:6-MexC(CsHa)(C2B1oH10)1Zr[1#%-S2C2B1oHio0][o-
O(CH;)sNHMe,] (34) as orange crystals in 60% isolated yield (Scheme 4.3). In
addition to the peaks derived from the carbon-bridged cyclopentadienyl-carboranyl
ligand, four multiplets in the region 4.27 to 1.67 ppm assignable to the eight
methylene protons, one singlet at 3.04 ppm attributable to the N(CHs), group, and a
singlet at 11.37 ppm corresponding to the N-# resonance were observed in the 'H
NMR spectrum of 34. The unique C.qg-S resonance at 99.1 ppm was also observed
in its "*C NMR spectrum, indicating the presence of the dithiolate carborane ligand.
Single crystal X-ray analyses revealed that 34 is a zwitterionic species and showed a
toluene of solvation. The geometry in 34 is very similar to that in 39°, except that an

alkoxide group replaces the dimethylamine (Figure 4.5). The S(2)---N(1} distance of
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3.245 A and the longer Zr-S(2) distance of 2.686(2) A over Zr-S(1) distance of
2.593(2) A suggest the presence of a hydrogen bonding between S(2) and N(1) in the
solid state.'® The average Zr-S distance of 2.639(1) A is much longer than the
2.559(1) A in complex 307, 2.518(2) A in Cp*2Zr(SH),,'** 2.544(1) A in [Zr(r'-
CsMesh(SC{BwPSe)]'*® and 2.513(3) A in Cp"Zr(i>-S):[Ir(CO)L][RH(CO),] (Cp"

= p°-1,3-di-tert-butyleyclopentadienyl). %

Figure 4.5. Molecular structure of [ns :0-MexC{(CsHa)(CaBoH )] 2r-

[17°-83C3B1gH 0] [O(CH2):NHMe;] (34).

Reaction of 30 with 2 equiv of PhCN in toluene at room temperature, gave after
recrystallization, [rys :0-Me C(CsHg)(C2ByoH m)]Zr[qz-S;QB 1oH19][NH=C(NMe,)Phl,
(35) as yellow crystals in 78% isolated yield (Scheme 4.3). The spectroscopic data
were well consistent with the formation of amidine coordinated species. In addition

to the peaks derived from the carbon-bridged cyclopentadienyl-carboranyl ligand,
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three multiplets in the region 8.18 to 7.52 ppm due to the two phenyl rings, two
singlets at 3.27 and 2.63 ppm corresponding to the two dimethylamido groups, and a
board singlet at 3.02 ppm assignable to the two N-H protons were observed in the 'H
NMR of 35. The unique C=N resonance at 166.7 ppm was observed in its >C NMR
spectrum. Its "B NMR exhibited a 7:13 pattern. An X-ray diffraction study revealed
that the coordination environment in 35 is very similar to 32, with two oxygen atoms

being replaced by two nitrogen atoms (Figure 4.6).

S

Figure 4,6. Molecular structure of [#°:0-MeyC(CsHg}(CaB1oH )] Z1-

[#7-$2C2B1oH o] [NH=C(NMe,)Phl, (35).

One HNMe; unit in complex 30 can also interact with two equiv of methyl

acrylate to give the cyclization product. Treatment of 30 with three equiv of methyl
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acrylate in toluene at room temperature led to immediate precipitation of [#:0-

-
MexC(CsHaXC2B 16Hi0)1Zr[#2-82C4B1H ] [7*-0=C(OMe)CH(CH,NMe,CH;CH,)-
_|

C(OMe)-0] (36) as a white solid in 63% isolated yield. Recrystallization of 36 from

THF  afforded  [5°:0-MexC(CsHa)(CoB1oHi0)|Zs[7-82CaBroH o) -0=C(OMe)-

I |
C(CH;NMe;CH;CH;)=C-O] (37) as colorless crystals in 56% isolated yield.

Scheme 4.3. Reaction of 30 with THF, PhCN and MA.
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As recrystallization of 36 only led to the isolation of 37, a possible structure of 36
could be deduced from its NMR data. The unique chemical shifts of the CH group
were found at 5.60 ppm in the '"H NMR and 45.5 ppm in the *C NMR spectrum,
which were further confirmed by 'H-""C HSQC technique. The peaks of C(OMe)=0
and C(OMe)-O unit were observed at 174.3 and 67.8 ppm in the '*C NMR spectrum.
They were both in correlation with the CH unit in 'H-"’C HMBC spectrum,
indicating the C-C bond formation of the C(OMe)-O and CH groups.

Single-crystal X-ray analyses further confirmed the zwitterionic nature of 37
(Figure 4.7) and showed three THF molecules of solvation. The central Zr atom is
coordinate to an #’-cyclopentadienyl ring, a cage carbon atom, an 5’-disulphido

ligand, and an qz-oxalato moiety in a distorted octahedral geometry.

Figure 4.7. Molecular structure of [I?S20’-M€2C(C5H4)(02B10H10)]Zl'[??2-

[ !
SzCzBmHlo][??2-0=C(OM6)C(CHQNME’:zCHzCHz):CO] (37)
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Both 'H and °C NMR data suggested that 37 is a mixture of two regio-isomers in
a molar ratio of about 1.7:1 in solution, which may result from the different
coordination sites of the oxalate moiety. The two isomers were distinguished by 'H-
'H cosY, 'H-C HSQC, 'H-"C HMBC and DEPT-135 NMR techniques. The
major product exhibited four multiplets in the region 6.52 — 6.14 ppm assignable to
the cyclopentadienyl protons, two doublets in the region 4.63 — 4.35 ppm assignable
to the diastereotopic NCH, group, a singlet at 3.77 ppm of the OCH; resonance, a
singlet at 3.55 ppm corresponding to the NMe, group, two multiplets of NCH>CHj,
and NCH,CH, in the region 3.85 — 2.81 ppm, and two singlets at 1.64 and 1.36 ppm
attributable to the bridging C(CH3), unit in the 'H NMR spectrum. The minor
product showed a similar spectroscopic pattern. In the 'H NMR spectrum, four
multiplets in the region 6.51 — 5.73 ppm attributable to the cyclopentadienyl protons,
two singlets at 1.62 and 1.54 ppm assignable to the bridging C(CHs), groups, two
doublets at 4.52 and 4.40 ppm of the diastereotopic NCH, protons, a singlet at 3.92
ppm for the OCH; resonance, a singlet at 3.54 ppm corresponding to the NMe; group
and two multiplets of NCH>,CH; and NCH,CH5 in the region 3.92 — 2.92 ppm were
observed. The unique Zr-O-C resonances at 177.6, 168.7 ppm and the O-C=C
resonances at 101.1 ppm of the major product and 177.8, 170.3 ppm and 109.6 ppm
of the minor product, respectively, were observed in the >C NMR spectrum.

The possible pathway for the formation of 37 is shown in Scheme 4.4. The
Michael addition of the coordinated dimethylamine with MA gives the intermediate
A.'"® The lone-pair electrons of the tertiary amine attacks another molecule of MA to
undergo intramolecular cyclization affording complex 36. Eliminate of one molecule

of MeOH gives 37.!1°
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Scheme 4.4. Proposed mechanism for the formation of complex 37.
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The above results suggest that, the Zr atom participates in the reaction of 30 with

unsaturated molecules. THF and PhCN do not directly react with HNMe; in the

absence of any promoter. The coordination of the substrates to the metal seems to be

crucial for the reaction. The downfield signal at 9.18 ppm of NH in the '"H NMR

spectrum of 30 indicated a strong S--HNMe; hydrogen bonding interaction would be

present, thus may enhance the nucleophilicity of the N atom and play a very

important role in the above reactions.
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4.4. Catalytic Hydroamination of Nitrile

Amidinates are of interest as structural units with a wide utility in drug design and
as synthons for the synthesis of heterocyclic compounds.’" Catalytic synthesis of
amidines can be achieved by insertion-elimination process of a M-N bond. For
example, the efficient one-step synthesis of mono-substituted N-arylamidines was
reported by Shen and coworkers using [r;z:ryz-
N(SiMe;)C(Ph)N(CH;);NC(Ph)N(SiMe3)| Yb(AINHYDME) (Ar = 2,6-Me;CgH,
2,6-PryC¢Hs) as catalyst."'? Another method is the Lewis acid catalyzed process, in
which trivalent lanthanide triflates are used as catalyst.!'> Given the Lewis acidic
property of complex 30 and its stoichiometric reaction with PhCN to form amidine
coordinated species 35, we wondered if the reaction could be carried out in a
catalytic manner.

A possible catalytic cycle was proposed and shown in Scheme 4.5. RCN reacts
with HNR, in the presence of a catalytic amount of 30 to afford amidine
PhC(NR;)=NH (R = Me (38), Et (39), "Pr (40)). Preliminary results were compiled in
Table 4.1. Complex 30 showed no catalytic reactivity toward CH3CN. This might be
ascribed to the acidic proton of CH3CN, which would quench the Zr-C e bond and
prohibit the catalytic cycle. Catalytic hydroamination of PhCN with HNMe;
proceeded at 90 °C in toluene in the presence of 3 mol % catalyst 30, and compound
38 was isolated in 34% isolated yield after distillation. As the hydroamination of
nitrile is a reversible reaction, using PhCN as solvent can shift the equilibrium to the
product side and the yield was improved to 62%. However, if diethylamine was used,
the yield was dramatically dropped to 20%. The yield was 19% when HN"Pr; was

employed. These preliminary experiment data showed that complex 30 was able to
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catalyze the hydroamination of PhCN, but the yield was not good and the subsirate

scope was very limited.

Scheme 4.5. Proposed mechanism for the catalytic reaction of nitriles with amines.
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4.5. Summary

The carbon-bridged cyclopentadienyl-carboranyl zirconium disulphide complex
30 was synthesized by acid-base reaction between [7:0-
Me;C(CsHa)(C:B1oHi0)]Zr(NMey); (1a) and 1,2-(HS)-1,2-C3BoHjye (29). It can
undergo ligand exchange reaction with XyINC to afford the isocyanide coordinated
species 31. Reaction of 30 with unsaturated molecules such as PhNCO, "BuNCS,
THF, PhCN, and MA, did not afford the Zr-S bond insertion products, rather gave
the nucleophilic addition products 32-37. The results suggested that these reactions
could be viewed as Lewis-acid promoted nucleophilic addition reactions. Complex
30 could catalyze the hydroamination reaction of nitriles, but the efficiency was low

and substrate scope was limited.
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Chapter 5. Synthesis, Structure, and Reactivity of Group 4
Metal Complexes Bearing a Carbon-Bridged
Cyclopentadienyl-Dicarbollyl Ligands

5.1. Introduction

The dicarbollide ion (nido-CyBoH;: ™), an inorganic analogue of cyclopentadienide,
was first prepared from the deboration of 0-C;BygH,2 by Hawthorne and later
introduced to transition metal chemistry.* Since then, a large number of metal
complexes bearing dicarbollyl ligand have been prepared, which makes

nido-C,BgH) 2 the most popular inorganic 7 ligand.ﬂ"114 These metal complexes are

5a9,17,23,29.33,115 &

finding many applications in catalysis, materials science,"’
medicine,'!” and extraction of f-block metal ions from nuclear wastes.''® In fact,
these metallacarboranes were generally prepared from the deboration/capitation
(-B/+M) process as o-carboranes can be easily deborated by several inorganic or
organic bases in high yield.q’”g'121 Our group recently reported the synthesis of
carbon-bridged cyclopentadienyl-dicarbollyl ligand using piperidine as deboration
reagent. Subsequent reactions with group 4 metal chlorides afforded the
corresponding metal dicarbollides. The overall yield was not good.”® On the other
hand, an inverse +M/-B route for the synthesis of metal dicarbollide can be
envisaged—synthesis of metal carboranyl complexes followed by the deboration

with a proper reagent. Indeed, some examples were reported in literature such as

deboration  of  [°-(C:BioHig)CoHg]M(NMey)s (M = Zr, Hf) and
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[0:0-(CisHg)(PraNYP(-O)(C2B1oHi0)1Zr(NMey), by HNMe; to  afford  the
comresponding metallacarboranes [qs-(CgH(,)CngHlg]M(NMeg)g(NHMeg) M = Zr,
Hf) and {5':°-(Ci3Hg)(Pr;N)P(=0)(C2BsH 10)1Zr(NMes),, tespectively.’>*® Another
example for late transition metal complex is Ru{o-dppc)(nido-dppc)(H) (o-dppe =
1,2-(Ph:P),-1,2-closo-CaB1oHyo, nido-dppe = 7,8-(PhsP)y-7,8-nido-CyBoH o), which
was prepared from frans-Ru(o-dppe)o(H)Cl in the presence of aniline.'®* This chapter
reports the efficient synthesis of cyclopentadienyl-dicarbollyl zirconium amides by
direct deboration of the corresponding cyclopentadienyl-carboranyl zirconium
complexes using amines as deboration reagents. Their reactivities toward unsaturated

molecules, Lewis actds and reducing reagents were studied.

5.2. Direct Deboration of Cyclopentadienyl-Carboranyl Metal Complexes by
Amine

Our previous work showed that interaction of group 4 metal amides M(NMe;),' >
(M = Zr, Hf) with Me;C(CsHs)(C2BigHi1) (41)*° led to the clean formation of the
corresponding constrained geometry metal complexes
[7°:0-MexC(CsHa)X(CoB1oH10)]M(NMes), (M = Zr, 1a; M = Hf, 1b).** However,
when the reaction mixtures were stirred at room temperature for two days and then
heated in refluxing toluene for 12 hrs, la and
[7°:1°-Me;C(CsH)(C2BsH 10)] Zr(NMe,)(NHMe;) (42a) were afforded in 63% and 33%

isolated yields, and 1b and [ :7°-Me2C(CsHa)(C2BoH o) JHE(NMe X NHMe;) (42b)

in 43% and 53% isolated yields, respectively (Scheme 5.1). It was assumed that the
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HNMe,, generated in-situ from the amine elimination reaction, served as deboration

reagent.

Scheme 5.1. Reaction of M(NMey)s with Me;C(CsHs)(CsBioHy 1) (41).
Me_ Me Me, /" _NMe, Me ﬁ NMe,
C /C ;M'\ \C ‘M/
@ @ - e e |@] NHMe, *+ M’ @ “NMe,
41

M = Zr, Hf M = Zr (42a), M =Zr (1a),
Hf (42b) = Hf (1b)

Both 42a and 42b were fully characterized by 'H, °C and ''B NMR spectroscopy
as well as elemental analyses. There were four doublets in the region 6.8 — 6.0 ppm
assignable to the cyclopentadienyl protons and two singlets at high field attributable
to the two diastereotopic methyl groups of the bridging CMe; unit, a broad singlet of
cage C-H and two singlets of NMe; groups in the 'H NMR spectra of 42a and 42b.
Their ''B NMR spectra exhibited a 1:2:2:2:1:1 pattern spanning a range from 2.1 to
-22.5 ppm, which differs significantly from complexes 1a and 1b.

The molecular structure of 42a was further confirmed by single-crystal X-ray
analyses with a toluene of solvation (Figure 5.1). The central Zr atom is #°-bound to
the cyclopentadienyl ring, #°-bound to the C;B; open face, and coordinated to two
nitrogen atoms in a distorted tetrahedral geometry. The corresponding bond distances
are similar to those found in literature and listed in Table 5.1. The average Zr-Ciing
distance of 2.530(5) A in 42a is comparable well to the 2.516(3) A in
[I?SZP?S-M32C(C5H4)(C2B9H1o)lzr(NHcngprjz)(THF).zs The average Zr-cage atom
distance of 2.598(5) A in 42a is very close to the 2.585(3) A in
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[7°:1°-Me,C(CsHaX(C2BoH 0] Zt(INHCH;Pr',)(THF), 28 2.523(5) A in
(7' :7°-Me;NCHo(C,BoHi0)]2Zr, ' 2.538(5) A in
[1':17°-(CsHaN)CH2(C,BoH 0) ] Zt(NMey )z, ' ? 2.601(5) A in
[7':5°-(‘PraCsHsN=CH)C,BoH 0] Zr(NMe,)»(NHMe,)*!, 2.544(6) A in
[7': 00 -{MeN(CH,)CH,CH, } CBoH (o Zr(CH,SiMes X THF),?  2.579(3) A in
trans-[n° :n°-MeyC(CoHg N CaBsH )] Zr(NMe XNHMe,)”  and  2.554(8) A in

trans-[1° 1" -MeaC(CoHg X CaBoH 10)}Zr{O(CHa);CH; )(THF )

Figure 5.1. Molecular structure of [#° :??S-M62C(C5H4)(C2B9H1{))]ZI‘(NM82)(NHM62)

(42a).

In a very similar manner, treatment of HoC(CsHo)(CaB1oHi1) (43)%¢ with 1
equiv. of Zr(NMej)s in toluene at room  temperature afforded
[7:0-HoC(C:He)(CaB1oH10))Zr(NMes);  (44a)  in 25%  isolated  yield,

[{ o7™-HaC(C13Hs)(C2BoB10)} Zr(NMe) ] [Zr(NMe2);(NHMez):] - (452) in 25%
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isolated yield, and 43 in 27% yield (Scheme 5.2). The NMR tube reaction showed
that complex 44a was stable at 110 °C in CgDys, but ﬁas converted to 45a in the

presence of Zr(NMes),.

Scheme 5.2, Reaction of Zr(NMe;)s with H,C(C3Hg)(C:BoH 1) (43).

E'z

@/ ‘Q + Zr{NMe,),
D
43

Zr(N Mez)4

Four multiplets in the region 7.47 to 6.83 ppm assignable to fluorenyl protons, a
singlet at 3.70 ppm attributable to bridged CH> unit, and a singlet at 2.05 ppm
corresponding to the NMe, group were observed in the 'H NMR spectrum of 44a. Its
'"'B NMR spectrum exhibited a 1:3:2:2:2 pattern spanning a range from —1.4 to ~11.0
ppm, which is similar to that of complex 1a. These spectroscopic data were
consistence with the formation of carbon-bridged fluorenyl-carboranyl zirconium
amide. In contrast, the ''B NMR spectrum of 45a exhibited a 1:3:2:1:1:1 pattern

spanning a range from —0.5 to —22.1 ppm, which differs significantly from that of
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complex 44a. These data were similar to those found in complexes 42a and 42b.
Figures 5.2 and 5.3 show the molecular structures of complexes 44a and 45a,
respectively. The central Zr atom in 44a is #°-bound to the cyclopentadienyl ring,
o-bound to the carboranyl ligand and two nitrogen atoms in a distorted tetrahedral
geometry. Complex 45a is an ionic species consisting of well-separated, alternating
layers of discrete trigonal bipyramidal cations [Zr(NMe,)s(NHMe,),]" and anions
[{a‘.rgs~H2C(C13Hg)(Cngng)}Zr(NMez)g]“. It the anion, the Zr atom is o~bound to
fluoreny! ring, °-bound to the dicarbollyl ligand, and o-bound to two nitrogen atoms

in a distorted tetrahedral geometry.

Figure 5.2. Molecular structure of [#°: ~H,C(C13H3)(CoB1oH )] Zt(NMe;), (44a),

showing one of the two crystallographically independent molecules in the unit cell.

It is found that diamines DMEDA and DMPDA are very good deboration reagents

for the carboranyl zirconium or hafnium amides 1a or 1b. Treatment of 1a with an
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excess amount of DMEDA in toluene at room temperature for 2 days gave
[7°:7°-Me,C(CsHa)(C2BoH 0)] Zr[#*-N(Me)(CH,),NH(Me)] (46a) as red crystals in
67% isolated yield. Similarly, reactions of 1a or 1b with DMPDA in toluene at
refluxing temperature for 2 days also gave the group 4 metallacarboranes
[7°:7°-Me,C(CsHa)(CaBsH 1) ]M[7*-N(Me)(CH,)sNH(Me)] (M = Zr, 47a; M = Hf,
47b) as a yellow solid in 73% and 43% isolated yields (Scheme 5.3). These reactions
were closely monitored by "B NMR spectra and found to be completed within 2
days in quantitative yields with the formation of HB{N(Me)(CH;),N(Me)] (rn = 1, 2).
The deboration reaction using DMEDA as an agent is much faster than that using
DMPDA. It is noted that direct reaction of Me;C(CsHs)(CaByoHyy) ligand with

DMEDA did not afford the deboration product even at 110 °C, indicating that the

122,127

metal atom plays a role in the deboration process.

Figure 5.3. Molecular structure of the anion in

[{ o:°-H,C(C13Hg)(C1BgH10)} Zr(NMe2);][Zr(NMe;)s(NHMe,)2] (45a).
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Scheme 5.3. Reaction of complexes 1a and 1b with DMEDA or DMPDA.
|

HN
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1a M =Zr, n= 1 (46a) or 2 (47a),
M = Hf, n = 2 (47b)
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/ Me
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48a

Four multiplets in the region 6.38 — 6.18 ppm assignable to the cyclopentadienyl
protons and two singlets at 1.68 and 1.58 ppm attributable to the two diastereotopic
methyl groups of the bridging CMe; unit, a broad singlet at 3.31 ppm of cage C-H,
two singlets of NMe groups at 2.89 and 2.73 ppm and three multiplets of the
methylene NCH, groups in the range 3.35 — 3.31 ppm were observed in the 'H NMR
spectrum of 46a. Its "B NMR spectrum exhibited a 1:2:1:2:1:1:1 pattern spanning a
range from —0.2 to -22.2 ppm, which differs significantly from its parent complex 1a.
The molecular structure of 46a was further confirmed by single-crystal X-ray
analyses and showed half HNMe; of solvation (Figure 5.4). The composition of 47a
and 47b were characterized by various spectroscopic techniques and elemental

analyses. Many attempts to grow single crystals suitable for X-ray analyses failed.

143



The 'H and *C NMR data suggested that both 47a and 47b were a mixture of two
regio-isomers in a molar ratio of about 1:1.6, which might result from asymmetric
environments of dicarbollyl ligand and M-N bonds. To confirm the structure of 47a,
deprotonation of 47a by 1.2 equiv of "Buli in toluene afforded, after recrystallization,
[7°:7°-MeaC(CsHa(CoBsH 10)] Zr[n”-N(Me ) CHa)sN(Me)Lil, (48a) as orange crystals
in 62% isolated yield (Scheme 5.3). The molecular structure of 48a was shown in
Figure 5.5. As both nitrogen atoms are g-bound to the Zr atom in 48a, only one

isomer was observed by NMR spectra.

Figure 5.4, Molecular structure of

[7°:7°-Me2C(CsHa X CaBoHi0)] Zr[#*-N(Me)(CH,);NH(Me)] (46a).

Similarly, the indenyl analogue [#°:0-Me,C(CoHg)(CaB1oH 0)]Zr(NMey), (49a)>
reacted with an excess amount of DMPDA in toluene fto give
[:?5:ns—Me2C(C9H6)(C2BgH1o)]Zr[r;z—N(Me)(CHz)gNH(Me)] (50a) in quantitative
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conversion as observed by ''B NMR. This product was isolated as orange yellow
crystals in 62% yield (Scheme 5.4). Its 'H and '>C NMR data suggested that complex
50a is a mixture of isomers which might result from asymmetric environment of
dicarbollyl ligand, indenyl ring and Zr-N bonds. The molecular structure of one of
the isomers was confirmed by single-crystal X-ray analyses and shown in Figure 5.6.

DMEDA also gave the corresponding deborated species as suggested by 1B NMR.

Figure 5.5. Molecular structure of

{10’17’ - MeaC(CsHaNCoBosH1p) ) Zr[n*-N(MeX CH,)N(Me)Lil 1, (48a).

Scheme 5.4. Reaction of complex 49a with DMPDA.
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Figure 5.6. Molecular structure of

[7°:7°-MeaC(CsHs X C2BoH10) ] Zr[7*-N(Me)(CH,)sNH(Me)' (50a).

These zirconium dicarbollides bear similar structural features. In zach case, the Zr
atom is #°-bound to both the cyclopentadienyl ring and the dicarbollyl ligand,
n*-bound to the diamine moiety in a distorted tetrahedral geometry. The
corresponding bond distances are comparable to each other and similar to complex
42a and those found in literature as listed in Table 5.1.

Reaction of [r°:0-HoC(C13Hs CaB1oH 10)]1Zt(NMey), (44a) with 4 equiv of
DMEDA resulted in the formation of deborated species [HaC(C 3H))(C2BoHy)] but
not [Hzc(C13Hg)(C2B9H10)]3' as indicated by g NMR, which was hard to isolate.
Further treatment with an equimolar amount of [PPN]CI (PPN =
bis(triphenylphosphine)iminium cation) in DME afforded, after recrystallization,
[HaC(CiaHo)(CoBoH )]{PPN] (51) as colorless crystals in 61% isolated yield

(Scheme 5.5). The molecular structurc of 51 was further confirmed by single-crystal
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X-ray analyses and shown in Figure 5.7. The protonation of the fluorenyl group by
the diamine is not surprising, which may be due to the less acidic and more sterically
demanding fluorenyl group. Similar result was observed in the reaction of Zr(NMe;),
with (Cy3Hg)(PraN)P(C,B 1 gH 1)), in which the fluorenyl, and the cage C-H proton are

not acidic enough to react with Zr(N Mez)4.32

Scheme 5.5. Reaction of complex 4d4a with DMEDA.

44a 51

Figure 5.7. Molecular structure of the anion in [H2C(C13Hg)(C>BsH; )][PPN] (51).

Complex 1a also reacted with 3 equiv of pyrrole in toluene at room temperature to
give [ns: -MexC(CsH)(CoB1oHi6) | Zr(NCaHg)z (52a) and
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[ :7°-MexC(CsH)(CoBsH 10)] Zr(NC,Hy ) (NHMe,) (53a) in 66% and 13% isolated

yields, respectively (Scheme 5.6).

Scheme 5.6, Reaction of complex 1a with pyrrole.
Me\@ NMe 3(?Meﬁ O Me; O
G Zr ?
Me @ NMe, I:) @ NHMe,

1a
They were fully characterized by various spectroscopic techniques as well as

single-crystal X-ray analyses as shown in Figures 5.8 and 5.9, respectively. Both 'H
and ’C NMR of 52a indicated a symmetric species in solution, which would result
from fast exchange between the 7'~ and #°-bound NC4H,™ ligands. In addition to the
resonances of the bridged ligand, two multiplets in the region 7.57 — 6.51 ppm
corresponding to the pyrrole were observed in the 'H NMR spectrum of 52a. The
solid-state structure of 52a showed half toluene of solvation. It shows an asymmetric
coordination of two pyrroles, in which one is #'- and the other is #°-bound to the Zr
atom. The ''B NMR spectrum of 52a exhibited a 3:2:5 pattern spanning a range from
—3.8 to —8.5 ppm, which is very similar to that observed in carbon-bridged
cyclopentadienyl carboranyl group 4 metal complexes. In contrast, the "B NMR
spectrum of 53a exhibited a 1:2:1:1:2:1:1 pattern spanning a range from 5.0 to -17.6
ppm, which differs significantly from that of complex 52a, but is comparable well to
other dicarbollyl metal complexes. The coordination environment of 53a is very

similar to that of 42a. The Zr-N(2)/N(1) distances of 2.164(2)/2.414(2) A in 53a
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indicate that N(2) is an amido nitrogen and N(1) is an amino nitrogen. The deborated
species 53a was probably generated by direct deboration of 52a by dimethylamine,

but the yield was very low.

Figure 5.9, Molecular structure of [#°:1°-Me;C(CsHa)(C2BoH )] Zr(NC4Hz)(NHMe,)

(53a).
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5.3. Amine exchange reaction

Scheme 5.7. Reaction of complexes 42a and 42b with amines.
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A series of carbon-bridged cyclopentadienyl-dicarbollyl metal amides can be
prepared in moderate to good yields by interaction of 42a or 42b with amines. The
reaction of 42a or 42b with DMEDA and DMPDA in toluene afforded 46a as red
crystals in 86% isolated yields, and 47a and 47b as a yellow solid in 82% and 76%
isolated yields, respectively. Interaction of 42a with pyrmrole or 2,6-diisopropylaniline

afforded amine exchange product 53a as yellow crystals in 90% isolated yield, or
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(77" -Me2C(CsH)(CaBoH 10)1 Z [NH(2,6-Pr2CsH3) [((NHMe,)  (54a) as  yellow
crystals in 85% isolated yield, respectively {(Scheme 5.7). The molecular structure of
54a was confirmed by single-crystal X-ray analyses and shown in Figure 5.10. The
central Zr atom is #°-bound to both the cyclopentadienyl ring and the dicarbollyl
ligand, and coordinated to two nitrogen atoms in a distorted tetrahedral geometry. A
much shorter Zr-N(2) distance of 2.047(2) A over the Zr-N(1) distance of 2.392(2) A
and the planar geometry of N(2) suggest that N(2) is the amido nitrogen and N(1) is
the amino nitrogen. The 'H, *C and "B NMR suggested that complex 54a was
formally in equilibrium with 42a in pyridine, indicating a proton exchange between

two nitrogen atoms.

Figure 5.10. Molecular structure of

[7°:1°-MeaC(CsH)(CaBsH )] Zt{NH(2,6-'Pr,CsH3) |(NHMe,) (34a).
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5.4. Reactivity of Cyclopentadienyl-Dicarbollyl Group 4 Metal Amides

Group 4 metal alkyl or amide species are active toward various reagents. The
bent-metallocene #°-dicarbollide species of general type (5°-C3BoH,;; )Y(CsRs)MR and
7°-CoBsH 1 )(CsRsYM(RYL) (M = Ti, Zr, Hf; L = labile ligand) can undergo a variety
of reactions, including ligand exchange, ligand C-H bond activation of electrophilic
metal alkyls, or insertion of unsaturated molecules like alkene, alkynes, etc..” !
The mono-dicarbollide amide complexes (n°-C3BgHi1)Zr(NEt)»(NHEt:) which
undergoes facile ligand substitution reaction with THF or 4-picoline, and react with
{H,NE]|Cl, yielding group 4 metal dichloride species ' -CngHl1)ZrCIz(NHEt2)2.Is
Moreover, constrained-geometry titanacarborane complex
[:7" 4 -(OCH,}(MeoNCH2)YCBoHoJ Ti(NR2) (R = Me, Et) reacted with various
unsaturated molecules to afford Ti-N mono-insertion products, and can catalyze
guanylation of amines.>***
5.4.1. Acid-Base Reaction

Reaction of 42a with 1 equiv of (HS»C:BgHio in toluene/benzene afforded
[£1° 7" -MexC(CsHa)(CaBoHi0)} Zr{*-S,CaB1oH 0} IH(HNMey);] (55a) as orange
crystals in 70% isolated yield (Scheme 5.8). Four multiplets in the region 7.52 — 6.93
ppm assignable to the cyclopentadienyl protons and two singlets at high field
attributable to the two diastereotopic methyl groups of the bridging CMe; unit, a
broad singlet at 2.92 ppm corresponding to the cage C-H, a singlet at 2,66 ppm of

NMe; group were observed in the 'H NMR spectrum. The unique Ccqge-S resonance

at 98.7 ppm was also observed in its °C NMR spectrum. The ''B NMR spectrum
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exhibited a 1:2:5:1(:1 pattern spanning a range from 7.8 to —20.4 ppm, in which

signal overlapping of two carboranes was observed.

Scheme 5.8. Reaction of 42a and 42b with base and acid.
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The molecular structure of S5a was further confirmed by single-crystal X-ray
analyses and showed a benzene of solvation. As shown in Figure 5.11, the central Zr
atom is z°-bound to both the cyclopentadieny! ring and the dicarbollyl ligand,
n*-bound to two sulphur atoms in a distorted tetrahedral geometry. The charge is then
compensated with a [H(HNMe,);]" cation. The Zr-Cring and Zr-Ceqpe distances of
2.521(3) A and 2.538(3) A are comparable well to its parent complex 42a and others

in literature 21282313 124.125. 143,14 The average Zr-S bond distance of 2.610(2) A is
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much longer than the 2.518(2) A in Cp*»Zr(SH),'"™® and 2.513(3) A in
Cp™Zr(12-8 ), [Ir(COY] [R(CO),] ¢ (Cp" = #°-1,3-'BuzCsH;), which may be due to

the negatively charged Zr center.

Figure 5.11. Molecular structure of the anion in

[{7:17°-MexC(CsH ) CaBoH10)} Zr{n°-82CB1oHio  JTH(HNMe; )] (55).

Treatment of 42b with 12 equiv of "Buli in DME afforded
[{7":7°-Me>C(CsHg)(C2BoH g) } HE(NMe, ), J[Li(DME);] (56b) as colorless crystals in
89% isolated yield. In addition to the peaks of the bridging ligand, two singlets at
3.39 and 3.36 ppm attributable to NMe; groups, and two singlets of DME molecules
were observed in the 'H NMR spectrum of 56b. Despite of poor resolution of
single-crystal X-ray analyses for 56b, the preliminary diffraction results together
with NMR and elemental analyses data are enough to confirm the connectivity
pattern for 56b (Figure 5.12). Further treatment of 56b with 4 equiv of TMSCI in
toluene gave hafmium dichloride species [{??SI?,FS—MBQ_C(C5H4)(C289H|0)}HfClz]
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[Li(DME)3] (57b) as a white solid in 76% isolated yield (Scheme 5.8).

Figure 5.12. Molecular structure of the anion in

[{#°:7°-MeC(CsHa)(CyBsH 1) HENMe, ] [Li(DME);] (56).

Similarly, deprotonation of 42a with "BuLi followed by treatment of 4 equiv of
TMSCl in toluene afforded zirconium dichloride species
[{n°:#°-MeaC(CsHa)(CaBoH )} ZrCL][Li(DME)s] (57a) as a white solid in 77% yield.
This dichloro species 57a can react with 2,6-'Pr;C¢H:NHNa in toluene or THF to
give ({75’ -Me;C(CsHa)(CaBoH 0} Z1(2,6-PryCsHsNHYCH[Li(DME);]  (58a) or
[ .7 -MesC(CsHa)(CaBsH 10)] Zr(2,6- PryCeHsNHYTHF)  (59a) in 79% and 63%
isolated yields, respectively (Scheme 5.9). Single-crystal X-ray analyses revealed
that 58a has an ionic structure, consisting of well-separated, altemating layers of
discrete tetrahedral anion [{#7:7°-Me;C(CsHa)(CaBgH o)} Zr(2,6-'PryCHsNH)CIT,
and octahedral cations [Li(DME);]". In the anion, the Zr atom is #°-bound to both the
cyclopentadienyl ring and the dicarbollyl ligand, o-bound to a chlorine atom and an
amido group in a distorted tetrahedral geometry (Figure 5.13). The molecular
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structure of complex 5%9a was confirmed by single-crystal X-ray analyses and
showed a toluene of solvation. The coordination environment of Zr atom in 5%a is
very similar to that found in 58a, except that one chlorine atom was replaced by a

THF molecule (Figure 5.14).

Scheme 5.9. Reaction of complex 57a with ArINHNa.
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Ar = 2 ,8-PryCgHg

Figure 5.13. Molecular structure of the anion in
[{7°:7°-Me;C(CsHa)(CaBoH 10) Zr(2,6-'Pro,CsHsNH)CI][Li(DME);] (58).
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Figure 5.14. Molecular structure of

[17”:7°-MeaC(CsHa N CaBsH 10)]Z1(2,6-ProCsH;NHY THF) (59).

On the other hand, interaction of 47a with PhyCOH, [HNMes]Cl and
[HNMes[[BPhy] in toluene at room temperature afforded acid-base reaction products
(Scheme 5.10). They were fully characterized by various spectroscopic techniques as
well as single-crystal X-ray analyses.

[ {175 :P?Z'MCQC(CSI'L;)(CQ_BQH] 0)} Zr{OCPh3): ][HN(Me)(CH;)sN(Me)H;| (6{a) was
isolated as colorless crystals in 68% yield from the reaction of 47a with Ph;COH in
toluene at room temperature for 2 days (Scheme 5.10). Only dioxide species 60a was
obtained in the presence of 1 or 2 equiv of PhsCOH. The unique Ph3;CO resonance at
107.1 ppm was observed in the BCc NMR spectrum. As shown in Figure 5.15, 60a is
an ionic species with a THF of solvation, in which the anion part adopts a
distorted-tetrahedral geometry coordinated by one n-cyclopentadienyl ring, one

unsymmetrical #’-dicarbollyl ligand and two oxygen atoms. The charge is

157



compensated by the [H,N(Me)(CHz:NH(Me)]® cation. The elongated
Zr-C(1)/C(2)/B(3) distances of 3.055/3.215/2.891 A is perhaps due to the presence of
the two bulky Ph3CO groups, thus the coordination of dicarbollyl ligand is changed

from #° to 1.

Scheme 5.10. Reaction of complex 47a with acids
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Attempt to obtain the neutral cyclopentadienyl-dicarbollyl zirconium
monochloride species failed. Treatment of 47a with 2 equiv of [HNMe;]Cl in toluene

afforded [{n°:7°-Me;C(CsH)}(C2BsH 0)} ZrCl,)[HN(Me)(CH,)sN(Me)H,] (61a) as
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colorless crystals in 59% isolated yield. Similar to the previous reaction, the
dichloride species was always isolated in the presence of 1 or 2 equiv of [HNMe;]CL.
Single-crystal X-ray analyses revealed that 61a is an ionic species consisting of
well-separated, alternating layers of discrete anion
[{7°:°-MeyC(CsHa)(C2BgHi0)} ZrCL]™ and cations [HoN(Me)CHz);NH(Me)]'. In
the anion, the Zr atom is #°-bound to both of the cyclopentadienyl ring and the
dicarbollyl ligand, o-bound to two terminal chlorine atoms in a distorted tetrahedral

geometry (Figure 5.16).

Figure 5.15. Molecular structure of the anion in

({77 :7°-MeC(CsHa)(C2BoH 1)} Zr(OCPh3 ), ] HN(Me)(CH, sN(Me)H.] (60a).

Reaction of 47a with [HNEt;][BPhy] in toluene afforded, after recrystallization in
DME,  [{7":#*-Me,C(CsH4)(CaBsH )} Zr {#*-NH(Me)(CH,);NH(Me) } ][B(CsHs)s)
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(62a) as yellow crystals in 56% isolated yield (Scheme 5.10). In addition to the
resonances of the bridged ligand, the '"H NMR spectrum showed three multiplets in
the region 8.06 to 7.12 ppm corresponding to the four phenyl rings, one triplet at 3.00
ppm assignable to the NCH; unit, and one singlet at 2.50 ppm attributable to the
NMe groups. A pattern of 1:1:1:6:1 was observed in its ''B NMR spectrum. The
ionic nature of 62a was further confirmed by a single-crystal X-ray diffraction study
and showed a DME of solvation. As shown in Figure 5.17, the geometry of the anion
is similar to that found in 61a, with the two Cl atoms being replaced by two nitrogen

atoms.

Figure 5.16. Molecular structure of the anion in

{7177 -MeaC(CsH N CaBoH 101} Zr CLIHN(Me) CHL )3 N(Me)H,] (61a).

Reaction of 47b with excess TMSCI in toluene at room temperature gave, after
recrystallization from DME, an unexpected C-O bond cleavage product
{1 :1°-Me2C(CsHa)(C2BoH 1)1 Zr[ " -O(CH,),0Mel }, (63a) as colorless crystals in
21% isolated yield (Scheme 5.10). In addition to the peaks derived from the bridged
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ligand, two multiplets in the region 4.60 to 3.60 ppm assignable to the OCH, units,
and one singlet at 3.33 ppm aitributable to the OMe group were observed in the 'H
NMR spectrum of 63a. Its ''B NMR spectrum showed a 1:1:2:1:2:1:1 pattern. The
molecular structure of 63a was further confirmed by single-crystal X-ray analyses
and showed a DME of solvation. As shown in Figure 5.18, complex 63a is a dimeric
species bearing a bent sandwich structural motif, in which each Zr atom is #°-bound
to both the cyclopentadienyl and the dicarbollyl ligand, and three oxygen atoms in a
distorted trigonal bipyramidal geometry. A possible reaction pathway for the
formation of 63a is shown in Scheme 5.11. Replacement of NMe by Cl, followed by

o-bond metathesis and dimerization, gives 63a. The C-O bond activation by group 4

21.26

metallacarborane amides is known.

Figure 5.17. Molecular structure of the cation in
[{#°:1°-MeaC(CsHa)(C2BoH10)} Zr { n*-NH(Me)(CH,);NH(Me)} ][B(CsHs)s] (62a),
showing one of the two crystallographically independent molecules in the unit cell.
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Figure 5.18. Molecular structure of

{7 7 -MeyC(CsHa)(CaBsH 1)) Zr[1:n" -O(CH2)20Me) ) (63a).

Scheme 5.11. Proposed mechamism for the formation of complex 63a.
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5.4.2. Insertion Reaction
Like other group 4 metal amide species, complexes 46a and 47a reacted with
polar unsaturated molecules to afford mono-insertion products (Scheme 5.12).
Treatment of 46a with 1 equiv of "BuNCS in toluene afforded mono-insertion
species [ -MeaC(CsHa)(CaBsH o)) Zt [7:17:17:-NH(Me)(CH, ),N(Me)C(=S)N"Bu]
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(64a) as colorless crystals in 58% isolated yield. The BCNMR spectrum exhibited a
unique resonance of N=C-S at about 190 ppm. Its ''B NMR showed a 1:1:2:1:3:1
pattern spanning a range from 3.1 to —17.2 ppm. The molecular structure of 64a is
confirmed by single-crystal X-ray analyses and shown in Figure 5.19. The central Zr
atom was rgs-bound to both the cyclopentadienyl ring and the dicarbollyl ligand and
coordinated to three nitrogen atoms in a distorted trigonal bipyramidal geometry. A
much shorter Zr-N(1) distance of 2.273(4) A over the Zr-N(3) distance of 2.416(4) A
and the planar geometry of N(1) suggest that N(1) is the amido nitrogen and N(3) is

the amino nitrogen.

Scheme 5.12. Reaction of 46a or 47a with unsaturated molecules.
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Figure 5.19. Molecular structure of

[7°:1°-Me2C(CsHa)(CaBsH )] Zr[:77:7:-NH(Me)(CH,);N(Me)C(=S)N"Bu] (64a).

An equimolar reaction of 46a with DIC in toluene at room temperature gave
7 :qs—MeZC(C5H4)(C2B9H10)]Zr[n:ry:ry-NH(Me)(CHz)gN(Me)C(=N'Pr)N’Pr] (65a) in
58% isolated yield. The 'H and *C NMR spectra showed that 65a is a mixture of
two regioisomers in a molar ratio of ~1:1.2, which might result from asymmetric
environment of dicarbollyl ligand and Zr-N bonds.

The molecular structure of one of the regioisomers was confirmed by
single-crystal X-ray analyses and showed half toluene of solvation. As shown in
Figure 5.20, the coordination environment in 635a is very similar to that in complex
64a. As complex 65a is a carbodiimide insertion product, we wonder if it has similar
reactivities in the deinsertion reaction of carbodiimide in the carboranyl complexes

[17°:0-Me,C(CsHL)(CoB 1oHi0)}Zr]’-N(Me)(CH2)sN(Me)C(=NR)NR] (R = ‘Pr (9a),
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Cy (9a’)). Reaction of 65a with excess "BuNCS at room temperature showed the
appearance of free DIC as evidenced by the 'H NMR spectrum. The reaction
proceeded much faster at 70 °C, and showed a total conversion of complex 65a to the

"BuNCS mono-insertion product 64a within one day.

Figure 5.20. Molecular structure of

[7°:7°-Me2C(CsHa)(C2BsH 10)] Zr[n:n:p-NH(Me)(CH;),N(Me)C(=N'Pr)N'Pr] (65a).

Interaction of 47a with 1 equiv of "BuNC gave the mono-insertion product
[7:7°-Mey, C(CsHa)(C2BoH 10)1 Z [17:7*-NH(Me)(CH),N(Me)C=N"Bu]  (66a) as
colorless crystals in 68% isolated yield. Only mono-insertion product was obtained
in the presence of one or more equiv of "BuNC. Similar to 65a, the spectroscopic
data shows 66a is a mixture of isomers, which might result from asymmetric

environment of dicarbollyl ligand and Zr-N bonds
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An X-ray study revealed that the central Zr atom is coordinated by an
qs—cyclopentadienyl ring, n°-dicarbollyl ligand, an n*-iminocarbamoyl ligand and
amino group in a distorted trigonal bipyramidal geometry (Figure 5.21). The
Zr-N(3)/C(24) distances of 2.136(3)/2.238(3) A are similar to the 2.259(4)/2.221(3)
A in Zr(NMeCyc)a| C(NXy)NMeCycls, 6 2.174/2.271 A in
[Zr{#’-CsHs-1,3-[SiMe,-#-N‘Bu)];}- {#*-C(CH,Ph)=N(2,6-Me,C¢H3)}]>* and other

2. . - - x
#’-iminocarbamoyl Zr complexes in literatures, 5647

Figure 5.21. Molecular structure of

[7°:7°-MeaC(CsH)(C2BoH10)}Zr  7:7-NH(Me)(CH,);,N(Me)C=N"Bu] (66a).

5.4.3. Reduction
The dicarbollyl ligand in most metallacarboranes is very stable and inert under
redox conditions.'?® For examples, in a recent study on molecular motor, reduction of
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nickel(IV) bisdicarbollide only takes place at the nickel center, resulting in the
formation of corresponding nickel(III) bisdicarbollide.'?® On the other hand, it has
been documented that the nido-n"-C,BsH; > can be reduced by group 1 metals to
form arachno-n®:#®-C,BsH ;" moiety bearing two open six-membered faces in
13-vertex bimetallacarboranes of late transition metals."*® Such an arachno ligand is
also observed in late transition metal complex {(nS—CsMe5)Ru}2(:?6::?6~C2B9H1;),
formed by direct electrophilic insertion of [(#°-CsMes)Ru(MeCN);]* into
[(#°-CsMes)Ru(r’-CaBgH, )], In view of the impact of d"/f" metal ions on the

50,132 . .
’ we wondered if the electronic

formation of arachno-CaBioHigR," units,
configurations of transition metal ions would have an effect on the geometries of the
resultant arachno-C,Bs moieties. During the reduction of group 4 metal dicarbollides
by group 1 metal, we discovered a new type of arachno-n®-C,BoHoR" ligand
bearing only one open six-membered face.

The reactions of mixed sandwich complexes 57a or 57b with an excess amount of
Na metal in THF at room temperature for a week gave a mixed valent Zr(IIT1)/Zr(IV)
complex {[#°:#°-Me,C(CsHa)(C2BoH 0)]Zr}2{Nas(THF)s} (67) as brown crystals in
52% isolated yield and high valent Hf(IV) complex
[{#° :1°-MeaC(CsHa)(CaBoHio) HEL[Li(THF)s], (68) as orange crystals in 45%
isolated yield, respectively. Treatment of 68 with an equimolar amount of [PPN]CI
(PPN = bis(triphenylphosphine)iminium cation) in THF afforded, after

recrystallization, [{7°:n°-Me;C(CsHq)(C2BsH;0)}Hf):[PPN]. (69) as yellow crystals

in 51% isolated yield (Scheme 5.13). Complexes 67, 68 and 69 are extremely air-
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and moisture-sensitive, but remain stable for months at room temperature under an

inert atmosphere.

Scheme 5.13. Reduction of 57a or 57b with Na metal.

xs Na T Na(THF);
ﬁ THF 67
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. L M
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M = Zr (57a), Hf (57b)
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4 ‘l N
ﬁ Me
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Complex 67 is a paramagnetic species and does not offer any useful NMR
information. It shows an EPR signal at 77 K in solid-state with g = 1.99 (line width =
3

36 (), which is in accordance with that of Zr(III) nucleus reported in the literature."
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In contrast, four doublets in the region 7.2 — 5.2 ppm assignable to the
cyclopentadieny! protons and two singlets at the high field attributable to the two
diastereotopic methyl groups of the bridging CMe; unit are observed in the 'H NMR
spectra of both 68 and 69. Their 'B NMR spectra exhibit a 1:1:2:3:1:1 pattern
spanning a range from 0.4 to —43.3 ppm, which differ significantly from their parent
complex 57. The Jay values fall in the range of 77 — 144 Hz. The significantly
reduced Jpy values may suggest some B-H---M interactions in solution.'**
Furthermore, the solid-state IR spectra (KBr) exhibit two g 4 stretching bands at ca
2500 and 2465 cm’™, respectively, supporting some B-H--M interactions in 67, 68
and 69.'* Such interactions are further confirmed by single-crystal X-ray analyses
and shown in Figures 5.22, 5.23 and 5.24, respectively. It is noted that despite of
poor resolution of single-crystal X-ray analyses for 68, the preliminary diffraction
results together with NMR and elemental analyses data are enough to confirm the
connectivity pattern for 68.

The complex anions in 67 and 69 are dimeric species bearing a bent sandwich
structural motif, in which each metal atom is #°-bound to the cyclopentadienyl ring,
nf’-bound to the arachno-C,By ligand, and coordinate to two B-H bonds of the
neighboring C;B4 bonding face in a distorted-tetrahedral geometry. The charge is
then compensated by three coordinated complex cations [Na(THF),]" in 67 or two
PPN cations in 69, respectively. As 67 has a crystallographically imposed inversion

center, the two Zr atoms are indistinguishable (Figure 5.22). The Zr-cage-carbon

distances of 2.280(6)/2.258(6) A are significantly shorter than those of
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2.618(6)/2.583(6) A in its parent complex 57a,%® and 2.491(5)/2.567(5) A in the
nido-C;B1o system [1°:°:0-Me;Si(CoHg)(C2B1oH10CH,NMe)]Zr(NCsHs),* but are
very close to those observed in the arachno-C;B)g system such as 2.271(3)/2.266(3)
A in [{un)n-MeSi(CsHa)(CyB1oH )} Zt(NEL), {Nas(THF )4} 1, and
2.249(7)/2.203(8) A in [n'n':n"-(Me;NCH2CH,),C2B1oH 0] Zr(u-Cl)Na(THF);. >
The average Zr-cage-boron distance of 2.568(7) A in 67 is about 0.3 A longer than
that of Zr-cage-carbon one. This measured value compares that of 2.674(7) A in
[7°:7°:6-Me,Si(CoHg)(C2B1o0H10CH;NMe) ] Zr(NCsHs), 2.624(4) A in
[{(ﬂ-ns):ry7—Me;gSi(C5H4)(C2BmHl[)}Zr(NEtg)z{Na3(THF)4}],, and 2.545(10) A in
(7" 7' -(MeaNCH,CH,),CoBoHi0)Ze(u-Cl)Na(THF);.  The  observed  Zr—Zr
distance of 3.659(6) A in 67 is almost identical with that of 3.654(6) A observed in
the mixed valent Zr(I11)/Zr(IV) complex [Cp2Zr(u-PPh)],"."*® Similarly, the average
Hf-cage-carbon distances of 2.271(6)/2.234(5) A are also significantly shorter than
those of 2.515(6)/2.533(7) A in the nido-C,Bs system of [(CsMes)(C,BoH,)HMe],,”
and 2.489(4)/2.674(4) A in the nido-C>B1g system of
[ :7%-(MesNCH2CH,)(CaB1oH ) JHE(CH,SiMes),,*® but are very comparable to the
Hf-C o bond distances of 2.239(6)/2.228(6) A in [(CsMes)(C,BsHy;)HfMe], and
2.173(4)/2.163(5) A in [r'#5-(Me;NCH,CH,)(CyB oH) )JHf(CH,SiMes),.  The
average Hf-cage-boron distance of 2.560(7) A in 69 is about 0.3 A longer than that of
Hf-cage-carbon one. In view of these experimental data, it is best to describe that the
two electrons from the reducing agent are formally added to the dicarbollyl ligand,

leading to the formation of arachno-rf‘s-CngHmR4' moiety with the cage C---C
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separation of 2.809(7) A in 67 and 2.783(7) A in 69, respectively. The high electron

density on the cage carbon atoms'’

results in the significantly shorter
M-cage-carbon distances in both 67 and 69 than those observed in nido-C,Bg and

nido-C>Byy systems. Accordingly, the formal oxidation state of the Hf atom in 69

should be 4+, and that of each Zr atom in 67 should be 3.5+, rather than 1.5+.'3%

Figure 5.22. Molecular structure of {[}?5:ﬂﬁ-MGQC(CsHO(CQBgl'I[0)]Zr}2{Na3(THF)s}

(67) (only oxygen atoms of the coordinated THF molecules are shown for clarity).

Several kinds of cage geometries have been predicted for 11-vertex arachno
clusters, derived by removal of two vertices from a 13-vertex docosahedron, and two
typical ones are shown in Chart 5.1."™"° Geometry A is observed in 13-vertex

bimetallacarboranes MaCaBg, %!

whereas geometry B is found in current group 4
metallacarboranes MC,Bg (67 — 69) and in arachno-S,BsHye """ The latter resemble

the so-called Jhypercloso MC,By  clusters reported in  literature,

in



PtW(CO)y(PEts)z{7°-Me;C;BoHy(CH,CgHsMe-4)} 14020 and
[NEty]{ Wa(u-CCeHaMe-d)(CO)(n’-7,8-Me;-7,8-CoBoHo) { #°-7,8-Me,-7,8-C2BoHs-10
(CH,CsHiMe-4)}1,"** in which the cage C--C separation is 2.88 A in
PtW(CO)(PEt:)2{#°-Me;CaBoHs(CH,CsHaMe-4)} and 2.917 A in
[NEty][Wa(u-CCsHaMe-4)(CON(ry’-7,8-Mer-7,8-CaBsHo) { #°-7,8-Mey-7,8-C,BoHg-10
-(CH>CsHsMe-4)}]. Complex PtW(CO)z(PEt;)Q{?]6—M82C2B9H8(CH2C5H4M8—4)} is
prepared from the equimolar reaction of [PtH(Me,COXPEt:),][BFs] with
[PPN][W {=C(CsHsMe-4)}(CO)(n’-C2BsHgMe;,)], and
[NEty][ Wa(u-CCsHaMe-4)(CO)(n°-7,8-Me;-7,8-C2BoHo) £ #°-7,8-Me;-7,8-C2BoH;10
-(CH,CgHyMe-4)}] 1s generated by treatment of
[NEty][W{=C(CsHsMe-4)}(COY(i1>-C2BsHsMe,)] with 0.5 equiv of HBFs. No
reducing agents are added to the reactions. The W(#°-CoBoHoR;) fragment in
[PPNJ[W {=C(CsHsMe-4)} (COR(-C2BoHoMe;)] and
[NEt][ Wa(u-CCsHaMe-4)(CO(7°-7,8-Mey-7,8-C,BoHo) {1°-7,8-Me-7,8-CaBoH;-10
-(CH,C¢HyMe-4)}] is regarded as a 12-vertex cluster with only 12 skeletal electron
pairs, which has been termed hypercloso cluster.'*® Thus, the 7°-C,BsHoR, moiety in
these complexes could be viewed as a formally dianionic ligand. Alternatively, it
could also be visualized as a formally tetraanionic arachro species contributing 13
skeletal electron pairs to the 12-vertex W(ry(’-CngHng) unit, resulting in an
iso-closo cluster,'"! The formation of complexes 67 — 69 support the latter

description.
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Figure 5,23, Molecular structure of the anion in
[{ rgS:r;G-MCZC(CsH4)(CngH10)}Hf]2[Li(THF)4]2 (68), showing one of the two

crystallographically independent molecules in the unit cell.

Figure 5.24. Molecular structure of the anion in

[{n*:7°-Me>C(CsHa)(C2BsHi0) } HE][PPN], (69).
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Chart 5.1. Relationship between 13-vertex closo and 11-vertex arachno clusters.

5.5. Summary

A series of carbon-bridged cyclopentadienyl-dicarbollyl group 4 metal amide
complexes were synthesized by direct deboration of the carbon bridged
cyclopentadienyl-carboranyl group 4 metal amides using different amines as
deboration agents, which provides a new synthetic route for the generation of group
4 metallacarboranes. These results showed that diamines are more efficient in the
deboration reaction of metal carboranyl complexes than HNMe;. These metal
dicarbollides can also be obtained by amine-exchange reactions between complexes
42 and amines. The acid-base reactions can also take place using other Brensted
acids, leading to the corresponding metallacarboranes. The group 4 metal amides are
reactive towards unsaturated molecules like "BuNCS, DIC and "BuNC to afford
mono-insertion products. The carbodiimide mono-insertion product reacted with
"BuNCS to result in deinsertion of carbodiimide. Deprotonation of complexes 42
followed by reaction with TMSCI afforded the mixed sandwich complexes

[{7°:7°-Me;C(CsHa)(C2BoH 0) IMCL][LI(DME);] (M = Zr (57a), Hf (57b)), which
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were reduced by Na metal to give metallacarboranes bearing an arachno-C,BoHoR*

tetraanion.
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Chapter 6. Conclusion

This thesis describes (1) the synthesis and characterization of carbon-bridged
cyclopentadienyl-carboranyl group 4 metal diamides and dithiolate, (2) the direct
deboration of carbon-bridged cyclopentadienyl-carboranyl group 4 metal amide
complexes using amines as deboration reagents, and (3) the reactivity and catalytic
activity of the resultant group 4 metal complexes.

Several carbon-bridged -cyclopentadienyl-carboranyl metal diamides [qsza-
MeC(CsHa)(C:B1H 0)]M[#*-N(Me)(CHz):2N(Me)] (M = Zr (2a), Ti (2¢)) and [”:0-
Me;C(CsHa)(C:B 1oH10)IM[72-N(Me)(CH,)sN(Me)] (M = Zr (3a), Hf (3b) and Ti
(3¢)) were prepared and characterized from the reaction of [7:0-
Me>C(CsHs)(C2B1oH0)]M(NMe,), (M = Zr (1a), Hf (1b), Ti (1¢)) with diamine
reagents (DMEDA or DMPDA). The M-N bonds in these metal amides were active
toward a series of unsaturated molecules such as RNC, RCN, RNCS, RNCO and
RN=C=NR. The reaction of 3a or 3b with different isocyanides afforded different
insertion products. Di-insertion product was obtained in the reaction with XyINC,
whereas other isocyanides bearing a-CH; gave multiple insertion products. These
results indicated that the inertness of the M-Cyge bond toward unsaturated molecules
is best ascribed to the steric effect of the carborane cage, and the mobility of the
migratory groups may not play a role in the insertion reactions.

Both carbodiimide and 2,6-dimethylphenylisocyanide inserted products [7°:0-
Me;C(CsHa)(C2B10H10)]M[7’-N(Me)(CH2)sN(Me)C(=NR)NR] (M = Zr, R = ‘Pr (9a),
Cy (92°), M = Hf, R = Cy (9b’)) and [#’:0-MexC(CsHa)(CaB1oH 0)]M[7*:7%-
(XyDN=CN(Me)(CH,);N(Me)C=N(Xyl)] M = Zr, 12a; M = Hf, 12b) were active

towards other unsaturated molecules, leading to the deinsertion reactions of
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carbodiimide and isocyanide. The Zr and Hf carbodiimide mono-insertion products 9
showed similar reactivities toward RNC, RNCS and RNCO, resuiting in the
deinsertion of carbodiimide and affording the RNC, RNCS and RNCOQ insertion
products. The XyINC inserted products 12 showed different reactivities toward RNC
and RNCS in the deinsertion reaction of XyINC. Both mono- and di-deinsertion
species were observed. These reactions provide a useful method for the generation of
new metallacycles containing different functionalities.

The zirconium dithiolate complex [??SIO’-MCzC(Cst;)(CzB](}H[o)]zr[qz-
S:CaBioHo](HNMe;), (30) was synthesized by amine elimination reaction.
Reactions of 30 with unsaturated molecules did not afford the Zr-S bond insertion
products. Instead, nucleophilic addition products were obtained. Interaction of 30
with PhCN generated [1?5:a—MezC(C5H4)(C2BlgHm)]Zr[qz-
S2C3ByoH ;0 ][NH=C(Ph)NMe; ], (35), which is a Lewis acid promoted nucleophilic
addition product. Complex 30 was able to catalyze the hydroamination of PhCN with
dialkylamine, but the efficiency was usually low.

A series of carbon-bridged cyclopentadienyl-dicarbollyl group 4 metal amides
were prepared by direct deboration of the comesponding carbon-bridged
cyclopentadienyl-carboranyl metal amides using amines as deboration reagents.
These metal complexes were active towards polar unsaturated molecules, such as
"BuNCS, DIC and "BuNC, to afford the mono-insertion species. The DIC insertion
product  [17°:7°-MexC(CsHaW(CoBoHio) ] Zr[1:1:7-NH(Me ) CH,),N(Me)C(=N'Pr)N'Pr]
(65) also react with "BuNCS, resulting in the deinsertion of carbodiimide. Moreover,
the metal dichloride species [{:?5:nS-MeZC(C5H4)(C2B9H10)}MClg][Li(DME)g] M =
Zr (57a), Hf (§7b)) was able to be reduce by Na metal to give the corresponding

metallacarboranes bearing the arachno-C,Bg tetra-anions.
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Chapter 7. Experimental Section

General Procedures. All experiments were performed under an atmosphere of
dry dinitrogen with the rigid exclusion of air and moisture using standard Schlenk or
cannula techniques, or in a glovebox. All organic solvents (except CH,Cly) were
refluxed over sodium benzophenone ketyl for several days and freshly distilled prior
to use. CH,Cl; was refluxed over CaH, for several days and distilled immediately
prior to use. All chemicals were purchased from either Aldrich or Acros Chemical
Co. and used as received unless otherwise noted. [rys:a-
MeyC(CsH)(C2B1oHi0) IM(NMez)2 (M = Zr (1a), HE (1b), Ti(le)),” 1,2-(HS)-1,2-
CoBigHig (29), MexC(Ci3Hg)CaB1oHy (41),%° HaC(C13Hg)CaB oMy (43), [#°:0-
MezC(CoHg}(CaBioH10)]Zr(NMey); (49),° M(NMe,)s (M = Zr, Hf)'> were prepared
according to literature methods. Infrared spectra were obtained from KBr pellets on a
Perkin-Elmer 1600 Fourier transform spectrometer. 'H NMR spectra were recorded
on a Bruker DPX 300 spectrometer at 300.1 MHz or a Bruker 400 spectrometer at
400.1 MHz. *C NMR specira were recorded on a Bruker DPX 300 spectrometer at
75.5 MHz or a Bruker DPX 400 spectrometer at 100.6 MHz. B NMR spectra were
recorded on a Bruker DPX 300 spectrometer at 96.3 MHz, a Bruker 400
spectrometer at 128.4 MHz or a Varian Inova 400 spectrometer at 128.3 MHz. All
chemical shifts were reported in & units with reference to the residual solvent
resonances of the deuterated solvents for proton and carbon chemical shifts, to
external BF3OEt; (0.00 ppm) for boron chemical shifts. Elemental analyses were
performed by the Shanghai Institute of Organic Chemistry, The Chinese Academy of

Sciences, China or MEDAC Ltd., Brunel University, Middlesex, U.K.
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Preparation of [17°:6-Me;C(CsHa)(C2B1oH10)| Zr [
N(Me)(CH;);N(Me)](NHMe;) (2a). To a toluene (15 mL) solution of 1a (214 mg,
0.50 mmol) was added dropwise a toluene (8 mL) solution of DMEDA (49 mg, 0.60
mmol) at -30 °C with stirring. The mixture was warmed to room temperature and
stirred for 20 min. After filtration, the resulting orange-red solution was concentrated
under vacuum to about 5 mL. »n-Hexane (5 mL} vapor diffusion gave 2a as orange
solid over a period of 2 days at -30 °C (173 mg, 73%). 'H NMR (300 MHz, benzene-
dg): & 5.98 (d, J= 1.8 Hz, 1H, CsHa), 5.59 (brs, 1H, CsHy), 5.44 (brs, 1H, CsHy), 5.34
(brs, 1H, CsH,), 2.88 (s, 6H, NCHj3), 2.67 (m, 4H, NCH>), 1.73 (d, J = 6.0 Hz, 6H,
HN(CHs)p), 1.44 (s, 3H, C(CHa)), 1.42 (s, 3H, C(CHz)). PC{'H} NMR (75 MHz,
benzene-dg):  146.2, 113.4, 110.4, 107.5 (CsHs), 56.4, 52.4 (NCH>), 46.9, 42.8
(NCHz3), 41.7 (C(CHj3)p), 37.9, 32.2 (C(CHs)z), 33.4 (NH(CH3),), the cage carbons
were not observed. '"B{'"H} NMR (128 MHz, benzene-d;): 6 —2.1 (1B), =3.1 (1B), —
4.6 (1B), =52 (1B), —9.0 (3B), ~11.1 (3B). IR (KBr, cm™): vay 2552 (vs). Anal.
Caled for C4H3oBoNaZr (2a — HNMe;): C, 39.50; H, 7.10; N, 6.58. Found: C, 39.76;
H, 7.62; N, 6.68.

Preparation of [rpszo—Me;C(C5H4)(C2Bme)]Ti[rpz-N(Me)(CHz)gN(Me)] (2c).
To a toluene (15 mL) solution of le (191 mg, 0.50 mmol) was added dropwise a
toluene (8 mL) solution of DMEDA (220 mg, 2.50 mmol) at 0 °C with stirring. The
mixture was warmed to room temperature and then heated at 60 °C for 2 days. After
filtration, the resulting red solution was concentrated under vacuum to about 5 mL.
Complex 2¢ was isolated as red crystals after this solution stood at room temperature
for 1 day (129 mg, 68%). 'H NMR (300 MHz, benzene-dg): § 5.55 (brs, 2H, CsHy),
5.43 (brs, 2H, CsHy), 3.49 (d, J=9.0 Hz, 2H, NCH5), 3.25 (d, /= 9.0 Hz, 2H, NCH,),

2.62 (s, 6H, NCHs), 1.44 (s, 6H, C(CHs),). PC{'H} NMR (75 MHz, benzene-ds): &
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135.4, 112.2, 109.2 (CsHa), 57.6 (NCH), 50.4 (NCHs), 42.4 (C(CHs)), 31.9
(C(CHs)), the cage carbons were not observed. "'B{'H} NMR (128 MHz, benzene-
de): 6 3.2 (2B), 6.2 (2B), 9.7 (4B), -12.3 (2B). IR (KBr, cm™'): vay 2576 (vs).
Anal. Caled for C14H30B1oN2Ti (2a): C, 43.97;, H, 7.91;, N, 7.33. Found: C, 43.88; H,
8.34; N, 7.10.

Preparation of [qs:a—MeZC(C5H4)(C2BmHm)]Zr[qz-N(Me)(CHz);;N(Me)] (3a).
To a toluene (15 mL) solution of 1a (214 mg, 0.50 mmol) was added dropwise a
toluene (8 mL) solution of DMPDA (56 mg, 0.55 mmol) at 0 °C with stirring. The
mixture was warmed to room temperature and stirred overnight. After filtration, the
resulting yellow solution was concentrated under vacuum to about § mL. Complex
3a was 1solated as yellow crystals after this solution stood at room temperature for 2
days (179 mg, 82%). 'H NMR (300 MHz, benzene-ds): & 5.66 (d, J = 2.7 Hz, 2H,
CsHy), 5.61 (d, J=2.7 Hz, 2H, CsHy), 2.90 (m, 4H, NCH>), 2.66 (s, 6H, NCH3), 1.97
(m, 2H, NCH,CH>,CH,N), 1.40 (s, 6H, C(CHz),). >C{'"H} NMR (75 MHz, benzene-
de): 6 146.4, 113.0, 109.3 (CsHy), 57.3 (NCHb), 46.0 (NCHs), 42.5 (C(CHs)p), 32.6
(C(CH3)y), 27.4 (NCH,CH,CH;N), the cage carbons were not observed. 'B{'H}
NMR (128 MHz, benzene-dg): ¢ —2.3 (2B), -5.1 (2B), -8.6 (2B), -9.2 (2B), -11.9
(2B). IR (KBr, cm']): vy 2562 (vs). Anal. Calcd for C;sH3:B1oNaZr (3a): C, 40.97;
H, 7.33; N, 6.37. Found: C, 40.99; H, 7.74; N, 6.13.

Preparation of [qs:0‘-M82C(C5H4)(C2B|0H1|})IHf[?]z-N(Me)(CHz)3N(Me)] (3b).
This complex was prepared as yellow crystals from 1b (258 mg, 0.50 mmol) and
DMPDA (56 mg, 0.55 mmol) in toluene using the identical procedure reported for 3a:
yield 214 mg (82%). 'H NMR (300 MHz, benzene-dy): ¢ 5.59 (d, J = 2.1 Hz, 2H,
CsHy), 5.57 (d, J=2.1 Hz, 2H, Csiy), 3.01 (m, 4H, NCH,), 2.75 (s, 6H, NCH), 1.78

(m, 2H, NCH,CH,CH:N), 1.38 (s, 6H, C(CH),). *C{'H} NMR (75 MHz, benzene-

180



dg): 0 145.8, 112.0, 108.7 (CsHa), 57.8 (NCHy), 45.1 (NCHj3), 42.0 (C(CHs)y), 32.5
(C(CHa),), 28.2 (NCH,CH,CH,N), the cage carbons were not observed. ''B{'H}
NMR (128 MHz, benzene-dg): § —1.4 (1B), -2.1 (1B), —4.9 (2B), -8.9 (4B), -12.0
(2B). IR (KBr, cm™): vay 2566 (vs). Anal. Caled for CysHzBioHIN, (3b): C, 34.18;
H, 6.12; N, 5.32. Found: C, 34.11; H, 6.57; N, 4.78.

Preparation of l?]s:0'-M82C(C5H4)(C2B10H10)]Ti[?}z-N(Me)(CHz)_?,N(Me)l (3c).
To a toluene (15 mL) solution of 1¢ (191 mg, .50 mmol) was added dropwise a
toluene (8 mL) solution of DMPDA (153 mg, 1.50 mmol) at 0 °C with stirring. The
mixture was warmed to room temperature and heated at 90 °C for 2 days. After
filtration, the resulting red solution was concentrated under vacuum to about 8 mlL.
Complex 3¢ was isolated as orange-red crystals after this solution stood at room
temperature for 3 days (124 mg, 64%). 'H NMR (300 MHz, benzene-dg): 6 5.47 (m,
4H, CsHa), 3.12 (m, 2H, NCH,), 2.86 (m, 2H, NCH),), 2.69 (s, 6H, NCHz), 1.59 (m,
2H, NCH,CH,CH,N), 1.43 (s, 6H, C(CHs),). PC{'H} NMR (75 MHz, benzene-dg):
d 149.5, 112.4, 110.0 (CsHa), 62.6 (NCHy), 48.7 (NCH3), 42.0 (C(CHa)z), 31.9
(C(CHs)), 31.2 (NCH,CH,CH;N), the cage carbons were not observed. ''B{'H}
NMR (128 MHz, benzene-dg): é 2.6 (2B), -5.6 (2B), -8.9 (4B), -11.7 (2B). IR
(KBr, cm™): vay 2598, 2565, 2540 (vs). Anal. Caled for C;sHaBoN,Ti (3¢): C,
45.45; H, 8.14; N, 7.07. Found: C, 44.92; H, 7.95; N, 7.26.

Preparation of [#°:6-Me2C(CsH4)(CaB1gH10) | Zrfy -
(XyDN=CN(Me){CH);N(Me)C=N(Xyl)] (4a). To a toluene (15 mL) solution of 2a
(235 mg, 0.50 mmol) was added dropwise a toluene (8 mL) solution of XyINC (131
mg, 1.00 mmol) at -30 °C with stiring. The mixture was warmed to room
temperature and stirred overnight. After filtration, the white solid was collected and

redissolved in THF (20 mL). The resulting colorless solution was concentrated to
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about 8 mL. Complex 4a was isolated as colorless crystals after this solution stood at
room temperature for 2 days (225 mg, 66%). Single crystal suitable for X-ray
analyses were grown from a benzene/THF solution at room temperature as 4a*CgHg.
'H NMR (300 MHz, pyridine-ds): § 7.08 (m, 6H, CsH3(CHz),), 6.05 (m, 4H, CsHa),
3.87 (m, 2H, NCH,), 3.36 (m, 2H, NCH,), 2.51 (s, 6H, NCH3), 2.29 (s, 6H,
CeH3(CHs)), 1.91 (s, 6H, CsH3(CHs)), 1.71 (s, 6H, C(CHs)). “C{'H} NMR (75
MHz, pyridine-ds): 6 207.4 (C=N), 146.8, 146.7, 130.9, 130.7, 128.9, 127.5, 127.3,
124.0, 121.4 (CsH3(CHs),), 105.5, 102.4 (CsHy), 54.7 (NCH3), 42.0 (C(CHj3)), 35.1
(NCHj), 32.6 (C(CHj),), 19.6, 18.8 (C¢H3(CHs),), the cage carbons were not
observed. ""B{'"H} NMR (128 MHz, pyridine-ds): 6 —3.3 (2B), -5.3 (2B), -9.1
(5B), -13.3 (1B). IR (KBr, cm"): vy 2554 (vs). Anal. Calcd for C33H43BoN4Zr (4a):
C, 55.86; H, 7.03; N, 8.14. Found: C, 55.40; H, 7.39; N, 7.86.

Preparation of [qS:a—MezC(C5H4)(CzBmHm)]Ti[qz:qz-
(Xy)N=CN(Me)(CH,);N(Me)C=N(Xyl)] (4c). This complex was prepared as
yellow crystals from 2¢ (190 mg, 0.50 mmol) and XyINC (131 mg, 1.00 mmol) in
toluene using the identical procedure reported for 4a: yield 247 mg (68%). Single
crystal suitable for X-ray analyses were grown from a benzene/THF solution at room
temperature as 4¢°CgHg. 'H NMR (300 MHz, pyridine-ds): é 7.09 (m, 6H,
Ce¢H3(CHs),), 5.85 (d, J= 2.4 Hz, 2H, CsH,), 5.83 (d, J = 2.4 Hz, 2H, CsH,), 3.81 (m,
2H, NCH,), 3.38 (m, 2H, NCH,), 2.53 (s, 6H, NCHj3), 2.27 (s, 6H, C¢H3(CHs),), 1.94
(s, 6H, C¢H3(CHa)), 1.72 (s, 6H, C(CHs),). *C{'H} NMR (75 MHz, pyridine-ds): &
203.9 (C=N), 148.2, 147.5, 133.0, 132.6, 129.0, 128.4, 125.4 (C¢H3(CH3),), 105.4,
103.0 (CsHy), 53.7 (NCHa), 42.3 (C(CH3),), 36.8 (NCH3), 33.2 (C(CH3),), 21.3, 20.5
(CsH3(CHs),), the cage carbons were not observed. "'B NMR (128 MHz, pyridine-

ds): 6 =3.9 (2B), 5.9 (2B), -9.2 (3B), —10.3 (2B), —13.4 (1B). IR (KBr, cm™): vay
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2598, 2538 (vs). Anal. Caled for Cs;HgsB1gN4Ti (4¢): C, 59.61; H, 7.50; N, 8.69.
Found: C, 59.88; H, 7.65; N, 8.40.

Preparation of {[#°:6-MezC(CsH)(CBroH o)) Zr[u-n*:0>-
OCN(Ph)N(Me)(CH;):(Me)N(Ph)NCO]}: (5a). To a DME (30 mL) solution of 2a
(235 mg, 0.50 mmol) was added dropwise a DME (10 mL) solution of PANCO (112
mg, 1.00 mmol) at -30 °C with stirring. The mixture was warmed to room
temperature and stirred for 10 min. After filtration, the resulting pale yellow solution
was concentrated under vacuum to about 30 mL. Complex 5a was isolated as
colorless crystals after this solution stood at room temperature for 2 days (228 mg,
69%). '"H NMR (300 MHz, pyridine-ds): 4 9.13 (brs, 2H, C¢Hs), 7.98 (d, /= 7.8 Hz,
6H, CeHs), 7.64 (m, 8H, CeHs), 7.03 (m, 4H, CsHs), 6.40 (m, 8H, CsH,), 3.57 (brs,
8H, NCH,), 3.06 (s, 12H, NCH3), 1.44 (s, 12H, C(CHs),). *C{'H} NMR (75 MHz,
pyridine-ds): ¢ 156.1 (N-C=0), 140.9, 132.0, 129.1, 128.7, 1283, 128.0, 121.9,
120.1 (C¢Hs + CsHa), 57.9 (NCH,), 46.9 (NCH;), 40.7 (C(CHs)y), 34.9, 29.9
(C(CHz),), the cage carbons were not observed. 'B{'"H} NMR (128 MHz, pyridine-
dsy: 6 =3.7 (6B), —9.0 (4B), —11.2 (4B), —13.3 (6B). IR (KBr, em'): vgu 2549 (vs).
Anal. Caled for CsgHgoB20N3O2Zr; (5a): C, 50.65; H, 6.07; N, 8.44. Found: C, 50.42;
H, 6.40; N, 8.24.

Preparation of {[#°:0-Me;C(CsHg)(C2B1oH10)]Zr[#°-N(Me)(CH,),NH(Me)] [x-
NHC(CH;3;)=CHC=N]}; (6a). This complex was prepared as yellow crystals from 2a
(235 mg, 0.50 mmol) and CH3CN (62 mg, 1.50 mmol) in DME using the identical
procedure reported for Sa: yield 106 mg (42%). NMR data were not obtainable since
the crystals were not redissolved in any organic solvents. IR (KBr, em™): v 3788 (w),

3719 (w), 3272 (W), 2903 (m), 2550 (vs) (B-H), 2328 (w), 2166 (), 1625 (w), 1521
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(s), 1048 (m), 1005 (m), 803 (m). Anal. Caled for C3H7,B2oNgZr, (6a): C, 42.57; H,
7.15; N, 11.03. Found: C, 42.95; H, 7.32; N, 10.61.

Preparation of {[qs:a—MezC(CSH.;)(C;BmHm)}Zr[qz-N(Me)(Cﬂz)zNH(Me)]Lu—
TMSN=C=N]}2 (7a). To a toluene (15 mL) solution of 2a (235 mg, 0.50 mmol) was
added dropwise a toluene (8 niL) solution of TMSN=C=NTMS (170 mg, 1.00 mmol)
at -30 °C with stirring, and the mixture was warmed to room temperature and stirred
overnight. After filtration, the resulting clear orange solution was concentrated under
vacuum to about 10 mL. Complex 7a was isolated as yellow crystals after this
solution stood at room temperature for 5 days (142 mg, 53%). 'H NMR (300 MHz,
pyridine-ds): § 6.65 (d, J = 2.7 Hz, 1H, CsHy), 6.46 (d, J = 2.7 Hz, 1H, CsHy), 5.88 (d,
J=2.7Hz, 1H, CsHy), 5.18 (d, J= 2.7 Hz, 1H, CsH,), 3.61 (m, 2H, NCH>), 3.18 (m,
2H, NCH»), 3.40 (s, 6H, NCH;5), 2.64 (m, 4H, NHCH,), 2.33 (d, J = 5.7 Hz, 6H,
NHCH;), 1.59 (s, 6H, C(CHs),), 1.45 (s, 6H, C(CH;),), 0.44 (s, 18H, Si(CHs)s).
BC{'H} NMR (75 MHz, pyridine-ds): & 144.1 (CsHa), 125.1 (N=C=N), 117.6, 113.0,
112.1, 110.0 (CsHy), 103.8, 102.4 (Cage (), 59.6 (NCHy), 51.9 (NHCHy), 50.6
(NCHj), 39.5 (NHCH;), 40.7 (C(CHs)), 27.6, 26.3 (C(CHs)z), 2.0 (Si(CHs)s).
"B{'H} NMR (128 MHz, pyridine-ds): & 3.4 (6B), —6.3 (6B), -9.2 (8B). IR (KBr,
cm'l): vy 2556 (vs). Anal. Calcd for C33H7gB2gNgSizZr; (7Ta - C4Hi3N3): C, 38.75; H,
6.91; N, 8.47. Found: C, 39.18; H, 6.94; N, 7.95.

Preparation of {[#°:6-Me;C(CsHHCaB1gHyo)| Zrfu-
N=C(Ph)N(Me)(CH2);N(Me)C(Ph)=N]},+0.75THF (8a-0.75STHF). This complex
was prepared as pale-vellow crystals from 3a (220 mg, 0.50 mmol) and PhCN (104
mg, 1.00 mmol) in DME using the identical procedure reported for 5a: yield 206 mg
(61%). 'H NMR (300 MHz, pyridine-ds): § 7.42 (m, 12H, C¢Hs), 6.82 (brs, 8H,

CsHs), 6.16 (brs, 4H, CsHy), 4.92 (brs, 4H, CsHy), 2.98 (m, 8H, NCHa), 2.77 (s, 12H,

184



NCH;), 1.98 (m, 4H, NCH,CH,CH;N), 1.56 (s, 12H, C(CH;),). *C{'H} NMR (75
MHz, pyridine-ds): 6 163.4 (N-C=N), 144.5, 140.6, 140.4, 127.9, 126.4, 110.1, 109.2,
108.8, 106.5 (C¢Hs) + CsHa), 103.2, 100.6 (Cage C), 71.4 (NCH,), 57.9 (N(CH»)),
41.6 (C(CHz)y), 32.5 (C(CHs)y), 26.6 (NCH,CH,CH,N). '"B{'"H} NMR (128 MHz,
pyridine-ds): & =3.2 (6B), 5.5 (6B), —9.2 (8B). IR (KBr, cm™): vgy 2558 (vs). Anal.
Calcd for CgHgoB2oN3Og.75Zr; (8a + 0.75THF): C, 54.76; H, 6.78; N, 8.37. Found:
C, 54.75; H, 6.62; N, 8.14.

Preparation of [7°:6-MeaC(CsH)(C2B1oH10)] Zr |-
N(Me)(CH,)sN(Me)C(=N'Pr)N'Pr] (9a). To a toluene (20 mL) solution of 3a (220
mg, 0.50 mmol) was added dropwise a toluene (6 mL) solution of DIC (64 mg, 0.50
mmol) at -30 °C with stirring. The mixture was warmed to room temperature and
stirred overnight. After filtration, the resulting clear yellow solution was
concentrated under vacuum to about 10 mL. n-Hexane vapor diffusion (10 mL) gave
9a as a yellow solid over a period of 2 days at room temperature (153 mg, 54%). 'H
NMR (300 MHz, pyridine-ds): d 6.52 (brs, 1H, CsHy), 6.48 (brs, 1H, CsH,), 6.10 (brs,
2H, CsH,), 4.11 (brs, 1H, (CH3),CH), 3.79 (brs, 1H, (CH;),CH), 3.66 (m, 2H, NCH>),
3.22 (s, 3H, NCH;), 2.85 (m, 2H, NCH,), 2.70 (s, 3H, NCH3), 1.72 (brs, 2H,
NCH,CH,CH,N), 1.62 (s, 6H, C(CH;3)y), 1.59 (s, 6H, (CH;),CH), 1.51 (s, 6H,
(CHs),CH). *C{'"H} NMR (75 MHz, pyridine-ds): 6 150.9 (N-C=N), 114.8, 110.3,
108.5 (CsHy), 103.5, 101.9 (Cage C), 59.1, 54.1 (NCH,), 48.3, 48.0 ((CH3),CH),
45.7, 44.0 (NCH3), 41.8 (C(CHs)), 32.2, 31.7 (C(CHj)y), 22.2 (NCH,CH;CH,N),
22.0, 20.7, 19.0, 18.2 ((CH3);CH). "'B{'H} NMR (128 MHz, pyridine-ds): 6 —2.9
(3B), -5.0 (2B), 9.0 (5B). IR (KBr, cm™): vgy 2564 (vs). Anal. Calcd. for

C2HaeB1oNsZr (9a): C, 46.69; H, 8.19; N, 9.90. Found: C, 46.59; H, 8.27; N, 9.70.
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Preparation of [qs:J—MeZC(C5H4)(CzBIGHm)]Zr[rf—
N(Me)(CH,);N(Me)C(=NCy)NCy]*C7Hg (9a’+C;Hg). This complex was prepared
as colorless crystals from 3a (220 mg, 0.50 mmol) and DCC (108 mg, 0.50 mmol) in
toluene using the identical procedure reported for 7a: yield 251 mg (68%). '"H NMR
(400 MHz, pyridine-ds): 6 7.26 (m, 2H, C¢HsCHs), 7.15 (m, 3H, CsHsCHs), 6.53 (brs,
1H, CsHa), 6.44 (brs, 1H, CsHy), 6.13 (brs, 2H, CsHy), 3.63 (brs, 1H, NCH), 3.52 (brs,
1H, NCH), 3.43 (m, 2H, NCH), 3.21 (s, 3H, NCHs), 2.83 (brs, 2H, NCH), 2.73 (s,
3H, NCHj3), 2.20 (s, 3H, C¢HsCH3), 1.91 (d, J = 12.2 Hz, 3H, C¢H11), 1.77 (brs, 3H,
CeH11), 1.67 (brs, 4H, C¢H)y), 1.64 (s, 3H, C(CHs)z), 1.62 (s, 3H, C(CHs)y), 1.53 (brs,
2H, CsHi1), 1.44 (m, 4H, CgHyy), 1.31 (brs, 5H, C¢Hy + NCH,CH,CHLN). BC{'H}
NMR (100 MHz, pyridine-ds): & 151.4 (N-C=N), 129.1, 128.3 (CsHsCHj), 115.2,
110.8, 108.8 (CsHa), 103.9 (Cage C), 59.7, 54.4 (NCH,), 57.7, 53.7 (NCH), 48.4,
44.6 (NCH3;), 42.2 (C(CHs),), 32.6, 32.1 (C(CHs),), 35.2, 29.6, 29.2, 27.1, 26.4, 24.5
(CéH1), 26.2 (NCH,CH,CH;N), 22.6 (C¢HsCH3). ""'B{'H} NMR (128 MHz,
pyridine-ds): 6 -3.6 (3B), -5.6 (2B), -9.3 (3B), -11.1 (1B), —13.4 (1B). IR (KBr, cm
Y: vay 2568 (vs). Anal. Caled. for CogHssB1oN4Zr (92°): C, 52.05; H, 8.42; N, 8.67.
Found: C, 52.52; H, 8.52; N, 8.42.

Preparation of [7°:6-Me;C(CsH)(C2B1oH o) HE[-
N(Me)(CH;);N(Me)C(=NCy)NCy]+C-Hs (9b’+C-Hg). This complex was prepared
as colorless crystals from 3b (259 mg, 0.49 mmol) and DCC (108 mg, 0.50 mmol) in
toluene using a procedure identical with that reported for 7a: yield 283 mg (69%). 'H
NMR (300 MHz, pyridine-ds): d 7.26 (m, 2H, C¢HsCHj3), 7.15 (m, 3H, CsHsCHs),
6.51 (brs, 1H, CsHy), 6.42 (brs, 1H, CsH,), 6.15 (brs, 1H, CsHy), 6.10 (t, J= 2.7 Hz,
1H, CsHy), 3.72 (brs, 1H, NCH), 3.59 (brs, 1H, NCH), 3.44 (m, 2H, NCH,), 3.34 (m,

2H, NCH,), 3.32 (s, 3H, NCHj), 2.81 (s, 3H, NCHj), 2.20 (s, 3H, CeHsCHs), 1.89 (m,
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3H, CeH11), 1.80 (m, 3H, C¢H11), 1.69 (m, 4H, CsH\1), 1.64 (s, 3H, C(CHz),), 1.62 (s,
3H, C(CHs),), 1.49 (m, 2H, CeHyy), 1.43 (m, 4H, C¢Hyy), 1.30 (m, 5H, CeHy, +
NCH,CH,CH,N), 1.11 (t, J = 11.4 Hz, 1H, NCH,CH,CH,N). BC{'H} NMR (100
MHz, pyridine-ds): 6 146.3 (N-C=N), 128.2, 127.0 (C¢HsCH3), 112.7, 108.7, 108.5,
102.6 (CsHy), 110.1, 102.6 (Cage C), 58.3, 54.5 (NCH>), 56.1, 52.2 (NCH), 47.2,
43.7 (NCH;), 40.2 (C(CHa)y), 34.0, 33.7, 31.2, 30.7, 25.6, 25.4, 24.9, 24.7 (C¢Hy)),
28.5, 27.8 (C(CHs)y), 23.0 (NCH,CH,CH,N), 21.6 (C¢HsCH;). ''"B{'"H} NMR (128
MHz, pyridine-ds): 6 —1.8 (1B), =3.4 (2B), —5.4 (2B), -9.1 (5B). IR (KBr, cm™): vgy
2591, 2560 (vs). Anal. Calcd. for CagHsqB oN4HF (9b°): C, 45.86; H, 7.42; N, 7.64.
Found: C, 46.24; H, 7.18; N, 7.62.

Preparation of [7°:6-Me;C(CsH4)(C2B1oH o) Zr |-
N(Me)(CH,);N(Me)C(=NBu)S] (10a). This complex was prepared as colorless
crystals from 3a (220 mg, 0.50 mmol) and ‘BuNCS (53 mg, 0.50 mmol) in toluene
using the identical procedure reported for 7a: yield 211 mg (76%). '"H NMR (300
MHz, pyridine-ds): 6 6.79 (t, J = 2.3 Hz, 1H, CsH,), 6.52 (t, J = 2.6 Hz, 1H, CsH,),
6.15 (t, J = 2.7 Hz, 1H, CsHy), 5.88 (t, J = 2.9 Hz, 1H, CsH,), 3.47 (m, 2H, NCH,),
3.26 (s, 3H, NCH3), 3.15 (m, 1H, NCH,), 2.55 (s, 3H, NCHs), 2.34 (m, 1H, NCH,),
1.70 (m, 2H, NCH,CH,CH,N), 1.62 (s, 3H, C(CHa)y), 1.57 (s, 3H, C(CHs)y), 1.44 (s,
9H, C(CHs)s). *C{'H} NMR (100 MHz, pyridine-ds): § 157.8 (N=C-S), 113.9,
113.3, 113.0, 109.1 (CsHs), 104.0, 100.9 (Cage C), 58.4, 54.6 (NCH,), 46.6
(C(CHs)s), 45.7, 44.9 (NCH3), 42.9 (C(CH3)y), 33.4, 32.5 (C(CHs)2), 28.8 (C(CHa)s),
22.2 (NCH,CH,CH,N). "B{'H} NMR (128 MHz, pyridine-ds): 3.2 (2B), -5.5
(2B), -8.9 (4B), —10.8 (2B). IR (KBr, cm™): vgy 2582, 2561 (vs). Anal. Caled. for

Ca0H41B1oN3SZr (10a): C, 43.29; H, 7.45; N, 7.57. Found: C, 43.12; H, 7.05; N, 7.77.
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Alternative method. To a toluene (20 mL) suspension of 9a’+C;Hg (283 mg, 0.38
mmol) was added dropwise a toluene (6 mL) solution of ‘BuNCS (88 mg, 0.76 mmol)
at room temperature. The mixture was stirred at 60 °C overnight, leading to a clear
colorless solution. After removal of the solvent under vacuum, the white residue was
washed with #-hexane (10 mL X 3). After filtration, the white solid was collected
and redissolved in toluene (20 mL). The resulting colorless solution was filtered and
concentrated under vacuum to about 10 mL. Complex 10a was isolated as colorless
crystals after the solution stood at room temperature for one week (152 mg, 72%).

Preparation of [1°:6-Me2C(CsH)(C:B o Hyo)) Zr[7-
N(Me}(CH2)sN(Me)C(=NXyDS]+(C-Hghs (10a’+(C;Hs)ps). This complex was
prepared as colorless crystals from 3a (117 mg, 0.27 mmol) and XyINCS (69 mg,
(.42 mmol) in toluene using the identical procedure reported for 7a: yield 142 mg
(81%). '"H NMR (300 MHz, pyridine-ds): 6 7.26 (m, 1H, CsHsCHs), 7.17 (m, 2H,
CeH3(CHz)), 7.15 (m, 1.5H, C¢HsCHj), 7.04 (t, J = 7.4 Hz, 1H, CsH3(CHs)z), 6.88
(d, J=2.7 Hz, 1H, CsH,), 6.58 (d, J= 2.4 Hz, CsH,), 6.30 (t, J= 2.7 Hz, 1H, CsHy),
6.05 (t, J=2.7 Hz, 1H, CsHy), 3.60 (m, 2H, NCH,), 3.35 (s, 3H, NCHj3), 3.26 (m, 1H,
NCH,), 2.83 (s, 3H, NCHj), 2.69 (m, 1H, NCH,), 2.23 (s, 6H, C¢H3(CHs),), 2.20 (s,
1.5H, C¢HsCH;3), 1.84 (m, 2H, NCH,CH,CH;,N), 1.57 (s, 3H, C(CHs)), 1.56 (s, 3H,
C(CHs);). *C{'"H} NMR (100 MHz, pyridine-ds): & 165.4 (N=C-S), 145.7 (CsHa),

128.7, 128.0, 127.8, 126.6, 125.1 (CsH3(CHs), + CgHsCHai), 113.4, 112.8, 112.2,

108.7 (CsHy), 103.1, 99.9 (Cage C), 60.1, 45.3 (NCH,), 45.1, 44.9 (NCHs), 42.0
(C(CHs)y), 32.4, 31.4 (C(CHs),), 23.7 (NCH,CH,CH,N), 21.7 (C6HsCH3), 17.7, 17.6
(CeH3(CH3),). ''B{'H} NMR (96 MHz, pyridine-ds): § -3.3 (3B), 5.6 (2B), 9.2
(5B). IR (KBr, cm™): vgy 2594, 2552 (vs). Anal, Caled. for CivsHasB1oN3SZr (10a°

+ 0.5toluene): C, 50.89; H, 6.99; N, 6.47. Found: C, 50.44, H, 7.26; N, 6.38.
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Alternative method. To a toluene (20 mL) suspension of 9a’+C;Hj (229 mg, 0.31
mmol) was added a toluene (6 mL}) solution of XyINCS (101 mg, 0.62 mmol) at
room temperature. The mixture was stirred at 60 °C overnight, giving a colorless
solution. After filtration, the resulting clear colorless solution was concentrated under
vacuum to about 10 mL. Complex 10a’+«(C;Hs)o.s was isolated as colorless crystals
after this solution stood at room temperature for 3 days (152 mg, 76%).

Preparation of [#7°:6-Me;C(CsHa)(C2B1oH, o) HA[3 -
N(Me)(CH);N(Me)C(=N‘Bu)S] (10b). This complex was prepared as colorless
crystals from 3b (101 mg, 0.19 mmol) and ‘BuNCS (56 mg, 0.48 mmol) in toluene
using the identical procedure reported for 7a: yicld 64 mg (52%). '"H NMR (400
MHz, pyridine-ds):  6.73 (brs, |H, CsH,), 6.47 (brs, 1H, CsHy), 6.10(d,J=24, 1H,
CsHy), 5.81 (d, J= 2.4 Hz, 1H, CsH,), 3.52 (m, 1H, NCHy), 3.37 (s, 3H, NCH3), 3.32
{m, 1H, NCH,), 2.93 (m, 1H, NCH,), 2.59 (s, 3H, NCHj5), 2.46 (m, 1H, NCHS), 1.62
(m, 5H, C{CH3),+ NCH,CH,CH,N), 1.58 (s, 3H, C(CHs),), 1.44 (s, 9H, C(CH;)3).
BC{'H} NMR (100 MHz, pyridine-ds): § 156.6 (N=C-S), 147.2, 112.3, 112.2, 111.1,
108.1 (CsH4), 109.0, 103.7 (Cage (), 60.2, 54.2 (NCHj;), 45.5 (C(CHs)y), 45.0
(NCH3), 44.7 (C(CH3)3), 42.0 (NCH3), 32.1, 32.2 (C(CHs),), 24.0 (NCH>CH,CH,N).
"B{'H} NMR (128 MHz, pyridine-ds). § —3.4 (2B), -5.1 (2B), -9.2 (4B), —11.4 (2B).
IR (KBr, cm™): vy 2594 (vs). Anal. Caled. for CooHg1B1oHfN3S (10b): C, 37.40; H,
6.43; N, 6.45. Found: C, 37.74; H, 6.26; N, 6.53.

Alternative method. This complex was prepared as colorless crystals from
9h’+C,H; (207 mg, 0.25 mmol) and ‘BuNCS (60 mg, 0.52 mmol) in toluene using a
procedure identical with that reported for 10a: yield 152 mg (95%).

5 [ 2 2
Preparation of [ :6-MexC(CsH ) (C2B1oH o) Zr |y “:np”-

—
{OC(ENCH)N(CioHA)C(=0)IN(Me)(CHN(Me)C(NCoH7)O] - (112). To a
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toluene solution of 3a (214 mg, 0.49 mmol) was added dropwise a toluene solution
of 1-naphthylisocyanate (337 mg, 2.0 mmol) at -30 °C, the mixture was warmed to
room temperature and stirred at 60 °C for 1 day. A colorless solution with a white
precipitate was obtained. After removal of solvent under vacuum, the white residue
was redissolved in THF (30 mL). After filtration, the resulting colorless solution was
concentrated under vacuum to about 15 mL. #»-Hexane (10 mL) vapor diffusion gave
11a as colorless crystals over a period of 10 days at room temperature (321 mg,
69%). 'H NMR (400 MHz, pyridine-ds): & 8.86 (m, CioH5), 8.65 (t, J = 7.6 Hz,
CioH7), 8.53 (d, J= 8.4 Hz, Cyoff7), 8.33 (d, J= 8.1 Hz, Cioff7), 8.28 (d, J= 8.1 Hz,
CioH7), 8.23 (m, Ciofl7), 8.03 (m, Cioff7), 7.90 (m, Cioffy), 7.79 (m, Cioff4), 7.61 (m,
Cioffy), 744 (m, Ciof7), 7.36 (t, J= 7.4 Hz, C\pHy), 7.29 {t, J = 7.7 Hz, C,oH7), 6.4]
(d, J=2.4 Hz, CsH4), 6.37 (d, J=2.4 Hz, CsHy), 6.31 (d, J= 2.4 Hz, Cs5Hy), 6.25 (dd,
J=3.1,5.6 Hz, CsH,), 6.20 (d, J = 2.5 Hz, CsHy), 5.93 (m, CsHy), 5.65 (d, J=2.1 Hg,
CsHy), 5.51 (d, J = 2.1 Hz, CsH,), 5.44 (d, J = 2.2 Hz, CsH,), 5.31 (m, CsHy), 5.19
(m, CsHy), 4.68 (t, J=13.6 Hz, NCH>), 4.51 (t,/=13.8 Hz, NCH,), 4.31 (t, J= 13.0
Hz, NCHa,), 4.12 (t, J = 13.1 Hz, NCH>), 3.40 (m, NCH,), 3.05 (s, NCHj3), 3.03 (s,
NCH,), 2.90 (m, NCH,), 2.57 (m, NCH3), 2.47 (s, NCH3), 2.42 (s, NCH3), 2.37 (m,
NCH,), 2.20 (m, NCH,), 2.10 (s, NCHs), 2.06 (s, NCHs), 2.01 (s, NCH3), 1.99 (s,
NCH,), 1.66 (m, NCH,CH,CHoN), 1.22 (s, C(CHa)), 1.19 (m, NCH,CH>CH;N),
1.14 (s, C(CHs)2), 1.13 (s, C(CHs)y), 1.11 (s, C(CHs)y), 1.10 (s, C(CHs)), 1.09 (s,
C(CH;),), 1.08 (s, C(CH3),), 0.66 (m, NCH.CH,CH,N). PC{'H} NMR (100 MHz,
pyridine-ds): § 169.4, 168.5, 166.6, 165.9, 165.2, 164.8, 164.4 (N-C-0), 147.1, 145.7,
144.8, 144.2, 143.3, 138.2, 138.0, 134.8, 134.6, 131.5, 131.1, 131.0, 130.2, 129.7,
129.5, 129.4, 129.3, 129.2, 129.1, 128.9, 128.7, 128.6, 128.1, 128.0, 127.9, 1274,

127.3, 127.0, 126.8, 126.7, 126.6, 126.3, 126.1, 126.1, 125.8, 125.7, 125.3, 124.9,
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124.8, 124.7, 124.6, 122.4, 122.2, 122.0, 118.7, 118.1 (Coff7), 152.7, 152.3, 149.1,
120.4, 120.0, 119.4, 116.2, 115.0, 114.5, 114.4, 113.9, 113.8, 113.0, 112.8, 112.2
(CsHy), 106.9, 106.8, 106.3, 101.7, 101.0, 100.9 (Cage ©), 51.6, 51.4, 49.7, 49.3,
45.0, 43.3 (NCH»), 42.0, 41.9 (C(CH3),), 34.7, 34.5, 34.2, 34.1, 33.8, 33.3 (NCHs3),
32.5,32.3,32.1,31.9,31.8, 31.6, 31.3 (C(CHs)y), 25.7, 23.3, 22.5 (NCH,CH,CH;N).
"B{'H} NMR (128 MHz, benzene-dg): —1.8 (6B), 6.8 (24B). IR (KBr, cm™): vay
2582, 2571, 2549 (vs). Anal. Calcd for C43Hs3B1oNsOsZr (11a): C, 60.86; H, 5.64; N,
7.39. Found: C, 61.35; H, 6.00; N, 7.05.

Alternative method. To a toluene (20 mL) supsension of 9a’-C-;Hg (366 mg, 0.48
mmol) was added dropwise a toluene (6 mL) solution of 1-naphthylisocyanate (254
mg, 1.5 mmol) at room temperature. The mixture was stirred at 60 °C overnight.
After removal of solvent under vacuum, the white residue was washed with n-hexane
(10 mL X 3). The white solid was collected and redissolved in THF (30 mL). After
filtration, the resulting colorless solution was concentrated under vacuum to about 15
mL. »-Hexane (10 mL) vapor diffusion gave 11a as colorless crystals over a period
of 8 days at room temperature (308 mg, 68%).

Preparation of [#°:6-Me;C(CsH)(C3BoH )| Zr 5 :5-
{XyDN=CN(Me)(CH7)sN(Me)C=N(Xyl)] (12a). This complex was prepared as
celorless crystals from 3a (220 mg, 0.50 mmol) and XyINC (131 mg, 1.00 mmol) in
toluene solution using the identical procedure reported for 4a: yield 222 mg (63%).
'H NMR (300 MHz, pyridine-ds): § 7.08 (m, 6H, CeH3(CHa),), 6.25 (brs, 2H, CsHa),
6.01 (brs, 2H, CsHy), 3.80 (m, 2H, NCH,), 3.20 (m, 2H, NCH>), 2.47 (s, 6H, NCH3),
2.24 (s, 6H, C¢H3(CHs)), 1.99 (s, 6H, CsH3(CHz)p), 2.18 (m, 2H, NCH,CH,CH;3N),
1.68 (s, 6H, C(CH5);). The 3C NMR was not obtainable due to very poor solubility.

'B{'H} NMR (128 MHz, pyridine-ds): é -3.2 (2B), -5.4 (2B), -9.0 (6B). IR (KBr,
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cm'l): veu 2593, 2547 (vs). Anal. Calcd for Cs3HsoBoNasZr (12a): C, 56.45; H, 7.18;
N, 7.98. Found: C, 56.71; H, 6.96; N, 7.62.

Alternative method. This complex was prepared as colorless crystals from
9a’«C;H;z (208 mg, 0.27 mmol) and XyINC (65 mg, 0.56 mmol) in toluene solution
using the identical procedure reported for 11a: yield 141 mg (75%).

Preparation of [qs:a-Me2C(C5H4)(C2Bme)]Hf[qz:qz-
(XyDN=CN{Me){CH,);N(Me)C=N(Xyl)] (12b). This complex was prepared as
colorless crystals from 3b (257 mg, (.49 mmol) and XyINC (131 mg, 1.00 mmol) in
toluene solution using the identical procedure reported for 4a: yield 231 mg (58%).
'H NMR (300 MHz, pyridine-ds): é 7.04 (m, 6H, C¢H3(CHs)y), 6.21 (brs, 2H, CsHy),
5.96 (brs, 2H, CsHa), 3.76 (brs, 2H, NCH;), 3.18 (brs, 2H, NCH,), 2.45 (s, 6H,
NCH;), 2.26 (s, 6H, C¢H3(CHa),), 2.15 (m, 2H, NCH;CH,CH,N), 2.03 (s, 6H,
CsHa(CHz)), 1.68 (s, 6H, C(CHa)s). The C NMR was not obtainable due to very
poor solubility. "'B{'"H} NMR (128 MHz, pyridine-ds): § 3.0 (2B), =5.2 (2B), 8.9
(4B), -10.2 (2B). IR (KBr, cm™): vgy 2598, 2544 (vs). Anal. Calcd for
Cs3HsoB1oHfN4 (12b): C, 50.21; H, 6.38; N, 7.10. Found: C, 50.55; H, 6.32; N, 6.59.

Alternative method. This complex was prepared as colorless crystals from
9b’«C+Hjz (228 mg, 0.28 mmol) and XyINC (65 mg, 0.56 mmol) in toluene solution

using the identical procedure reported for 11a: yield 168 mg (76%).

[
Preparation of [qs:a—MezC(C5H4)(C2B10H1g)]Zr[qZ:qz-{N"Bu} {N”Bu}[(=(&

1
C=CHN("Bu)CH;l}‘[(CH;);N(Me)N—C=N("Bu)]] (13a). To a toluene (20 mL)

solution of 3a (221 mg, 0.50 mmol) was added dropwise a toluene (6 mL) solution of
"BuNC (168 mg, 2.00 mmol) at -30 °C with stirring. The mixture was warmed to
room temperature and heated at 60 °C for 2 days. The solvent was removed under

vacuum and the brown residue was redissolved in n-hexane (20 mL). The resulting
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brown solution was filtered and concentrated under vacuum to about 10 mlL.
Complex 13a was isolated as orange-red crystals after this solution stood at room
temperature for 7 days (211 mg, 55%). 'H NMR (400 MHz, benzene-ds): & 6.52 , s
=22 Hz, 1H, CsHy), 6.44 (d, J= 2.4 Hz, 1H, CsHy), 6.40 (brs, 1H, CsH,), 6.01 (d, J
= 2.4 Hz, 1H, CsH,), 5.84 (s, 1H, ZIN("Bu)C=CH), 4.17 (m, 1H, NCH,), 3.95 (m,
1H, NCH,), 3.75 (d, J = 11.6 Hz, 1H, NCH,N"Bu), 3.40 (d, J = 11.6 Hz, 1H,
NCH;N"Bu), 3.52 (m, 3H, NCH,), 3.14 (m, 1H, NCH,), 2.87 (m, 1H, NCH,), 2.77 (t,
J=11.6 Hz, 1H, NCH>), 2.47 (s, 3H, NCH;), 2.36 (m, 4H, NCH,), 1.83 (m, 2H,
NCH,CH,), 1.73 (s, 3H, C(CH;)p), 1.72 (m, 2H, NCH,CH,), 1.71 (s, 3H, C(CHs)),
1.43 (m, 2H, NCH,CH,), 1.31 {m, 8H, NCH,CH,CH;N -+ NCH.CH, +
NCH,CH,CH,), 1.13 (m, 4H, NCH,CH,CH,), 1.01 (1, /= 7.3 Hz, 3H, CHs), 0.98 {i,
J =73 Hz, 3H, CH;), 0.89 (t, J = 7.3 Hz, 3H, CH;), 0.80 (t, J = 7.3 Hz, 3H, CH;).
BC{H} NMR (100 MHz, benzene-ds): & 216.7 (Zr-N("Bu)=C), 164.3 (Zr-
N("Bu)C=N), 148.1 (CsHy), 129.4 (Zr-N("Bu)C=CH), 110.9, 110.4, 108.7, 105.5
(CsHs), 105.2, 102.3 (Cage (), 66.2 (NCH;N"Bu), 56.8, 54.2, 52.6, 50.3, 48.6, 48.1
(NCH,), 42.5 (C(CHs)z), 35.4 (NCHs), 33.4, 32.9 (C(CHs),), 32.9, 32.0, 30.2, 30.1
(NCH,CHy), 29.2, 21.4, 21.0, 20.5, 20.4 (NCH;CH>CH, + NCH,CH,;CH,N), 14.9,
14.2,14.0, 13.9 (CHs). "B{"H} NMR (96 MHz, benzene-ds): § -3.3 (3B), 5.7 (3B),
-10.6 (4B). IR (KBr, cm™"): vy 2602, 2550 (vs). Anal. Caled. for C3sHggBoNeZr
(13a): C, 54.43; H, 8.87; N, 10.88. Found: C, 54.69; H, 8.90; N, 10.56.

Alternative methed. To a toluene (20 mL) supension of 9a*C;Hg (204 mg, (.26
mmol) was added dropwise a toluene (6 mL) solution of "BuNC (105 mg, 1.30 mmol)
at room temperature. The mixture was stirred at 60 °C overnight. After removal of
solvent under vacuum, the brown residue was redissolved in »-hexane (30 mL). After

filtration, the resulting brown solution was concentrated under vacuum to about 15
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mL. Complex 13a was isolated as orange-red crystals after this solution stood at

room temperature for 7 days (100 mg, 50%).

[
Preparation of [r;s:a—MezC(C5H4)(CzBmHm)]Hf[qz:uz-{N”Bu}{N"Bu}[(=CL)_-

.
C=CHN("Bu)CH25I[(CH2)3N(Me)N—C=N("Bu)]] (13b). To a toluene (20 mL)

solution of 3b (251 mg, 0.48 mmol) was added dropwise a toluene (6 mL) solution
of "BuNC (168 mg, 2.00 mmol) at -30 °C with stirring. The mixture was warmed to
room temperature and heated at 60 °C for 2 days. The solvent was removed under
vacuum and the brown residue was washed with n-hexane (10 mL X 3). After
filtration, the orange residue was redissolved in ether (30 mL). The resulting clear
orange solution was filtered and concentrated under vacuum to about 15 mL.
Complex 13b was isolated as orange crystals after this solution stood at room
temperature for 7 days (228 mg, 55%). 'H NMR (400 MHz, benzene-ds): 6 6.51 (d, J
= 2.8 Hz, 1H, CsHy), 6.40 (m, 2H, CsHy), 5.92 (d, J = 2.8 Hz, 1H, CsHy), 5.80 (s, 1H,
HIN("Bu)C=CH), 4.12 (m, 1H, NCH,), 3.98 (m, |H, NCH,), 3.73 (d, J= 11.6 Hz,
1H, NCH,N"Bu), 3.35 (d, J = 11.6 Hz, 1H, NCH,N"Bu), 3.57 (m, 3H, NCH>), 3.16
(m, 1H, NCH3), 2.85 (m, 1H, NCH,), 2.73 (m, 1H, NCH>), 2.51 (m, 1H, NCH3), 2.42
(s, 3H, NCHj3), 2.33 (m, 3H, NCH>), 1.82 (m, 2H, NCH,CH,), 1.73 (s, 3H, C(CH;)a),
1.72 (s, 3H, C(CH;)), 1.60 (m, 2H, NCH,CH,), 1.46 (m, 5H, NCH,CH, -+
NCH,CH,CH;N + NCH,CH,CH>), 1.29 (m, 4H, NCH,CH, +NCH,;CH,CH>), 1.10
(m, 5H, NCH,CH,CH;N + NCH,CH,CH,), 1.02 (1, J = 7.2 Hz, 3H, CH3), 0.97 (1, J
= 7.2 Hz, 3H, CHs), 0.88 (t, J = 7.2 Hz, 3H, CHj3), 0.79 (t, J = 7.2 Hz, 3H, CH;).
BC{HY NMR (100 MHz, benzene-ds): & 2244 (HIN('Bu)=C), 165.4
(HEN("Bu)=CN), 146.7 (CsHa), 130.2 (HEN("Bu)C=CH), 129.3 ((Hf-N("Bu)C=CH),
110.6, 109.1, 108.0, 104.2 (CsHa), 111.4, 102.1 (Cage C), 66.3 (NCH:N"Bu), 56.7,

53.6, 52.6, 49.7, 484, 48.2 (NCHy), 42.0 (C(CHs);), 35.4 (NCH3), 33.3, 32.9
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(C(CHj)z), 31.1, 32.8, 30.2, 30.0 (NCH,CH,), 29.2, 21.4, 21.0, 20.5, 20.3
(NCH,CH,CH, -+ NCH,CH,CH;N), 14.9, 14.1, 14.0, 13.9 (CH;). 'B{'H} NMR
(96 MHz, benzene-dg): ¢ —0.3 (3B), -2.6 (2B), —5.9 (3B), -8.6 (1B), —10.8 (1B). IR
(KBr, em™): vey 2603, 2552 (vs). Anal. Caled. for C3sHesB1oHfNg (13b): C, 48.85; H,
8.08; N, 9.77. Found: C, 48.74; H, 7.67; N, 9.47.

Alternative method. To a toluene (20 mL) supension of 9b’«C;Hs (370 mg, 0.45
mmol) was added dropwise a toluene (6 mL) solution of "BuNC (268 mg, 4.0 mmol)
at room temperature. The mixture was stirred at 60 °C overnight. After removal of
solvent under vacuum, the brown residue was washed with »-hexane (10 mL X 3).
After filtration, the orange residue was redissolved in ether (30 mL). The resulting
clear orange solution was filtered and concentrated under vacuum to about 15 mL.
Complex 13b was isolated as orange crystals after this solution stood at room

temperature for 3 days (265 mg, 69%).

|
Preparation  of [175:U—MeZC(C5H4)(C2B10H1¢;)]Zr[qzzqz-{NR}{NR}[(=C|1—

~
C=CHNRCH2]?I[(CH;);N(Me)N-C=NR]] (R = 2-morpholinethyl) (14a). To a

toluene (20 mL) solution of 3a (220 mg, 0.50 mmol) was added dropwise a toluene
(6 mL) solution of 2-morpholinethylisocyanide (280 mg, 2.00 mmol) at -30 °C with
stirring. The mixture was warmed to room temperature and heated at 60 °C for 2
days. The solvent was removed under vacuum, and the brown residue was washed
with n-hexane (10 mL X 3) and redissolved in toluene (20 mL). The resulting brown
solution was filtered and concentrated under vacuum to about 10 mL. Complex 14a
was isolated as orange-red crystals after this solution stood at room temperature for
11 days (293 mg, 59%). 'H NMR (400 MHz, benzene-dg): ¢ 6.69 (brs, 1H, CsH,),
6.55 (brs, 1H, CsHy), 6.49 (brs, 1H, CsHy), 6.04 (s, 1H, Zr-N(R)C=CH), 6.02 (d, J =

2.0 Hz, 1H, CsHy), 4.48 (m, 1H, NCH), 3.95 (m, 2H, NCH, + NCH,N), 3.71 (m,
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10H, NCH, + NCH,CH;0), 3.62 (m, SH, NCH,N + NCH,CH,0), 3.56 (m, 4H,
NCH,CH;0), 3.44 (m, 1H, NCH>), 2.92 (m, 1H, NCH,), 2.79 (m, 1H, NCH,), 2.70
(m, 1H, NCH,), 2.58 (m, 2H, NCH>), 2.52 (s, 3H, NCH;), 2.44 (m, 8H, NCH>), 2.36
(m, 4H, NCH,CH,0), 2.28 (m, 8H, NCH,CH,0), 2.04 (m, 4H, NCH,CH,0), 1.95
(m, 2H, NCH>), 1.73 (m, 4H, C(CHs3); + NCH,CH,CH;N), 1.71 (s, 3H, C(CHs3)y).
BC{H} NMR (100 MHz, benzene-ds): 6 217.4 (Zr-C=N), 164.6 (ZIN(R)=CN), 148.7
(CsHa), 130.4 (Zr-N(R)C=CH), 111.2, 110.9, 109.4, 105.5 (CsHy), 104.8, 102.5
(Cage (), 67.3, 67.2, 67.1, 67.0 (NCH,CH,0), 66.6 (NCH,;N), 61.8, 59.4, 57.7, 57.0
(NCH,), 55.0, 54.6, 54.4, 53.9 (NCH,CH,0), 52.9, 49.0, 48.3, 47.3, 47.0 (NCH,),
42.6 (C(CHs),), 36.3 (NCH3), 33.5, 32.8 (C(CHs),), 29.2 (NCH,CH,CH,N). 'B{'H}
NMR (96 MHz, benzene-dg): & —3.2 (3B), —5.6 (4B), -8.6 (3B). IR (KBr, cm™): vay
2580 (vs). Anal. Calcd. for C43HgoB19N19OsZr (14a): C, 51.62; H, 8.06; N, 14.00.
Found: C, 52.00; H, 8.15; N, 14.42.

Alternative method. To a toluene (20 mL) supension of 9a’«C;Hjz (354 mg, 0.45
mmol) was added dropwise a toluene (6 mL) solution of 2-mortholinethylisocyanide
(407 mg, 2.90 mmol) at room temperature. The mixture was stirred at 60 °C
overnight. After removal of solvent under vacuum, the brown residue was washed
with n-hexane (10 mL X 3). After filtration, the brown residue was redissolved in
toluene (20 mL). The resulting clear brown solution was filtered and concentrated
under vacuum to about 10 mL. Complex 14a was isolated as orange-red crystals after

this solution stood at room temperature for 24 days (263 mg, 58%).

|
Preparation  of [t;s: o-Me;C(CsHy)(C:B1oH 10} HE [qzz qz- {NR}{NR} [(=C|l-—

-
C=CHNRCH:N[(CH);N(Me)N-C=NR]] (R = 2-morpholinethyl) (14b). To a

toluene (20 mL) solution of 3b (251 mg, 0.48 mmol) was added dropwise a toluene

(6 mL) solution of 2-morpholinethylisocyanide (280 mg, 2.00 mmol) at -30 °C with
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stirring. The mixture was warmed to room temperature and heated at 60 °C for 2
days. The solvent was removed under vacuum and the brown residue was washed
with »-hexane (10 mL X 3) and redissolved in DME (20 mL). The resulting brown
solution was filtered and concentrated under vacuum to about 8 mL. Complex 14b
was isolated as orange crystals after this solution stood at room temperature for 11
days (364 mg, 70%). '"H NMR (400 MHz, benzenc-dy): 6 6.65 (d, J = 2.3 Hz, 1H,
CsHy), 6.49 (m, 2H, CsH,), 6.00 (s, 1H, HE-N(R)YC=CH), 5.96 (d, J = 2.4 Hz, 1H,
CsHy), 4.40 (m, 1H, NCH)), 3.97 (m, 2H, NCH, + NCH;N), 3.77 (m, 2H, NCH,),
3.69 (m, 8H, NCH>CH;0), 3.62 (m, 5SH, NCH;N + NCH,CH;0), 3.57 (m, 4H,
NCH,CH>0), 3.42 (m, 1H, NCH,), 2.93 (m, 1H, NCH)), 2.78 (m, 1H, NCH,), 2.64
(m, 3H, NCH,), 2.54 (s, 3H, NCH3), 2.45 (m, 12H, NCH, -+ NCH,;CH,;0), 2.36 (m,
4H, NCH,CH,0), 2.28 (m, 4H, NCH,CH,0), 2.09 (m, 4H, NCH,CH;0), 1.97 (m,
2H, NCH>), 1.79 (m, 1H, NCH,CH,CH,N), 1.73 (s, 3H, C(CHs)), 1.71 (s, 3H,
C(CH;)). PC{H} NMR (100 MHz, benzene-ds): & 225.0 (Hf-C=N), 165.8
(HIN(R)=CN), 146.9 (CsHa), 131.2 (HEEN(R)YC=CH), 110.5, 102.3 (Cage C), 111.0,
109.4, 108.6, 104. (CsHa), 67.3, 67.2, 67.1, 67.0 (NCH,CH>0), 66.7 (NCH»N), 61.9,
59.2, 57.9, 57.0 (NCHy), 55.1, 54.6, 54.3, 53.9 (NCH,CH,0), 52.3, 49.1, 48.3, 46.7,
46.6 (NCH;), 421 (C(CHai)), 356 (NCHs), 334, 328 (C(CHs)), 29.2
(NCH,CH,CH,N). ""B{'H} NMR (96 MHz, benzene-ds): 6 —5.2 (10B). IR (KBr, cm’
1): vpy 2586, 2551 (vs). Anal. Calcd. for C43HgoB1oHIN19O4 (14b): C, 47.48; H, 7.41;
N, 12.88. Found: C, 47.36; H, 7.52; N, 12.85.

Alternative method. This complex was prepared as orange crystals from
9b’+C-Hs (377 mg, 0.47 mmol) and 2-morpholinethylisocyanide (282 mg, 2.00
mmol) in toluene solution using the identical procedure reported for 14a: yield 378

mg (74%).
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Preparation of [qs:a—Me;C(C5H4)(CzBl(.H10)]er[qzzqz-{NCHZPh} {NCH,Ph}[-
_IC(=CH2Ph)N(Me)(CH;)3N(Me)C=N(CH2Ph)] (15a). This complex was prepared
as yellow crystals from 3a (219 mg, 0.50 mmol) and PhCH;NC (257 mg, 2.20 mmol)
in toluene using the identical procedure reported for 14a: vield 220 mg (50%). 'H
NMR (400 MHz, benzene-dg): 6 7.60 (d, J = 7.6 Hz, 2H, C¢Hs), 7.46 (brs, 2H, CsHs),
7.39 (brs, 2H, C¢Hs), 7.28 (t, J = 7.4 Hz, 4H, CsHs), 7.12 (m, S5H, CeHs), 6.83 (m, SH,
CgHs), 5.92 (brs, 1H, CsHy), 5.92 (brs, 1H, PhCH=C), 5.42 (brs, 1H, CsH,), 5.32 (brs,
1H, CsHy), 5.25 (brs, 2H, CsHy -+ PhCH,), 4.96 (brs, 1H, PhCH>), 4.81 (d, J=13.9
Hz, 1H, PhCH,), 4.62 (d, J = 13.9 Hz, PhCH,), 4.36 (brs, 2H, NCH, + PhCH,), 4.17
(brs, 1H, PhCH>), 3.89 (brs, 1H, NCH>), 2.92 (m, 2H, NCH>), 2.53 (s, 3H, NCH3),
2.26 (s, 3H, NCH3), 1.32 (s, 3H, C(CHs)), 1.27 (s, 3H, C(CHa),). *C{'H} NMR
(100 MHz, benzene-ds): & 212.5 (ZrC=NCH,Ph), 166.6 (Zr-N(CH,Ph)=C-C), 153.1
(Zr-N(CH,Ph)=C-(), 148.0, 142.1, 141.1, 140.0, 130.3, 129.4, 129.1, 127.6, 126.6,
126.3, 123.5 (CgHs), 139.3,115.9, 111.4, 107.0, 98.2 (CsHy), 110.6, 103.5 (Cage C),
110.7 (C=CHPh), 60.6, 58.1 (CH3NCH>), 55.7, 53.3 (PhCHy), 42.1 (C(CH3),), 38.3,
36.0 (NCH;), 32.7 (C(CHz)), 23.0 (NCH.CH,CH:N). "B{'"H} NMR (96 MHz,
benzene-ds): & —4.8 (6B), -9.6 (4B). IR (KBr, cm™): vy 2589, 2555 (vs). Anal.
Calcd. for CagHsoB1oNsZr (13a): C, 62.69; H, 6.75; N, 7.95. Found: C, 62.37; H, 7.14;
N, 7.64.

Alternative method. To a toluene (20 mL) supension of 9a’+C;Hg (641 mg, 0.82
mmol} was added dropwise a toluene (6 mL) solution of PhCH,NC (469 mg, 4.00
mmol) at room temperature. The mixture was stirred at 60 °C overnight. After
removal of solvent under vacuum, the brown residue was washed with n-hexane (10
mL X 3). The residue was recrystallized from ether. The yellowish brown solid was

redissolved in DME (20 mL). After filtration, the resulting yellow solution was
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concentrated under vacuum to about 10 mL. n-Hexane (10 mL) vapor diffusion gave

15a as yellow crystals over a pertod of 9 days at room temperature (369 mg, 51%).

Preparation of [qs:a—MezC(C5H4)(CzB10H10)]Hlf[rpz:qz-{NCHzPh}{NCHgPh}[-
g(=CHZPh)N(Me)(CH;);N(Me)C=N(CH2Ph)] (15b). This complex was prepared
as yellow crystals from 3b (262 mg, 0.50 mmol) and PhCH,NC (257 mg, 2.20 mmol)
in toluene using the identical procedure reported for 14a: yield 211 mg (44%). Single
crystal suitable for X-ray analyses were grown from a DME solution at room
temperature as 15b+0.SDME. '"H NMR {400 MHz, benzene-dg): ¢ 7.60 (d, J= 7.5 Hz,
2H, CsHs), 7.44 (1, J= 8.6 Hz, 4H, C¢Hs), 7.29 (m, 4H, C¢Hs), 7.13 (m, 4H, CeHs),
6.83 (m, 6H, C¢Hs), 6.48 (brs, 1H, CsHy), 5.93 (brs, 1H, PhCH=C), 5.41 (brs, 1H,
CsHy), 5.29 (brs, 1H, CsHy), 5.23 (brs, 2H, CsH; + PhCHy), 5.03 (brs, 1H, PhCH,),
4.87 (d, J=13.8 Hz, 1H, PhCHy), 4.67 (d, J= 13.8 Hz, PhCH,), 4.38 (m, 2H, NCH,
+ PhCH,), 4.15 (d, J = 14.0 Hz, 1H, PhCH)), 3.84 (brs, 1H, NCH,), 2.91 (d,/=8.8
Hz, 2H, NCHj), 2.56 (s, 3H, NCHj), 2.24 (s, 3H, NCH3), 1.33 (5, 3H, C(CH3),), 1.28
(s, 3H, C(CHs),). *C{'H} NMR (100 MHz, benzene-dg): 6 221.4 (Hf-N(CH,Ph)=C-
C), 160.8 (Hf-N(CH,Ph)=C-C), 152.8 (C=CHPh), 146.0, 142.1, 141.2, 140.1, 130.4,
129.5, 129.1, 127.6, 126.5, 126.2 (C¢Hs), 139.3, 115.5, 109.9, 105.7, 99.0 (CsHy),
113.6, 103.3 (Cage (), 109.5 (PhCH,N=C-C=CHPh)}, 60.6, 58.3 (CH3NCH,), 55.2,
53.1 (PhCH;), 41.6 (C(CHs)), 38.5, 36.2 (NCH;), 32.8, 32.6 (C(CH3)y), 229
(NCH,CH,CH,N). "B{'H} NMR (96 MHz, benzene-ds): § -5.3 (6B), -8.3 (4B). IR
(KBr, cm'l): vpy 2589, 2554 (vs). Anal. Caled. for C4Hs9B1gHINs (18b): C, 57.04; H,
6.14; N, 7.23. Found: C, 57.11; H, 6.22; N, 6.99.

Alternative method. This complex was prepared as yellow crystals from
9b’+C;H;s (733 mg, 0.89 mmol) and PhCH,NC (468 mg, 4.00 mmol) in toluene using

the identical procedure reported for 15a: yield 486 mg (56%).
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5 [,
Preparation of [1°:6-Me;C(CsH )(C2B1oH 0)| Zr[n%:5*-

|
(NCH,TMS}=C{CNCH(Me)Si(Mez)N(CH,TMS)C=}N(Me)(CH,);N(Me)C=NC

H,TMS] (16a). To a toluene (20 mL) solution of 3a (132 mg, 0.30 mmol) was added
dropwise a toluene (6 mL) solution of TMSCH;NC (204 mg, 1.80 mmol) at -30°C
with stirring. The mixture was stirred at 70 °C for 5 days. The solvent was removed
under vacuum, and the red residue was redissolved in THF (20 mL). The resulting
red solution was filtered and concentrated under vacuum to about 10 mL. Complex
16a was isolated as orange-red crystals after this solution stood at room temperature
for 12 days (152 mg, 57%). '"H NMR (400 MHz, benzene-ds): ¢ 6.63 (d, J= 2.7 Hz,
1H, CsHy), 6.51 (4, J=2.4 Hz, 1H, CsHy), 6.27 {d, J=2.8 Hz, 1H, CsHy), 5.78 (d, J
=2.5Hz, 1H, CsH;), 6.30 (s, |H, C=CANCH;TMS), 4.02 (m, 1H, NCH>), 3.93 (q, J
= 7.4 Hz, 1H, Si(Me)CHMe), 3.44 (d, J = 14.4, 1H, NCH,TMS), 3.34 (d, J= 144
Hz, 1H, NCH,TMS), 2.93 (m, 2H, NCH3), 2.73 (d, J = 14.0 Hz, 1H, NCH,;TMS),
2.58 (d, J = 14.0 Hz, 1H, NCH,TMS), 2.61 (s, 3H, NCH3), 2.53 (d, J= 14.1 Hz, 1H,
NCH,TMS), 2.39 (d, /= 14.1 Hz, 1H, NCH,TMS), 2.51 (s, 3H, NCH3), 2.06 (d, J =
15.1 Hz, 1H, NCHy), 1.75 (s, 3H, C(CH3)), 1.72 (s, 3H, C(CHa),), 1.15(d, /=74
Hz, 3H, Si(Me;)CHCHj3), 0.75 (s, 3H, (CH3),SiCHCH3), 0.30 (s, 9H, Si(CH;)s), 0.07
(s, 3H, (CH3),8iCHCH3), 0.06 (s, 9H, Si(CHs)s), 0.01 (s, 9H, Si(CHs)s). PC{'H}
NMR (100 MHz, benzene-dg): d 218.6 (Zr-C=NCH,;TMS), 167.9 (Zr-N=C-NCH3),

148.5 (CsHs), 133.7 (ZIN=C-C=CH + ZrN=C-C=CH), 110.6, 110.0, 109.9, 105.7

(CsHy), 105.8, 101.7 (Cage C), 56.4, 45.6 (NCH,), 45.3 (Me,SiCH(CHs), 44.9
(NCH,TMS), 43.7 (NCH3), 42.9, 42.6 (NCH,TMS), 412 (NCHy), 36.4 (C(CHs)),
35.0, 325 (C(CHs)), 24.7 (NCH,CH,CH,N), 18.6 ((CH3),SiCH(CHs)), 0.5
(Si(CHz)y), ~0.4 (CH,TMS), —0.8 (CH,TMS), —1.6 (CH,TMS). "B{'"H} NMR (%96

MHz, benzene-ds): § 3.2 (3B), —5.4 (2B), 8.7 (5B). IR (KBr, em™): vy 2581 (vs).
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Anal. Calcd. for C3sHyB1gNgSi4Zr (16a): C, 47.09; H, 8.58; N, 9.41. Found: C,
47.33; H, 8.51; N, 8.94.

Alternative method. To a toluene (20 mL) supension of 9a’«C,Hg (194 mg, 0.25
mmol) was added dropwise a toluene (6 mL) solution of TMSCH,NC (204 mg, 1.80
mmol) at room temperature. The mixture was stirred at 60 °C for 3 days. The solvent
was removed under vacuum and the red residue was redissolved in ether (20 mL).
The resulting red solution was filtered and concentrated under vacuum to about 15
mL, 16a was isolated as orange-red crystals after this solution stood at room
temperature for 5 days (146 mg, 65%).

. 5 2. 2
Preparation of [777:6-Me, C(CsHa)(C2B1oH o) | HI[#":97°-

{NCH,TMS}=C {ICIl\ICH(Me)Si(Mez)N(CﬂzTMS)CI=}N(Me)(CH2)3N(Me)C=NC

H,TMS] (16b). To a toluene (20 mL) solution of 3b (158 mg, 0.30 mmol) was added
dropwise a toluene (6 mL) solution of TMSCH,NC (204 mg, 1.80 mmol) at -30°C
with stirring. The mixture was heated at 70 °C for 4 days. The solvent was removed
under vacuum and the orange residue was washed with cold #-hexane (-30 °C, 5 mL).
After filtration, the orange solid was collected and redissolved in toluene (20 mL).
The resulting orange solution was filtered and concentrated under vacuum to about
10 mL. Complex 16b was isolated as orange crystals after this solution stood at room
temperature for 5 days (188 mg, 64%). 'H NMR (400 MHz, benzene-dg) (313K): &
6.59 (d, J = 2.6 Hz, 1H, CsHy), 6.43 (m, 1H, CsHy), 6.27 (d, J= 2.7 Hz, 1H, CsHy),
5.77 (m, 1H, CsHy), 6.33 (s, 1H, C=CHNCH,TMS), 4.02 (m, 1H, NCH>), 3.87 (q, J
= 7.4 He, 1H, Si{Me;)CHMe), 3.46 (d, J = 14.4 Hz, 1H, NCH,TMS), 3.35(d, J =
14.4 Hz, 1H, NCH,TMS), 2.92 (m, 2H, NCHy), 2.7]1 (d, J = 142 Hz, 1H,
NCH,TMS), 2.61 (d, J= 14.2 Hz, 1H, NCH,TMS), 2.61 (s, 3H, NCH3), 2.54 (d, J =

15.8 Hz, 1H, NCH>TMS), 2.39 (d, J= 15.8 Hz, 1H, NCH,TMS), 2.52 (s, 3H, NCHj),
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2.07 (d, J = 15.5 Hz, 1H, NCH>), 1.75 (s, 3H, C(CHa)z), 1.72 (s, 3H, C(CHa)y), 1.70
{m, 1H, NCH;CH,CH,;N), 1.14 (d, J = 74 Hz, 4H, Si(Mey)CHCH; +
NCH,CH,CH;N), 0.76 (s, 3H, (CH;),S81CHCHj3), 0.31 (s, 9H, Si(CHz)3), 0.08 (s, 3H,
(CH3),SiCHCH3), 0.07 (s, 9H, Si(CFHs)s), 0.01 (s, 9H, Si(CHz)s). PC{'H} NMR (100
MHz, benzene-ds) (313K): 6 226.8 (Hf-C=NCH,TMS), 168.8 (Hf-N=C-NCH3),
146.8 (CsHy), 137.8 (HIN=C-C=CH), 134.6 (HIN=C-C=CH), 109.5, 109.3, 109.1,
104.8 (CsHy), 101.5 (Cage ), 56.3, 452 (NCHy), 44.8 (Me;SiCH(CHj3), 43.8
(NCH,TMS), 43.5 (NCHj;), 42.5, 42.0 (NCH,TMS), 41.1 (NCHj3), 35.9 (C(CHa),),
342, 32.4 (C(CH3)), 213 (NCH,CH,CH,N), 18.4 ((CH;),SiCH(CH3)), 0.6
(Si(CH3)p), —0.3 (CH2TMS), —0.8 (CH,TMS), 1.6 (CH,TMS). ''"B{'H} NMR (96
MHz, pyridine-ds): d —3.8 (3B), 5.4 (2B}, 8.7 (5B). IR (KBr, cm’'): vgy 2575, 2547
(vs). Anal. Caled. for C35H7B1oHf NgSi4 (16b): C, 42.90; H, 7.82; N, 8.58. Found: C,
42.85; H, 7.38; N, 8.25.

Alternative method. To a toluene (20 mL) suspension of 9b’+C;Hg (222 mg,
0.27 mmeol) was added dropwise a toluene (6 mL) solution of TMSCH,NC (204 mg,
1.8 mmol) at room temperature with stirring. The mixture was heated at 70 °C for 3
days. The solvent was removed under vacuum and the orange residue was washed
with cold n-hexane (-30 °C, 5 mL). After filtration, the orange solid was collected
and redissolved in toluene (20 mL). The resulting orange solution was filtered and
concentrated under vacuum to about 10 mL. Complex 16b was isolated as orange
crystals after this solution stood at room temperature for 4 days (207 mg, 78%).

Preparation of [f]s:0'-M62C(C5H4)(C2B10H10)]Z1'[}[3-
N(Ph)=CN(Me)(CH;);N(Me)C=N(Ph)C(NCy)NCy] (18a). This complex was
prepared as yellow crystals from 9a’+«C;Hg (358 mg, 0.46 mmol) and PhCN (305 mg,

3.00 mmol) in toluene using a procedure identical with that reported for 10a: yield
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311 mg (79%). '"H NMR (300 MHz, benzene-ds): 6 7.44 (d, J = 6.9 Hz, 2H, CeHs),
7.33 (d, J = 6.6 Hz, 2H, CsHs), 7.12 (m, 6H, CsHs), 6.33 (brs, 2H, CsHy), 6.25 (brs,
1H, CsHy), 5.84 (brs, 1H, CsHy), 4.55 (1, J=11.4 Hz, 1H, NCH), 432 (t, /= 11.4 Hz,
1H, NCH), 3.86 (brs, 1H, NCH,), 3.05 (brs, 1H, NCH,), 2.43 (s, 3H, NCH;), 2.29 (s,
3H, NCHj3), 2.22 (m, 2H, NCH>), 1.95 (m, 4H, C4H1), 1.74 (m, 6H, CsH\1), 1.58 (m,
4H, CeHi1), 1.50 (s, 3H, C(CHi)z), 1.44 (s, 3H, C(CH;)z), 1.24 (m, 4H, CgH1), 1.07
(m, 2H, CgHyy), 0.85 (m, 2H, NCH,CH>CH,N). “C{'H} NMR (75 MHz, benzene-
de): 6 167.6 (Zr-C=N), 156.4 (C=N), 152.8 (N-C-N), 146.4 (CsH4), 139.9, 138.8,
129.3, 128.7, 128.6, 128.5, 127.3, 126.8, 125.6 (C¢Hs), 114.0, 111.1, 109.0, 107.2
(CsHa), 107.2, 101.7 (Cage C), 56.6, 55.9 (NCH), 49.0, 47.3 (NCH,), 42.3 (C(CHs),),
39.3, 38.5 (NCH), 34.9, 32.4 (C(CH3)), 35.7, 35.2, 33.4, 32.8, 27.5, 27.2, 26.4, 26.3,
26.1 (CsHiy), 26.8 NCH,CH,CHN). 'B{'H} NMR (128 MHz, benzene-ds): 6 —2.5
(3B), -5.0 (2B), 9.0 (5B). IR (KBr, em™): vay 2597, 2545 (vs). Anal. Caled for
CpHeaB1oNeZr (18a): C, 59.18; H, 7.57; N, 9.86. Found: C, 58.98; H, 7.50; N, 9.68.
Preparation of {[1°:06-Me2C(CsH4)(C2B1oH10)|Hi# -
N(Ph)=CN(Me)(CH,)};N(Me)C=N(Ph)C(NCy)NCy|}2*(C-Hg)> (18b+(C;Hg),). This
complex was prepared as yellow crystals from 9b’+C;Hg (251 mg, 0.30 mmol) and
PhCN (192 mg, 1.80 mmol) in toluene using a procedure identical with that reported
for 10a: yield 222 mg (71%). 'H NMR (400 MHz, benzene-dy): 6 7.48 (d, J= 7.2 Hz,
4H, C¢fis), 7.31 (d, J = 7.2 Hz, 4H, Cg¢fts), 7.24 (t, J = 7.2 Hz, 4H, Ce¢Hs), 7.12 {m,
8H, C¢Hs + C¢HsCHs), 7.06 (m, 6H, CsHs + CgHsCH3), 7.05 (m, 4H, CeHs +
CeHsCH3), 6.32 (brs, 2H, CsHy), 6.28 (d, J = 2.4 Hz, 2H, CsHy), 6.24 (brs, 2H, CsHa),
5.81 (d, J=2.4 Hz, 2H, CsH,), 4.53 (t, J = 8.0 Hz, 2H, NCH), 4.33 (1, J = 124 Hz,
2H, NCH), 3.90 (t, J/ = 11.2 Hz, 2H, NCH,), 3.10 (brs, 2H, NCH,), 2.44 (s, 6H,

NCH;), 2.30 (m, 4H, NCH>), 2.25 (s, 6H, NCH,), 2.20 (m, 4H, CgH)y), 2.10 (s, 6H,
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C¢HsCH3), 1.89 (m, 8H, C¢H11), 1.75 (m, 8H, CeH1y), 1.58 (m, 8H, C¢H}1), 1.53 (5,
6H, C(CHs),), 1.48 (s, 6H, C(CHs)y), 1.27 (m, 8H, CsH11), 1.22 (m, 4H, CsHyy), 1.05
(m, 4H, NCH,CH,CH,N). PC{'H} NMR (100 MHz, benzene-dy): & 166.5 (HE-N=C),
158.5 (C=N), 153.2 (N-C-N), 144.7 (CsHy), 141.0, 138.7, 137.8, 129.3, 129.3, 128.7,
128.5, 128.4, 127.3, 126.7, 125.6 (C¢Hs + CsHsCH3), 113.5, 110.3, 108.2, 106.7
(CsHy), 115.2, 101.3 (Cage (), 54.5, 55.7 (NCH), 49.1, 47.0 (NCH,), 41.8 (C(CHj3)),
39.3, 38.5 (NCH3), 33.3, 33.0 (C(CHa)p), 35.7,35.2,34.8,32.4,31.9, 27.5,27.2,26.7,
26.4, 26.1 (CgHy)), 23.0 (NCH,CH,CH,N), 21.4 (C¢HsCH;). '"B{'H} NMR (96
MHz, benzene-dg): 5 —4.8 (5B), -8.6 (5B). IR (KBr, cm™): vgy 2599, 2545 (vs). Anal.
Caled for CogH 44B2oHEN 3 (18b + (CoHg)y): C, 57.04; H, 7.03; N, 8.15. Found: C,
56.71; H, 7.44; N, 7.95.

Preparation of [115:J-MeZC(Csl'Id)(CzBme)]Zr[rf‘-
N(Ar)=CN(Me)(CH,);N(Me)C=N(Ar)C(NCy)NCy|-C;Hg (19a*C;Hg) (Ar = p-
CH;CgHg;). This complex was prepared as yellow crystals from 9a’«C;Hg (208 mg,
.28 mmol} and p-CH3C¢H4CN (198 mg, 1.70 mmol) in toluene using a procedure
identical with that reported for 10a: yield 154 mg (57%). 'H NMR (400 MHz,
benzene-ds): & 7.40 (d, J= 7.4 Hz, 2H, C¢HsCH3), 7.30 {d, J = 7.4 Hz, 2H, C¢H,CH;),
712 (d, J = 7.3 Hz, 2H, CH3CeHy + Ce¢HsCH3), 7.02 (m, 7TH, CeH4sCH; +
CeHsCHs), 6.38 (brs, 1H, CsHy), 6.34 (brs, 1H, CsHy), 6.32 (brs, 1H, CsHy), 5.90 (brs,
1H, CsH,), 4.58 (t, /= 12.3 Hz, IH, NCH), 4.37(t, /= 11.2 Hz, I|H, NCH), 3.88 (t,J
= 10.4 Hz, 1H, NCH,), 3.07 (brs, 1H, NCH,), 2.52 (s, 3H, NCH;), 2.40 (s, 3H,
NCH3), 2.36 (m, 2H, NCH,), 2.23 (m, 4H, CeHn), 2.11 (s, 3H, CeH4CHs), 2.10 (s,
3H, C¢HsCHs), 2.07 (s, 3H, CeHaCH3), 1.95 (m, 2H, CsHn), 1.79 (m, 4H, C¢H1y),
1.63 (m, 2H, CgHy1), 1.56 (s, 3H, C(CH3)a), 1.52 (s, 3H, C(CHs)p), 1.37 (m, 4H,

CeHi), 1.28 (m, 4H, CeHny), 1.09 (m, 2H, NCH,CH,CH,N). PC{'H} NMR (100
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MHz, benzene-ds): ¢ 168.1 (Zr-N=C), 157.1 (C=N), 153.4 (N-C-N), 146.7 (CsHa),
139.6, 138.8, 138.0, 137.5, 136.3, 129.8, 129.7, 129.5, 128.9, 127.9, 127.4, 126.0
(CeHsCH; + CsHsCHa), 114.3, 111.4, 109.4, 107.6 {(CsHy), 107.9, 102.0 (Cage C),
57.0, 56.3 (NCH), 49.4, 47.8 (NCHy,), 42.7 (C(CHs)3), 39.7, 39.0 (NCH3), 36.1, 33.8
(C(CH3),), 35.7, 35.3, 33.3, 32.8, 27.9, 27.7, 27.1, 26.9, 26.7, 26.5 (C¢H,y), 21.8
(NCH,CH,CH,N), 21.6, 21.5 (C¢HsCH; + CgHsCHa). ""B{'H} NMR (96 MHz,
benzene-ds): & —5.3 (5B), —9.0 (5B). IR (KBr, cm™): vay 2595, 2549 (vs). Anal.
Calcd for Cys75H70B10NeZr (192 + 0.25Toluene): C, 60.82; H, 7.81; N, 9.30. Found:
C, 60.60; H, 7.96; N, 9.23.

Preparation of [qs:O'-MezC(C5H4)(C2BmHm)]Zr[o:q2~
N(Me)(CH2)3N(ME)C=N(CH2)3C=C(N‘.PI‘)NEPI‘] (20a). This complex was prepared
as yellow crystals from 9a (203 mg, 0.36 mmol) and 5-hexynenitrile (205 mg, 2.20
mmol) in toluene using a procedure identical with that reported for 10a: yield 104
mg (44%). '"H NMR (300 MHz, pyridine-ds): & 6.47 (brs, 1H, CsHy), 6.40 (brs, 1H,
CsHy), 6.32 (brs, 1H, CsHy), 6.07 (brs, 1H, CsH,), 5.08 (s, 1H, C=CH), 4.43 (m, 1H,
CH(CH,),), 3.84 (m, 1H, CH(CHs3),), 3.62 (t, J = 11.7 Hz, 1H, NCH>), 3.29 (m, 1H,
NCH,), 3.16 (s, 3H, NCHs), 2.90 (m, 1H, NCH,), 2.71 (s, 3H, NCH;), 2.58 (m, 1H,
NCH3), 2.33 (d, J= 6.0 Hz, 1H, CH>), 2.17 (m, 1H, CH>), 2.02 (m, 2H, CH,), 1.89
(m, 2H, CH,), 1.62 (s, 3H, C(CH;),), 1.58 (s, 3H, C(CH,)2), 1.49 (d, J= 6.3 Hz, 3H,
CH(CHs),), 1.30 (d, /= 6.6 Hz, 3H, CH(CH3)), 1.15 (d, J = 5.7 Hz, 3H, CH(CH),),
0.99 (d, J = 6.6 Hz, 3H, CH(CH:)), 0.79 (m, 2H, NCH,CH,CHaN). *C{'H} NMR
(75 MHz, pyridine-ds): § 179.0 (C=C(CH3)N), 158.6 (N-C-N), 145.5 (N=C-NCH3),
144.8, 112.8, 109.4, 106.9, 105.3 (CsHy), 112.4 (C=C(CH)N), 101.5 (Cage (), 50.7,
45.8 (NCH,), 47.2, 46.3 (NCH(CHj3),), 44.6, 36.8 (NCHj3), 42.1 (C(CHz)y), 35.0,

35.1 (C(CHs)), 269, 242 (CHy), 26.2, 24.0, 23.6, 23.3 (NCH(CHs)), 21.2
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(NCH,CH,CH,N). '"B{'H} NMR (96 MHz, pyridine-ds): § —3.3 (3B), =5.3 (2B), —
9.7 (5B). IR (KBr, cm™): vgy 2604, 2555 (vs). Anal. Calcd for CagHs3BoNsZr (20a):
C,51.02; H, 8.11; N, 10.63. Found: C, 50.42; H, 8.22; N, 10.17.

Preparation of [7°:6-Me2C(CsH)(C2B1gH1)) Zr [’
N(Xyl)=CN(Me)(CH;);N(Me)C(=N("Bu))C=N("Bu)] (21a). To a toluene (20 mL)
suspension of 12a (458 mg, 0.65 mmol) was added dropwise a tolucne (6 mL)
solution of "BuNC (334 mg, 4.00 mmol) at room temperature with stirring. The
mixture was stirred at 90 °C for 7 days. The solvent was removed under vacuum and
the brown residue was washed with #-hexane (10 mL X 3). After filtration, the light
brown solid was collected and redissolved in toluene (20 mL). The resulting light
brown solution was filtered and concentrated under vacuum to about 10 mL.
Complex 21a was isolated as colorless crystals after this solution stood at room
temperature for 5 days (343 mg, 72%). 'H NMR (400 MHz, pyridine-ds): 67.15 (m,
IH, Cef3(CHa)), 7.02 (1, J = 7.4 Hz, 1H, CsH3(CH3)), 6.98 (d, J = 6.9 Hz, 1H,
CeH3(CHa)y), 6.29 (t, J=2.3 Hz, 11, CsHa), 6.17 (t, J=2.7 Hz, 1H, CsHa4), 5.96 (d, J
= 2.6 Hz, 1H, CsH,), 5.56 (d, J=2.5 Hz, 1H, CsHy), 4.15 (m, IH, CH;NCH>), 3.91 (1,
J =13.0 Hz, 1H, CH;3NCH,), 3.52 (m, 1H, CH3NCH,), 3.18 (d, J = 13.6 Hz, 1H,
CH3NCH,), 3.10 (s, 3H, NCH;), 2.95 (t, J= 6.9 Hz, 2H, NCH,), 2.71 (m, 2H, NCH>),
2.32 (s, 3H, NCH3), 2.22 (s, 3H, C¢H3(CH;).), 1.78 (s, 3H, C¢H3(CHi)2), 1.78 (m, 2H,
NCH,CH>), 1.63 (m, 9H, C(CH;), + NCH,CH; + NCH,CH,CH;N), 1.44 (m, 3H,
NCH,CH,CH; + NCH,CH;CH;N), 1.16 (m, 2H, NCH,CH,CH,), 1.02 (t, /= 7.3 Hz,
3H, CH;), 0.79 (t, J = 7.3 Hz, 3H, CH,). *C{'H} NMR (100 MHz, pyridine-ds): &
247.1 (Zr-C=N"Bu), 205.8 (Zr-C=NXyl), 159.1 (C=N"Bu), 147.1 (CsHs), 146.6,
131.4, 131.3, 125.7, 125.1 (C¢H3(CH3)z), 105.8, 105.4, 105.3, 104.9 (CsHy), 103.5,

103.4 (Cage C), 54.7, 53.3 (CH3NCH,), 502, 44.5 (NCHy), 42.2 (C(CHs)), 35.7
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(NCH2CHy), 33.7, 33.1 (NCH3), 32.7, 31.4 (C(CH3),), 26.0 (NCH,CH,CH,N), 21.2,
21.1 (NCH,CH,CHy), 19.3, 18.8 (CsH3(CHs),), 14.4, 13.7 (CHs). ""B{'H} NMR (96
MHz, pyridine-ds): 6 3.2 (3B), -5.1 (2B), 8.8 (5B). IR (KBr, cm™): vy 2596, 2550
(vs). Anal. Calcd. for C34HsoB1oNsZr (21a): C, 55.39; H, 8.07; N, 9.50. Found: C,
55.62; H, 8.15; N, 9.55.

Preparation of [qsza—MezC(C5H4)(CzBmHm)]Hf[qz:rjz-
N(Xyl)=CN(Me)(CH,);N(Me)C(=N("Bu))C=N("Bu)] (21b). To a toluene (20 mL)
suspension of 12b (295 mg, 0.37 mmol) was added dropwise a toluene (6 mL)
solution of #»-BuNC (186 mg, 2.20 mmol) at room temperature with stirring. The
mixture was stirred at 90 °C for 2 days. The solvent was removed under vacuum and
the brown residue was washed with ether (10 mL X 3). After filtration, the light
brown solid was collected and redissolved in toluene (20 mL). The resulting brown
solution was filtered and concentrated under vacuum to about 10 mL. Complex 21b
was isolated as colorless crystals after this solution stood at room temperature for 5
days (104 mg, 34%). The ethereal solution was concentrated under vaccum to about
10 mL. Complex 13b was isolated as orange crystals after this solution stood at room
temperature for 5 days (98 mg, 31%). 21b: '"H NMR (400 MHz, pyridine-ds): 6 7.14
(d, J = 7.1 Hz, 1H, CeH3(CH3),), 7.02 (t, J = 7.4 Hz, 1H, CsH3(CHz),), 6.97 (d, J =
7.0 Hz, 1H, C¢H3(CHz3),), 6.22 (d, J = 2.2 Hz, 1H, CsH,), 6.12 (d, J = 2.3 Hz, 1H,
CsHa), 5.92 (d, J= 2,5 Hz, 1H, CsHy), 5.51 (d, J= 2.4 Hz, 1H, CsH,), 4.17 (m, 1H,
CH;3;NCH,), 3.87 (t, J = 13.0 Hz, 1H, CH3;NCH,), 3.55 (m, 1H, CH;NCH>), 3.17 (d, J
=13.4 Hz, 1H, CH3;NCH,), 3.10 (s, 3H, NCH3), 3.00 (t, J= 6.9 Hz, 2H, NCH,), 2.70
(m, 2H, NCH,), 2.30 (s, 3H, NCH3), 2.25 (s, 3H, C¢Ha(CHs)y), 1.82 (m, 2H,

NCH,CH,), 1.81 (s, 3H, C¢H3(CHs)y), 1.67 (m, 10H, C(CH3); + NCH,CH,CH, +

NCH,CH,CH;N), 1.41 (m, 2H, NCH,CH,), 1.17 (m, 2H, NCH,CH,CHb), 1.02 (t, J =
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7.3 Hz, 3H, CH3), 0.78 (t, J = 7.4 Hz, 3H, CH3). “C{'H} NMR (100 MHz, pyridine-
ds): 8 256.5 (Hf-C=N"Bu), 214.1 (Hf-C=NXyl), 159.4 (C=N"Bu), 145.9 (CsHa),
1459, 131.7, 128.1, 127.4, 125.2 (C¢H3(CH3),), 109.8, 103.5 (Cage ©), 104.5, 104.2,
104.1, 103.6 (CsHy), 54.7, 53.1 (CH3NCH»), 50.1, 44.4 (NCH>), 41.6 (C(CHjs),), 35.8
(NCH2CHa>), 33.8, 33.7 (C(CHa)p), 32.5, 31.3 (NCH3y), 26.0 (NCH,CH,;CH;N), 21.2,
20.7 (NCH,CH,CH,), 19.4, 18.8 (Cell;(CHs)y), 14.4, 13.7 (CHa). 'B{'H} NMR (96
MHz, pyridine-ds): 6 —3.4 (3B), -5.1 (2B), -8.5 (5B). IR (KBr, cm™): vy 2594, 2549
(vs). Anal. Caled. for C34HsoBoHfNs (13b): C, 49.53; H, 7.21; N, 8.49. Found: £,
49.54;, H, 7.36; N, 8.23.

Preparation of [#°:6-Me;C(CsHa)(C2B1oHi0)| Zr[n -
N(XyD)=CN(Me)(CH;);N(Me)C(=NR)C=NR] (R = 2-morpholinethyl) (22a). To a
toluene (20 mL) suspension of 12a (229 mg, 0.33 mmol) was added dropwise a
toluene {6 mL) solution of RNC (R = 2-morpholinethyl) (280 mg, 2.00 mmol) at
room temperature with stirring. The mixture was stirred at 90 °C for 5 days. The
solvent was removed under vacuum and the brown residue was washed with »n-
hexane (10 mL X 3). After filtration, the light brown solid was collected and
redissolved in DME (20 mL). The resulting light brown solution was filtered and
concentrated under vacuum to about 10 mL. Complex 22a was isolated as colorless
crystals after this solution stood at room temperature for 5 days (133 mg, 47%). 'H
NMR (400 MHz, pyridine-ds): ¢ 7.15 (m, 1H, CegH3(CHs)y), 7.03 (m, 2H,
CsH3(CHs)z), 6.22 (m, 2H, CsHy), 5.98 (m, 1H, CsHy), 5.81 (m, 1H, CsHy), 4.32 (m,
1H, Zr-C=NCH>), 3.94 (t, J = 13.0 Hz, 1H, CH3NCH,), 3.74 (t, J = 4.6 Hz, 4H,
NCH,CH;0), 3.68 (m, 1H, Zr-CNCH,), 3.63 (t, J = 5.1 Hz, 4H, NCH,CH;0), 3.41
(m, 1H, N=C-C=NCH), 3.23 (m, 1H, CHsNCH,), 3.11 (s, 3H, NCH;), 2.87 (m, 4H,

CH3;NCH; + ZrC=NCH; + C=NCH,CH>), 2.67 (m, 3H, C=NCH; + NCH,CH;0),
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2.53 (m, 4H, CNCH,CH, -+ NCH,CH,0), 2.42 (m, 2H, NCH,CH;Q), 2.34 (s, 3H,
NCH3), 2.24 (m, SH, C¢H3(CHz), + NCH2CH,0), 1.79 (m, 1H, NCH,CH>CH,N),
1.67 (s, 3H, C(CHs),), 1.65 (s, 3H, C(CHs)y), 1.55 (m, 1H, NCH,CH,CH,N). C{'H}
NMR (100 MHz, pyridine-ds): & 248.5 (ZrC=NR), 206.1 (ZrC=NXyl), 159.3 (C-
C=NR), 147.0 (CsHy), 146.1, 131.4, 131.2, 128.1, 127.4, 125.1 (C¢Ha(CHs),), 106.1,
103.4 (Cage (), 106.1, 105.7, 104.4 (CsHa), 67.2, 66.6 (NCH,CH,0), 62.0, 58.1
(C=NCH,CH,), 54.8 (CH;NCH; + NCH,CH,0), 54.0 (NCH,CH;0), 50.0, 49.3
(C=NCH,), 45.4 (CH3;NCH,), 42.3 (C(CH3),), 33.9, 32.5 (C(CH;)p), 33.7, 33.4
(NCH3), 26.1 (NCH,CH,CH;N), 19.4, 18.8 (CsHs(CH3)2). 'B{'H} NMR (96 MHz,
pyridine-ds): 6 —4.7 (5B), 9.5 (5B). IR (KBr, cm‘l): vgy 2562, 2540 (vs). Anal.
Calcd. for CisHgsB1gN7O2Zr (22a): C, 53.61; H, 7.70; N, 11.52. Found: C, 53.87; H,
7.83; N, 11.45.

Preparation of [#°:6-Me;C(CsHa)(C2B1oH )| HA[y 0=
N(Xy)=CN(Me)(CH3);N(Me)C(=NR)C=NR]| (R = 2-morpholinethyl) (22b). To a
toluene (20 mL) suspension of 12b (237 mg, 0.30 mmol)} was added dropwise a
toluene (6 mL) solution of RNC (R = 2-morpholinethyl) (253 mg, 1.80 mmol) at
room temperature with stirring. The mixture was stirred at 90 °C for 3 days. The
solvent was removed under vacuum and the brown residue was washed with #n-
hexane (10 mL X 3). After filtration, the light brown solid was collected and
redissolved in DME (20 mL). The resulting brown solution was filtered and
concentrated under vacuum to about 10 mL. Complex 22b and 14b were isolated as
colorless and orange red crystals by fractional recrystallization (22b: 100 mg, 35%;
14b: 76 mg, 23%). 22b: 'H NMR (400 MHz, pyridine-ds): 6 7.15 (d, J = 2.7 Hz, 1H,
CsH3(CH3),), 7.02 (m, 2H, CeH3(CHs)), 6.16 (t, J = 2.5 Hz, 2H, CsHa), 5.93 (d, J=

2.5 Hz, 1H, CsHy), 5.78 (d, J = 2.4 Hz, 1H, CsHy), 437 (m, 1H, H-C=NCH>), 3.90
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(t, /= 13.0 Hz, 1H, CHiNCH,), 3.75 (m, 5H, Hf-=C=NCH, + NCH,CH;0), 3.65 (t,J
= 4.5 Hz, 4H, NCH,CH;0), 3.44 (m, 1H, C=NCH,), 3.22 (d, J = 13.4 Hz, 1H,
CH;3;NCH,), 3.12 (s, 3H, NCH3), 2.87 (m, 4H, CH;NCH, + Hf-C=NCH,CH, +
C=NCH,CH), 2.67 (m, 3H, C=NCH,CH, + NCH,CH;0), 2.53 (m, 4H,
C=NCH;CH, -+ NCH,CH;0), 2,42 (m, 2H, NCH,CH,0), 2.32 (s, 3H, NCH4), 2.26
(s, 3H, C¢H3(CHa)p), 2.23 (m, 2H, NCH,CH>0), 1.81 (s, 3H, CcHi(CHs),), 1.75 (m,
1H, NCH>CH>CH,N), 1.67 (s, 3H, C(CHs)p), 1.65 (s, 3H, C(CH3)), 1.54 (t,J= 13.6
Hz, 1H, NCH,CH,CH;N). *c{'H} NMR (100 MHz, pyridine-ds): & 257.8
(HfC=NR), 214.4 (HfC=NXyl), 160.2 (C-C=NR), 146.0 (CsHy), 145.8, 131.7, 131.6,
128.2, 127.4, 125.2 (CeH3(CH;),), 109.6, 103.5 (Cage ), 105.3, 104.5, 104.0, 103.7
(CsHy), 67.2, 66.6 (NCH;CH,0), 62.1, 58.1 (C=NCH,CH,), 54.8 (CH;NCH, -+
NCH;CH,0), 54.0 (NCH,CH;0), 49.6, 49.0 (C=NCH;), 45.4 (CH;NCH;), 41.8
(C(CHs)n), 34.0, 32.5 (C(CHs)y), 33.7, 33.3 (NCHs), 26.1 (NCH,CH;CH;N), 19.5,
18.8 (C¢H3(CHs)). "'B{'"H} NMR (96 MHz, pyridine-ds): § —5.1 (3B), -8.6 (7B). IR
(KBr, cm'l): vy 2562, 2540 (vs). Anal. Calcd. for CsgHgsB1oHINZ O (22b): C, 48.63;
H, 6.98; N, 10.45. Found: C, 49.19; H, 7.31; N, 10.24.

Preparation of [17°:6-Me2C(CsH4)(CoB 1 oH o)) Zr [ :7p-
N(Xyl)=CN(Me)(CH3):N(Me)C(=N(CH,TMS))C=N(CH,TMS)] (23a). To a
toluene (20 mL) suspension of 12b (201 mg, 0.29 mmol) was added dropwise a
toluene (6 mL) solution of TMSCH,NC (205 mg, 2.20 mmol) at room temperature
with stirring. The mixture was stirred at 90 °C for 3 days. The solvent was removed
under vacuum and the brown residue was redissolved in ether (20 mL). The resulting
brown solution was filtered and concentrated under vacuum to about 10 mL.
Complex 23a was isolated as colorless crystals after this solution stood at room

temperature for 3 days (148 mg, 64%). 'H NMR (400 MHz, benzene-ds): 4 6.98 (d, J
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= 7.4 Hz, 1H, C4H3(CHs),), 6.91 (t, J = 7.5 Hz, 1H, Ce¢H;3(CHz),), 6.80 (d, J = 7.3,
1H, C¢H3(CHs),), 5.98 (t, J= 2.7 Hz, 1H, CsH,), 5.79 (1, J = 2.2 Hz, 2H, CsH}), 5.43
(d, J = 2.4 Hz, 1H, CsH,), 440 (d, J = 12.2 Hz, 1H, CH:NCH,), 3.25 (m, 1H,
CH3NCH,), 3.69 (t, J = 13.0 Hz, tH, CH3NCH,), 3.29 (d, J = 14.5 Hz, 1H,
CH3;NCH>), 2.83 (s, 3H, NCH5), 2.61 (m, 4H, (CH;);SiCHs), 2.07 (s, 3H,
CeH3(CHz)2), 1.95 (s, 3H, NCH3) 1.69 (s, 3H, CsH3(CHz)a), 1.57 (s, 3H, C(CHs),),
1.50 (s, 3H, C(CHs)), 1.26 (t, J = 13.8 Hz, 1H, NCH,CH,CH;N), 0.90 {t, J = 14.2
Hz, 1H, NCH,CH,CH;N), 0.25 (s, 9H, (CH:;)8i), 0.03 (s, 9H, (CH:)sS8i). "C{'H}
NMR (100 MHz, benzene-dg): ¢ 243.9 (Zr-C=NCH,Si(CHzs)3), 207.0 (Zr-C=NXyl),
159.6 (C=NCH,S8i{CH3)s), 147.7 (CsHy), 1459, 131.2, 130.9, 127.8, 127.5, 125.1
(CsH3(CHa),), 105.4, 104.7, 104.3, 103.7 (CsHy), 102.9, 102.6 (Cage C), 54.3, 47.8
(CH3NCH,), 45.1, 41.8 (CH2S1(CHzs)3), 42.2 (C(CHzs),), 33.7, 33.3 (C(CH;s)), 334
(NCHa), 26.2 (NCH,CH,CH,N), 20.6, 19.0 (CsH3(CH;),), —0.9 (CH,8i(CH3)3), —2.1
(CH,Si(CH;)). "B{'H} NMR (96 MHz, benzene-ds): § —2.3 (3B), —4.5 (2B), 8.1
(5B). IR (KBr, cm™): vpy 2557 (vs). Anal. Caled. for CsqHgsB1oNsSiZr (23a): C,
51.21; H, 7.96; N, 8.78. Found: C, 51.29; H, 7.68; N, 8.49.

Preparation of [5°:6-Me;C(CsH)(C2B1oH o) Zr[*-N(Xyl)=CNMe;] (24a). To
a toluene solution of 1a (426 mg, 1.00 mmol)was added dropwise a toluene solution
of XyINC (264 mg, 2.02 mmol) at -30 °C with stirring, the solution was stirred at
room temperature overnight. After filtration and washed with toluene (5 mL) and »-
hexane (10 mL X 3), 24a was collected as a white solid (377 mg, 54%). Single
crystal suitable for X-ray analyses were grown from a THF/toluene solution at room
temperature as 24a+0.5THF. 'H NMR (400 MHz, pyridine-ds): ¢ 7.12 (m, 2H,
CsH3(CHs)o), 7.04 (m, 4H, C¢H3(CH3),), 6.34 (t, J= 2.3 Hz, 2H, CsHy), 5.95 (t, J =

2.6 Hz, 2H, CsHa), 3.27 (s, 6H, N(CHjz)y), 2.41 (s, 6H, N(CH3)), 2.19 (s, 6H,
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CeH3(CHz)y), 2.12 (s, 6H, CsH3(CHi)), 1.65 (s, 6H, C(CHz),). *C{'H} NMR (100
MHz, pyridine-dg): & 206.7 (Zr-C=N), 147.3, 132.3, 131.2, 128.1, 127.8, 124.8
(CeH3(CHs),), 146.6, 106.0, 104.5 (CsHas), 103.1 (Cage C), 46.8, 36.4 (N(CH3),),
42.0 (C(CHa)y), 33.3 (C(CHas),), 20.4, 19.5 (CsH3(CHs),). ''B{'"H} NMR (96 MHz,
d-pyridine): 6 -3.6 (2B), -5.6 (3B), 9.1 (5B). IR (KBr, cm™): vgy 2540 (vs). Anal.
Calcd. for C33Hs0B1oN4Zr: C, 55.69; H, 7.30; N, 8.12. Found: C, 55.61; H, 7.14; N,
7.81.

Preparation of [#°:6-Me;C(CsH4)(C3B1oH10)) Zr[n’:9-
N(Xyl)=CN(Me)(CH;);N(Me)C-N(Ph)(-S)] (25a). To a toluene (20 mL) suspension
of 12a (342 mg, 0.49 mmol) was added dropwise a toluene (6 mL) solution of
PhNCS (479 mg, 3.50 mmol) at room temperature with stirring. The mixture was
stirred at 90 °C for 7 days. The solvent was removed under vacuum and the yellow
residue was washed with n-hexane (10 mL X 3) and redissolved in THF (20 mL).
The resulting yellow solution was filtered and concentrated under vacuum to about
10 mL. Complexes 12a (131 mg, 38%) and 25a (93 mg, 27%) were isolated as
colorless crystals and pale yellow solid by fractional recrystallization. 25a: 'H NMR
(400 MHz, benzene-dg): 6 7.01 (m, 3H, CsHs), 6.93 (m, 1H, CsH3(CH3)y), 6.81 (m,
2H, C¢H3(CHs)y), 6.64 (d, J = 7.9 Hz, 2H, C¢Hs), 6.53 (d, J = 2.9 Hz, 1H, CsHy),
6.35 (d, J = 2.6 Hz, 1H, CsHy), 6.00 (d, J = 2.5 Hz, 1H, CsHy), 5.56 (d, J = 2.4 Hz,
1H, CsHy), 3.88 (t, J = 13.7 Hz, 1H, NCH,), 3.15 (m, 1H, NCH,), 2.59 (s, 3H,
Ce¢H3(CHs),), 2.58 (s, 3H, NCH;), 2.48 (d, J = 14.4 Hz, 1H, NCH,), 2.22 (m, 1H,
NCH,), 1.62 (s, 3H, C¢H3(CHs),), 1.46 (s, 3H, C(CHs),), 1.40 (s, 3H, C(CHi),), 1.04
(t, J=13.9 Hz, 1H, NCH,CH,CH,N), 0.68 (t, J = 13.9 Hz, 1H, NCH,CH,CH;N).
13C{'H} NMR (100 MHz, benzene-ds): § 212.7 (ZrC=NXyl), 185.7 (N-C-S), 150.0

(CsHy), 147.9, 147.0, 133.3, 129.9, 129.3, 129.0, 128.7, 128.5, 127.7, 125.7, 121.5
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(C¢H3(CH3), + CgHs), 115.0, 114.7, 110.0, 107.2 (CsHy), 104.5, 103.7 (Cage C),
55.1, 49.8 (NCH;), 42.4 (C(CH3),), 36.5, 34.4 (NCHa), 34.1, 31.2 (C(CHs),), 244
(NCH,CH,CH,N), 21.7, 20.6 (C¢H3(CHs),). ''B{'H} NMR (96 MHz, benzene-ds): &
2.8 (3B), -6.0 (7B). IR (KBr, cm'l): vgy 2586, 2548 (vs). Anal. Calcd. for
C31H46B10N4SZr (25a): C, 52.73; H, 6.57; N, 7.93. Found: C, 52.69; H, 6.83; N, 7.62.

Preparation of [7°:6-Me;C(CsH4)(CaB1oH o) |Hf[1:7*-
N(Xyl)=CN(Me)(CH);N(Me)C-N(Ph)(-S)] (25b). To a toluene (20 mlL)
suspension of 12b (222 mg, 0.28 mmol) was added dropwise a toluene (6 mL)
solution of PhNCS (184 mg, 1.41 mmol) at room temperature with stirring. The
mixture was stirred at 90 °C for 2 days. The solvent was removed under vacuum and
the yellow residue was washed with n-hexane (5 mL X 3), and redissolved in toluene
(20 mL). The resulting yellow solution was filtered and concentrated under vacuum
to about 10 mL. Complex 25b was isolated as colorless crystals after this solution
stood at room temperature for 6 days (184 mg, 83%). 'H NMR (400 MHz, benzene-
de):  7.04 (m, 2H, C¢Hs), 7.00 (d, J = 7.3 Hz, 1H, CsH3(CHs)y), 6.92 (t,J= 7.5 Hz,
1H, Ce¢H3(CHs),), 6.82 (d, J = 7.1 Hz, 1H, Ce¢H3(CHas),), 6.79 (t, J = 7.3 Hz, 1H,
CeHs), 6.65 (d, J=7.9 Hz, 2H, C¢Hs), 6.48 (dd, J=2.4, 5.6 Hz, 1H, CsH,), 6.28 (dd,
J=25,5.3 Hz, 1H, CsH,), 5.94 (dd, J= 3.1, 5.6 Hz, 1H, CsHy), 5.83 (dd, J = 2.9,
5.4 Hz, 1H, CsH,), 3.87 (t,J=13.6 Hz, 1H, NCH>), 3.12 (m, 1H, NCH>), 2.63 (s, 3H,
CeH3(CHs),), 2.59 (s, 3H, NCH3), 2.49 (m, 1H, NCH>), 2.21 (m, 1H, NCH,), 1.93 (s,
3H, NCHj3), 1.61 (s, 3H, C¢H3(CHa),), 1.46 (s, 3H, C(CHs),), 1.43 (s, 3H, C(CHs)y),
1.02 (t, J = 13.6 Hz, NCH,CH,CH,N), 0.69 (t, J = 13.6 Hz, NCH,CH,CH;,N).
BC{'H} NMR (100 MHz, benzene-dy): § 222.7 (Hf-CNXyl), 185.8 (N-C-S), 148.3
(CsHy), 147.6 (CsHa), 146.5, 133.7, 130.2, 121.4, 119.3 (C¢H3(CHs)), 113.9, 113.3,

108.5, 106.3 (CsHa), 111.0, 103.6 (Cage C), 55.3, 49.8 (NCH,), 41.9 (C(CH3),), 36.4,
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34.7 (NCH3), 34.2, 31.1 (C(CHs)y), 24.5 NCH,CH,CH:N), 21.7, 20.7 (CsH3(CH3),).
"B{'H} NMR (96 MHz, benzene-dg): § —2.7 (3B), 4.7 (2B), -6.0 (5B). IR (KBr,
cm'l): vy 2589, 2549 (vs). Anal. Caled. for C3;HyB1oHIN4S (25b): C, 46.93; H,
5.84; N, 7.06. Found: C, 46.79; H, 5.40; N, 6.80.

Preparation of [7°:6-Me;C(CsH)(C:B1oHio) | Hf[7%:7*-
N(Xyl)=CN(Me)(CH,);N(Me)C-N("Bu)(-S)] (25b%) and [7°:0-
Me,C(CsH4)(C2B1oH10) |HE[17%:#*-N("Bu)=CN(Me)(CH,);sN(Me)C-N("Bu)(-S)]
(26b’). To a toluene (20 mL) suspension of 12b (228 mg, 0.29 mmol) was added
dropwise a toluene (6 mL) solution of "BuNCS (220 mg, 1.74 mmol) at room
temperature with stirring. The mixture was stirred at 110 °C for 1 days. The solvent
was removed under vacuum and the yellow residue was washed with cold #-hexane
(-30 °C, 5 mL X 2), and redissolved in DME (10 mL). The resulting yellow solution
was filtered and concentrated under vacuum to about 5 mL. Complex 25b’ was
isolated as colorless crystals after this solution stood at room temperature for 6 days
(132 mg, 59%). 26b’ cannot be purified by recrystallization, only a mixture of 25b’
and 26b’ was obtained (22 mg, 10%) in a molar ratio of 1:3.

25b’: '"H NMR (400 MHz, benzene-ds): 6 6.96 (m, 3H, CsH3(CH3),), 6.44 (m, 1H,
CsHi), 6.14 (dd, J = 3.2, 5.6 Hz, 1H, CsHy), 5.92 (dd, J = 2.4, 5.3 Hz, 1H, CsHy),
5.77 (dd, J=3.0, 5.5 Hz, 1H, CsH,), 3.92 (m, 1H, NCH), 3.04 (m, 1H, NCH>), 2.79
(m, 2H, NCH>), 2.45 (m, 1H, NCH), 2.57 (s, 3H, NCHj), 2.49 (s, 3H, CsH3(CH3)),
2.28 (m, 1H, NCH,;), 1.98 (s, 3H, CeH3s(CHz)2), 1.91 (s, 3H, NCHj3), 1.45 (s, 3H,
C(CHs)y), 1.44 (m, 2H, NCH,CH,), 1.18 (m, 3H, NCH,CH,CH, + NCH>CH>CH;N),
0.89 (t, J = 7.3 Hz, 3H, CH3), 0.72 (t, J = 14.2 Hz, 1H, NCH,CH,CH:-N). PC{'H}
NMR (100 MHz, benzene-dg): 6 222.3 (Hf-C=N), 185.1 (N-C-S), 148.5, 148.3, 133.6,

129.9, 129.6, 125.4 (CsH3(CHs),), 115.7, 110.8, 107.0, 105.1 (CsHy), 112.3, 103.2
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(Cage (), 55.1, 53.8, 47.9 (NCH,), 41.2 (C(CHs)), 35.8 (NCH;), 334, 32.7
(C(CHs)), 32.2 (NCHs), 321 (NCHCH), 23.6 (NCH,CH,CH;N), 20.9
(CsH3(CHs), + NCH,CH2CHy), 20.6 (CeH3(CHs)), 14.2 (CHs). "B{'H} NMR (128
MHz, benzene-dg): § —1.7 (1B), —2.8 (2B), -5.5 (3B), —8.9 (3B), -12.7 (1B}. IR (KBr,
cm"): vey 2593, 2546 (vs). Anal. Calcd. for CoHsoB1cHfN4S (25b°): C, 45.04; H,
6.52; N, 7.24. Found: C, 45.08; H, 6.62; N, 7.00.

26b’: '"H NMR (400 MHz, benzene-dg): & 6.57 (dd, J = 2.3, 5.7 Hz, 1H, CsHy),
6.34 (dd, J=2.4, 5.3 Hz, 1H, CsHy), 6.08 (dd, J=3.1, 5.6 Hz, 1H, CsHy), 5.89 (dd, J
= 3.0, 5.4 Hz, 1H, CsHy), 4.05 (m, 1H, NCH,), 3.44 (m, 2H, NCH,), 2.88 (m, 2H,
NCH,), 2.71 (m, 1H, NCH>), 2.57 (s, 3H, NCH3), 2.31 (m, 1H, NCH,), 2.28 (s, 3H,
NCHS3), 2.20 (m, 1H, NCH>), 1.53 (s, 3H, C(CHs)), 1.51 (s, 3H, C(CH;),), 1.47 (m,
2H, NCH,CH,), 1.23 (m, 6H, NCH,CH, + NCH;CH,CH,), 0.88 (m, 4H, CH; +
NCH,CH,CH,N), 0.84 (t, J = 74 Hz, 3H, CH;), 0.72 (t, J = 145 Hz, 1H,
NCH,CH,CH;N). P*C{'H} NMR (100 MHz, benzene-ds): 6 221.7 (Hf-C=N), 181.7
(N-C-S), 147.2, 114.4, 111.7, 1074, 104.8 (CsHs), 56.2, 52.4, 50.6, 47.6 (NCH,),
41.7 (C(CHs),), 36.6, 35.3 (NCHzs), 34.1, 31.9 (C(CHs),), 32.6, 32.2 (NCH,CH,),
23.5 (NCH,CH,CH;N), 23.0, 20.9 (NCH,CH>CHj), 14.3, 14.1 (CHj), the cage
carbons were not observed. !'B{'H} NMR (128 MHz, benzene-ds): 6 —1.9 (3B), -5.3
(3B),-8.1 (3B), -12.2 (1B).

Preparation of [7°:6-Me2C(CsHa)(C2B1oH o)) Zr[n -
N({Ph)=CN(Me)(CH:);N(Me)C-N(Ph)(-S})] (26a). To a toluene (20 mL) suspension
of 12a (300 mg, 0.43 mmol) was added dropwise a toluene (6 mL} solution of
PhNCS (333 mg, 2.56 mmol} at room temperature with stirring. The mixture was
stirred at 110 °C for 3 days. The solvent was removed under vacuum and the yellow

residue was redissolved in THF (20 mL). The resulting yellow solution was filtered
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and concentrated under vacuum to about 10 mL. Complexes 25a and 26a were
isolated as yellow crystals by fractional recrystallization (25a: 44 mg, 14%; 26a: 62
mg, 21%). A mixture of 25a and 26a was obtained (147 mg, 49%) in a molar ratio of
~1:1. '"H NMR (400 MHz, benzene-ds): & 7.33 (d, J = 4.5 Hz, 4H, CeHs), 7.24 (m,
3H, Csifs), 7.14 (m, 2H, C¢Hs), 6.94 (t, J = 7.4 Hz, 1H, CeHs), 6.65 (dd, J=2.3, 5.6
Hz, 1H, CsHs), 6.42 (dd, J= 2.4, 5.3 Hz, 1H, CsHy), 6.12 (dd, J = 3.0, 5.5 Hz, 1H,
CsHy), 6.03 (dd, J= 3.1, 5.6 Hz, 1H, CsH,), 3.84 (t, /= 13.2 Hz, 1H, NCH,), 3.06 (m,
1H, NCH,), 2.70 (s, 3H, NCHs), 2.63 (m, 1H, NCH,), 2.09 (s, 3H, NCH3), 2.03 (m,
1H, NCH>), 1.53 (s, 3H, C(CHs)), 1.42 (s, 3H, C(CHs),), 1.07 (1, J=15.1 Hz, 1H,
NCH,CH,CH,N), 0.60 (t, J = 14.5 Hz, 1H, NCH,CH,CH;N). C{'H} NMR (100
MHz, benzene-ds): 6 212.7 (Zr(C=NPh), 183.3 (N-C-8), 150.1 (CsHy), 149.5, 148.4,
129.3, 128.5, 125.6, 125.5, 123.1, 122.4 (C¢Hs), 116.3, 113.4, 110.1, 106.1 (CsHy),
103.8, 103.0 (Cage ©), 55.2, 48.7 (NCH>), 42.3 (C{CHs)2), 36.3, 35.5 (NCHzy), 33.7,
31.9 (C(CHj)y), 23.6 (NCH,CH,CH,N). '"B{'H} NMR (96 MHz, benzene-dy):  —
2.8 (3B), 5.7 (3B), -8.1 (3B), —-12.4 (1B). IR (KBr, cm™): vpy 2592, 2556 (vs). Anal.

Caled. for CsHyBigN4SZr (26a): C, 51.37; H, 6.24; N, 8.26. Found: C, 51.66; H,

6.56; N, 7.90.
Preparation of [7°:0-Me;C(CsH)(CaByoH0) Hf 7 :0-
(Xy)N=CN(Me)(CH,);N(Me)C(Ph)=N] (27b) and In>:0-

Me;C(CsHa)(C2B1oH10)|HE["-N(XyDC[N(Me)(CH2);N(Me)|=CN(Xyl)] (28b). To
a toluene (20 mL) suspension of 12b (268 mg, (.34 mmol) was added dropwise a
toluene (6 mL) solution of PhCN (357 mg, 3.40 mmol) at room temperature with
stirring. The mixture was stirred at 110 °C for 7 days. The solvent was removed
under vacuum and the yellow sticky residue was redissolved in ether (20 mL). After

filtration, the resulting yellow solution was concentrated under vacuum to about 10
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mL. Complex 27b was isolated as pale yellow crystals after this solution stood at
room temperature for 6 days and 28b was isolated as yellow crystals after the
remaining solution stood at room temperature for 2 days (27b: 68 mg, 26%; 28b: 89
mg, 33%). 27b: '"H NMR (400 MHz, benzene-ds): 8 7.30 (d, J = 7.3 Hz, 2H, C¢Hs),
7.19 (m, 2H, C¢Hs), 7.11 (m, 1H, C¢Hs), 7.00 (d, J = 7.1 Hz, 1H, C¢H3(CHj3),), 6.91
(t,J=7.4 Hz, 1H, C¢H3(CH3),), 6.86 (d, J= 7.2 Hz, 1H, C¢H3(CHa),), 6.05 (brs, 1H,
CsHa), 5.91 (brs, 1H, CsH,), 5.85 (brs, 1H, CsHy), 5.54 (brs, 1H, CsHy), 4.15 (m, 2H,
NCH,), 3.10 (m, 2H, NCH>), 2.43 (s, 3H, NCHj3), 2.14 (s, 6H, NCH; + C¢H3(CHz)),
2.06 (s, 3H, CcH3(CH;)y), 1.53 (s, 3H, C(CHs),), 1.50 (s, 3H, C(CHs),), 1.25 (m, 2H,
NCH,CH,CH,N). PC{'H} NMR (100 MHz, benzene-d¢): & 217.2 (Hf-C=NXyl),
164.3 (Hf-N=C-Ph), 147.6, 145.8, 132.5, 131.4, 129.2, 128.7 (C¢Hs + Ce¢H3(CH3)z),
139.0, 109.4, 107.8, 105.8, 104.8 (CsHa), 110.7, 103.9 (Cage C), 54.7, 46.0 (NCH,),
42.4 (C(CHj)y), 39.0, 36.9 (NCHj3), 33.4, 33.3 (C(CHs)p), 25.7 (NCH,CH,CH;:N),
20.1, 19.5 (C¢H3(CHs),). "'B{'H} NMR (96 MHz, benzene-ds):  —3.0 (3B), -5.1
(3B), -8.3 (4B). IR (KBr, em™): vgy 2587, 2556 (vs). Anal. Calcd. for
C31HyB1oHIN, (27b): C, 48.91; H, 6.09; N, 7.36. Found: C, 48.79; H, 5.95; N, 6.82.

Preparation of [#°:6-MeyC(CsH)(C2B1oH )| Hf -

(Xyl)N(lf[N(Me)(CHz)g,N(Me)]=(IZ'N(Xyl)] (28b). A toluene (15 mL) suspension of
12b (157 mg, 0.20 mmol) was heated at 110 °C in a close Schlenk flask for 7 days.
After filtration, the resulting clear yellow solution was evaporated to dryness under
vacuum. The yellow residue was redissolved in ether (30 mL). After filtration, the
resulting yellow solution was concentrated under vacuum to about 15 mL. Complex
28b was isolated as pale yellow crystals after this solution stood at room temperature
for 2 days (108 mg, 69%). 'H NMR (400 MHz, benzene-dg): 6 7.12 (m, 2H,

CeH5(CHa),), 6.97 (m, 4H, Cefl(CHs),), 5.81 (t, J = 2.7 Hz, 2H, CsHy), 5.12 (¢, J =
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2.6 Hz, 2H, CsH,), 2.86 (m, 4H, NCH,), 2.65 (s, 6H, NCH3), 2.12 (s, 6H,
CeH3(CH)), 1.35 (s, 6H, C(CHs)), 1.26 (m, 2H, NCH,CH,CH,N). BC{'H} NMR
(100 MHz, benzene-dg): ¢ 149.6 (CsHy), 144.2, 134.1, 132.3, 129.0, 128.8, 128.6
(CsHa(CHs)y), 124.7 (C=0), 112.2, 109.7 (CsHy), 50.1 (NCH3), 42.2 (C{CH3)), 37.7
(NCH3), 32.3 (C(CHs)), 21.9 (NCH,CH,CH,N), 20.7 (CeH3(CHz)). 'B{'H} NMR
(96 MHz, benzene-dg): ¢ 0.5 (1B), —2.5 (1B), -5.1 (2B), -9.8 (2B), —10.6 (4B). IR
(KBr, cm']): vpy 2563 (vs). Anal. Caled. for C33HsoB1oHfNs (28b): C, 50.21; H, 6.38;
N, 7.10. Found: C, 50.40; H, 6.35; N, 6.77.

Preparation of [?}5:O'-M€2C(C5H4)(C2B10Hm)]Zl'[?]z—S2C2B1on](NHMez)2 (30).
To a toluene (20 ml) solution of 1b (214 mg, 0.50 mmol) was added dropwise a
toluene (2.0 mL) solution of 29 (0.25 M, 0.50 mmol) at -78 °C with stirring. The
mixture was stirred at room temperature overnight. After filtration, the resulting clear
yellow solution was concentrated to about 5 mL. n-Hexane (10 mL) vapor diffusion
gave 30 as a yellow solid over a period of 2 days (226 mg, 71%). '"H NMR (400
MHz, pyridine-ds): ¢ 9.18 (s, 2H, HN(CHj3),), 6.64 (d, J = 2.0 Hz, 1H, CsHy), 6.60
(brs, 1H, CsH,), 6.26 (brs, 1H, CsHa), 5.90 (d, J = 2.1 Hz, 1H, CsHy), 2.83 (s, 12H,
HN(CHs)z), 1.60 (s, 3H, C(CHs)a), 1.55 (s, 3H, C(CHz)). PC{'H} NMR (400 MHz,
pyridine-dg): & 145.9, 114.7, 113.3, 109.8, 107.3 (CsHy), 103.3, 103.1 (Cage C), 94.5
(Cage C-8), 42.2 (C(CHs)y), 36.0 (HN(CH),), 34.3, 31.9 (C(CHs),). 'B{'H} NMR
(128 MHz, pyridine-ds): 6 3.4 (5B),-5.8 (4B), —9.4 (11B). IR (KBr, cm™): vgn 2568
(vs). Anal. Cacld. for Cy4sH3g 75B20N125822r (30 — 0.75HNMe,): C, 28.92; H, 6.48;
N, 2.91. Found: C, 29.06; H, 6.28; N, 2.45.

Preparation of [#:6-Me;C(CsH)(C2B1oHi)] Zr [#77-S2C:BroH 1) [2,6-
(CH;3),C¢H3;N=C]2*(C7Hs)os (31+(C-Hsg)s). To a toluene (20 mL) solution of 1b

(214 mg, 0.50 mmol) was added dropwise a toluene (2.0 mL) solution of 29 (0.25 M,
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0.50 mmol) at -78°C with stirring. The mixture was stirred at room temperature
overnight. The orange yellow solution was filtered to a flask containing a toluene (5
mL) solution of XyINC (135 mg, 1.00 mmol) at -78 °C. Complex 31+(CsHg)o.s was
isolated as yellow crystals after this solution stood at room temperature overnight
(312 mg, 73%). '"H NMR (400 MHz, pyridine-ds): § 7.26 (m, 2H, CsH3(CHs), +
CsHy), 7.14 (m, 2H, C¢H3(CHs), + CsHy), 6.04 (d, J = 7.5 Hz, 2H, C¢H3(CHa)y),
6.99 (d, J = 7.5 Hz, 2H, CsH3(CHs;)y), 6.30 (brs, 1H, CsHy), 6.59 (brs, 1H, CsHy),
2.60 (s, 6H, C¢Ha(CHz)z), 2.24 (s, 6H, C¢H3i(CHjz)), 1.63 (s, 3H, C(CHa)), 1.48 (s,
3H, C(CHs)). PC{'H} NMR (75 MHz, pyridine-ds): § 169.5 (XyIN=C), 153.8,
117.5, 114.1, 111.7, 111.6 (CsHas), 106.3, 106.2 (Cage C), 95.1, 94.5 (Cage C-S),
42.2 (C(CHs)y), 34.1, 31.0 (C(CHs),), 18.7, 18.6 (CsH3(CHs),). ''B{'H} NMR (96
MHz, pyridine-ds): 6 —9.1 (17B), —13.5 (3B). IR (KBr, cm'l): vy 2553 (vs). Anal.
Caled. for Cs3y75sHs0B20N2S2Zr (31 + 0.25Toluene): C, 45.87; H, 6.06; N, 3.37.

Found: C, 45.65; H, 6.08; N, 3.43.

Preparation of [?]5:O'-M02C(C5H4)(C2B]oﬂm)lzrlﬂz—
S,C,B1oH 0] [O=C(NMe;)NHPh]; (32). To a toluene (20 mL) solution of 1b (214
mg, 0.50 mmol) was added dropwise a toluene (2.0 mL) solution of 29 (0.25 M, 0.50
mmol) at -78°C with stirring. The mixture was stirred at room temperature overnight.
The orange yellow solution was filtered to a flask containing a toluene (5 mL)
solution of PANCO (115 mg, 1.00 mmol) at -78 °C. The solution was stirred at room
temperature overnight. After filtration, the yellow solid was collected and
redissolved in THF (20 mL). The resulting yellow solution was filtered and
concentrated under vacuum to about 10 mL. Complex 32 was isolated as yellow
crystals after this solution stood at room temperature for 5 days (382 mg, 87%). 'H

NMR (300 MHz, pyridine-ds): & 8.82 (brs, 1H, N-H), 7.86 (d, J = 7.5 Hz, 2H, C¢Hs),
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7.33 (m, 5H, CeHs + N-H), 7.23 (d, J = 7.5 Hz, 3H, C¢Hs), 7.12 (m, 2H, CeHs +
CsHy), 6.67 (d, J=2.7Hz, 1H, CsHy), 599 (d, J= 2.7 Hz, 1H, CsH,), 5.44 (d, /=24
Hz, 1H, CsH,), 2.93 (s, 6H, N(CHs)2), 2.50 (brs, 6H, N(CH;)z), 1.52 (s, 3H, C(CHs)y),
1.49 (s, 3H, C(CHj3)y). ”C{]H} NMR (75 MHz, benzene-dg): d 165.7, 156.2 (C=0),
147.9 (CsHy), 146.0, 141.1, 128.7, 128.3, 124.9, 123.3, 121.9, 120.2 (C4H5), 118.6,
117.1, 112.3, 112.0 (CsHa), 108.1 (Cage ), 100.0, 99.2 (Cage C-8). 41.3 (C{(CHs),),
37.0, 35.9 (N(CH;)2), 33.0, 31.8 (C(CHa)z). 'B{'H} NMR (128 MHz, pyridine-d):
§ —3.7 (6B), 6.8 (6B), —9.3 (8B). IR (KBr, cm™): vay 2568(vs). Anal. Calcd. for
CioHsaB2oNsO282Zr (32): C, 41.21; H, 6.23; N, 6.41. Found: C, 41.21; H, 6.34; N,
6.49.

Preparation of [7°:6-Me;C(CsHa)(CoBoH0)] Zr[4-
$2C2B1gH19] [S=C(NMe;)NH"Bu] (33). To a toluene solution of 1b (214 mg, (.50
mmol) was added dropwise a toluene (2.0 mL) solution of 29 (0.25 M, 0.50 mmol) at
-78°C with stirring. The mixture was stirred at room temperature overnight. The
orange yellow solution was filtered to a flask containing a toluene (5 mL) solution of
"BuNCS (131 mg, 1.00 mmol) at -78 °C. The solution was stirred at room
temperature overnight. Afier filtration, the resulting yellowish orange solution was
concentrated under vacuum to about 5 ml. Complex 33 was isolated as yellow
crystals after this solution stood at room temperature for 5 days (269 mg, 76%). 'H
NMR (300 MHz, pyridine-ds): 6 7.73 (brs, IH, N-H), 7.28 (brs, 2H, CsH,), 6.41 (brs,
2H, CsHy), 3.87 (q, J = 6.6 Hz, 2H, NCH,), 3.23 (s, 6H, N(CHs),), 1.68 (m, 2H,
NCH,CH,), 1.47 (s, 6H, C(CHs),), 1.28 (q,J = 7.4 Hz, 2H, NCH,CH,CH,), 0.78 (t, J
= 7.4 Hz, 3H, CHs). “C{'H} NMR (75 MHz, pyridine-ds): & 183.0 (C=S), 155.6,
117.6, 115.9 (CsHa), 110.5, 106.6 {Cage ), 94.4 (Cage C-S), 46.0 (NCH,), 42.0

(C(CHj),), 40.3 (N(CHs)), 33.1 (C(CHs)p), 32.0 (NCH,CHy), 20.3 (NCH;CH,CHy),
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13.9 (CH3). "B{'"H} NMR (128 MHz, pyridine-ds): § —-0.2 (3B), -3.2 (3B), -5.0
(4B), —8.1 (10B). IR (KBr, cm™): vay 2951 (vs). Anal. Calcd. for C oHasB2oN»S3Zr
(33): C,32.31; H, 6.57; N, 3.97. Found: C, 32.46; H, 6.60; N, 3.89.

Preparation of [77°:6-MeyC(CsH)(C:BroH1o)) Zr [~
S2CaB1¢H 10} [O(CH,),NHMe,}C,H; (34+C,Hj3). To a toluene (20 mL) solution of
1b (427 mg, 1.00 mmol) was added dropwise a toluene (4 mL) solution of 29 (0.25
M, 1.00 mmol) at room temperature with stirring. The mixture was stirred at room
temperature overnight. After filtration, 0.5 mL of THF was added at room
temperature, and the solution was heated at reflux for one day. After filtration,
Complex 34-C;Hg was isolated as orange crystals via slow evaporation of solvents
(454 mg, 60%). 'H NMR (300 MHz, pyridine-ds): & 11.37 (brs, 1H, N-AH), 6.71 (d, J
=24 Hz, 1H, CsHy), 6.46 (t, J= 2.4 Hz, 1H, CsH,), 6.30 (1, J = 2.1 Hz, 1H, CsHy),
5.73 (t,J=2.7 Hz, 1H, CsHy), 4.27 (m, 2H, NCH>), 3.26 (m, 2H, NCH,;CH), 3.04 (s,
6H, N(CHs)y), 2.11 (m, 2H, OCH;CH,), 1.67 (m, 2H, OCH,), 1.60 (s, 3H, C(CHs),),
1.56 (s, 3H, C(CHs)y). ®C{'H} NMR (75 MHz, pyridine-ds): & 149.6, 118.4, 115.1,
113.2, 109.7 (CsHyg), 109.7, 104.8 (Cage C), 99.1 (Cage C-S), 75.3 (OCHy), 69.7
(OCH,CHy), 60.3 (NCH,CHy), 45.4 (N(CHa)z), 43.9 (NCHy), 35.5 (C(CHjs),), 34.5,
32.3 (C(CHa)). "'B{'H} NMR (128 MHz, benzene-ds): & —3.9 (4B), -8.0 (6B), 9.8
(10B). IR (KBr, cm™): vgy 2571 (vs). Anal. Caled. for CysHs3ByoNOS,Zr (34 +
Toluene): C, 39.76; H, 7.07; N, 1.85. Found: C, 39.38; H, 7.05; N, 2.08.

Preparation of [#7°:6-Me;C(CsHa)(C2B1oH 10)| Zr [’
S,C;BgH o] [NH=C(NMe,)Ph], (35). This complex was prepared as colorless
crystals from 1b (220 mg, 0.50 mmol), 29 (2.0 mL, 0.50 mmol) and PhCN (103 mg,
1.00 mmol) in toluene (20 mL) solution using the identical procedure reported for 33:

yield 327 mg (78%). 'H NMR (400 MHz, pyridine-ds): & 8.18 (brs, 2H, CsHs), 7.86
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(d, J = 7.2 Hz, 2H, C¢Hs), 7.52 (m, 6H, CsHs), 5.92 (brs, 2H, CsH,), 4.18 (brs, 2H,
CsHy), 3.27 (s, 6H, N(CHs),), 3.02 (brs, 2H, N-H), 2.63 (s, 6H, N(CH,),), 1.38 (s, 6H,
C(CHs),). C{'H} NMR (100 MHz, pyridine-ds): & 166.7 (C=N), 151.1 (CsHa),
132.9, 129.9, 128.8, 128.7, 128.6 128.2, 127.2, 1274.1 (CeHs), 116.4, 107.5 (CsHa),
106.6, 105.7 (Cage C), 97.0, 95.0 (Cage C-S), 41.2 (C(CHz),), 40.5, 38.9 (N(CHs),),
36.6, 31.9 (C(CH3),). "B{'H} NMR (128 MHz, pyridine-ds): 5 -5.4 (7B), 8.9
(13B). IR (KBr, cm'l): vy 2555 (vs). Anal. Calcd. for C3oHs4B2oN4S2Zr (35): C,
42.78; H, 6.46; N, 6.65. Found: C, 43.07; H, 6.79; N, 6.29.

Preparation of [qs:O’-M82C(C5H4)(C2310H10)]Zr[r]z-S2C2B10H[0] [?fz-

[ |
0=C(OMe)CH(CH,NMe,CH,CH;)-C(OMe)-O]*C7Hg  (36°C-Hg) and [i°:0-

I
MEZC(C5H4)(C2B 10H10)]ZI‘IP]2-S;2C2B10H13] [P]2-0=C(0MC)C(CH2NM82CH2CH2)

:IC-O]-STHF (37-3THF). To a toluene (20 mL) solution of 1b (214 mg, 0.50 mmol)
was added dropwise a toluene (2.0 mL) solution of 29 (0.25 M, 0.50 mmol) at -78°C
with stirring. The mixture was stirred at room temperature overnight. The orange
yellow solution was filtered to a flask containing a toluene (5 mL) solution of MA
(179 mg, 2.00 mol) at -78 °C. A white solid was immediately formed. The solution
was stirred at room temperature overnight. After filtration, the white solid was
collected and washed with toluene (5 mL X 2) and n-hexane (10 mL X 3) to give
36°C-;Hg as a white solid (271 mg, 63%). Recrystallization of 36C;Hg from THF (8
mL) solution gave 37°3THF as colorless crystals over a period of 18 days at room
temperature (267 mg, 56%) (Isomer A : Isomer B = 1.7:1). 36: 'H NMR (400 MHz,
pyridine-ds): é 7.14 (m, IH, CsHy), 6.80 (d, J = 1.8 Hz, 1H, CsH,), 6.06 (brs, 1H,
CsHy), 5.80 (d, J = 2.1 Hz, 1H, CsHy), 5.60 (m, 1H, MeOC(=0)CH), 4.26 (d, J =
11.8 Hz, 1H, NCH,), 4.04 (m, 1H, NCH,), 4.02 (s, 3H, OCHj3), 3.68 (m, 2H,

NCH,CHy), 3.60 (s, 3H, N(CHz),), 3.50 (s, 3H, N(CHs)y), 3.26 (s, 3H, OCH3), 2.23

222



(1H, NCH,CH,), 1.80 (m, 1H, NCH,CH,), 1.60 (s, 3H, C(CHs),), 1.58 (s, 3H,
C(CHs),). C{'H} NMR (100 MHz, pyridine-ds): 6 174.3 (Zr-O=C), 148.0, 119.3,
115.6, 114.4, 113.5 (CsHy), 107.7, 102.5 (Cage C), 96.5 (Zr-O-COMe)), 67.8 (Zr-O-
C(OMe)-0), 61.1, 59.8 (NCHy), 56.6 (NCH3), 56.3, 48.2 (OCH3), 47.7 (NCH3), 45.5
(MeOC(=0)CH), 41.9 (C(CHs)y), 33.8, 31.6 (C(CHs),), 25.7 (NCH,CHy). ''B{'H}
NMR (128 MHz, pyridine-ds): 6 =3.9 (3B), 6.5 (2B), -9.2 (5B). IR (KBr, cm™): vgy;
2587 (vs). Anal. Calcd. for Ca9Hs7B20NO4S,2Zr (36 + Toluene): C, 40.72; H, 6.72; N,
1.64. Found: C, 40.98; H, 6.94; N, 1.71.

37: Isomer A: '"H NMR (400 MHz, pyridine-ds): ¢ 6.52 (m, 1H, CsH,), 6.49 (m,
1H, CsHy), 6.14 (dd, J = 2.3, 5.6 Hz, 1H, CsHy), 5.78 (dd, J = 3,2, 5.6 Hz, 1H, CsHy),
4.63 (d, J = 13.8 Hz, 1H, NCH,), 4.35 (d, J = 13.8 Hz, 1H, NCH>), 3.85 (m, 2H,
NCH,CH,), 3.77 (s, 3H, OCH3), 3.55 (s, 6H, N(CHs)y), 2.81 (m, 2H, NCH,CH,),
1.64 (s, 3H, C(CHs)y), 1.56 (s, 3H, C(CHs)). “C{'H} NMR (100 MHz, pyridine-ds):
8 177.6, 168.7 (Zr-O-C), 147.5, 118.3, 115.2, 110.7, 109.1 (CsHy), 101.1 (O-C=C),
96.0, 95.5 (Cage C), 90.1 (Cage C-S), 59.3 (NCH,), 59.0 (NCH,CH,), 53.5
(N(CHs),), 52.5 (OCH3j), 40.8 (C(CHs)2), 33.5, 31.3 (C(CHs),), 29.3 (NCH,CH,).
Isomer B: '"H NMR (400 MHz, pyridine-ds): 6 6.51 (m, 1H, CsHy), 6.44 (dd, J=2.4,
5.0 Hz, 1H, CsHy), 6.11 (dd, J = 2.4, 5.6 Hz, 1H, CsHy), 5.73 (dd, J = 3.28, 5.5 Hz,
1H, CsHy), 4.52 (d, J = 14.0 Hz, 1H, NCH>), 4.40 (d, J = 14.0 Hz, 1H, NCH,), 3.92
(s, 3H, OCH3), 3.92 (m, 2H, NCH,CHy), 3.54 (s, 6H, N(CHs)), 3.10 (m, 1H,
NCH,CH,), 2.92 (m, 1H, NCH,CH,), 1.62 (s, 3H, C(CHz)), 1.54 (s, 3H, C(CHs),).
BC{'H} NMR (100 MHz, pyridine-ds): 6 177.8, 170.3 (Zr-O-C), 147.8, 119.5, 114.3,
110.3, 109.5 (CsHy), 109.6 (O-C=C), 95.6, 95.3 (Cage C), 88.5 (Cage C-S), 59.8
(NCH,), 59.0 (NCH2CHb>), 53.9 (OCH3), 48.2 (N(CHs),), 40.8 (C(CHs)), 33.1, 31.6

(C(CHs)y), 28.5 (NCH,CH,). ''B{'H} NMR (128 MHz, pyridine-ds): § -3.6 (14B), —
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6.9 (12B), -8.8 (24B). IR (KBr, cm'l): vy 2595, 2553 (vs). Anal. Caled. for
Ca7Hs7B2oNQ4 58, 7r (37 + 1.5THF): C, 38.64; H, 6.85; N, 1.67. Found: C, 38.29; H,
7.12; N, 1.56.

General Procedure for the Preparation of Amidine 38 ~ 40. PhCN and catalyst
30 (0.05 equiv) were mixed in a Schienk flask with a Teflon valve, followed by
addition of amine at -78 °C. The flask was then closed (in order to prevent
evaporation of amines with low boiling point) and the resulting mixture was warmed
to room temperature and stirred at 90 °C for 12 hrs. Removal of the solvent and
excess amine gave the corresponding product which was purified by distillation.

Preparation of PhC(=NH)N(CHj),) (38). This compound was prepared from
PhCN (10 mL), HNMe; (0.70 mL, 10.86 mmol) and 30 (191 mg, 0.30 mmol)
according to the “General Procedure for the Preparation of Amidine”. Colorless oil
(1.02 g, 62%). '"H NMR (400 MHz, chloroform-dy): § 7.35 (m, 3H, CeHs), 7.29 (m,
2H, CeHs), 6.21 (brs, 1H, N-H), 2.90 (s, 6H, N(CHs)2). PC{'H} NMR (100 MHz,
chloroform-d,): 6 170.0 (C=N), 138.7, 128.8, 128.4, 126.6 (CcHs), 38.6 (N(CHai)).

Preparation of PhC(=NH)N(CH;CH3),;) (39). This compound was prepared
from PhCN (5 mL), HNEt; (0.20 mL, 1.93 mmol) and 30 (38 mg, 0.06 mmol)
according to the “General Procedure for the Preparation of Amidine”. Colorless oil
(69 mg, 20%). '"H NMR (400 MHz, chloroform-d,): 6 7.36 (m, 3H, CsHs), 7.30 (m,
2H, C¢Hs), 4.97 (brs, 1H, N-H), 3.31 (q, J = 7.0 Hz, 4H, NCH,CH3), 1.12 (t, J = 7.1
Hz, 6H, NCH,CH3). *C{'H} NMR (100 MHz, chloroform-d;): 3 168.6 (C=N),
139.1, 128.6, 128.4, 126.4 (C4Hs), 42.0 (NCH,CHs), 13.2 (NCH,CHa).

Preparation of PhC(=NH)N(CH,CH,CHj;),) (40). This compound was prepared
from PhCN (5 mL), HN"Pr; (0.28 mL, 2.04 mmol) and 30 (38 mg, 0.06 mmol)

according to the “General Procedure for the Preparation of Amidine”. Colorless oil
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(78 mg, 19%). '"H NMR (300 MHz, chioroform-d,): § 7.27 (m, 3H, C¢Hs), 7.20 (m,
2H, Cg¢Hs), 4.63 (brs, 1H, N-H), 3.13 (t, J= 7.4 Hz, 4H, NCH,CH3CHj3), 1.50 (m, 4H,
NCH,CIHCH;), 0.75 (1, J = 8.6 Hz, 6H, NCH,CH,CHs). “C{'H} NMR (75 MHz,
chloroform-di}: 6 169.1 (C=N), 1393, 128.5, 1283, 126.5 (Ce¢Hs), 49.5
(NCH;CH,CH3), 21.0 (NCH,CH>CH3), 11.2 (NCH>CH,CHjs).

Preparation of [°:0-MexC(CsH)(C2BioH 0)]Zr(NMez); (1a) and [5°:°-
MeC(CsH)(C2BsHyg)| Zr(NMe3)(HNMe;) (42a). To a toluene (30 mL) solution of
Zr(NMes)s (2.72 g, 10.20 mmol) was added dropwise a toluene (15 mL) solution of
41 (2.51 mg, 10.02 mmol} at room temperature with stirring. The mixture was stirred
at room temperature for 2 days and refluxed overnight. After filtration, the yellow
solid was collected and washed with toluene (5 mL X 2). After thoroughly dried
under vacuum, complex 42a was collected as a yellow solid (1.40 g, 33%). The
remaining yellow solution was concentrated to about 8 mL, la was isolated as
yellow crystals after this solution stood at -30 °C for 2 days (2.68 g, 63%). Single
crystal of 42a suitable for X-ray analyses were grown from a DME/toluene solution
at room temperature as 42a~C;Hs. 42a: 'H NMR (300 MHz, pyridine-ds): & 6.68 (brs,
IH, CsHy), 6.24 (d, J = 2.1 Hz, 1H, CsH4), 6.14 (brs, 2H, CsHs), 3.29 (s, 6H,
N(CH?3)3), 3.07 (brs, 1H, Cage C-H), 2.33 (s, 6H, HN(CHz),), 1.60 (s, 3H, C(CH3)),
1.51 (s, 3H, C(CHs)). PC{'H} NMR (75 MHz, pyridine-ds): 6 117.7, 109.8, 105.2
(CsHy), 49.5 (N(CHs)z), 38.2 (HN(CHj)z), 36.3 (C(CHa)a), 27.5, 26.6 (C(CHs),), the
cage carbons were not observed. 'B{'H} NMR (128 MHz, pyridine-ds): 6 2.1 (1B),
—4.1 (2B), -7.6 (2B), -10.7 (2B), ~13.0 (1B), —20.4 (1B). IR (KBr, cm™"): vpy 2544,
2509 (vs). Anal. Calcd. for Cy4H33BgN,Zr (42a): C, 40.23; H, 7.96; N, 6.70. Found:

C,40.25; H, 8.07; N, 6.44.
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Preparation of [qs:o'-MegC(C5H4)(C2Bme)]Hf(NMez)z (1b) and [qs:qs-
Me C(CsH4)(C2BoHp) | HE(NMe)(HNMez) (42b). 1b and 42b were prepared as
colorless crystals and white solid from 41 (2.00 g, 8.00 mmol) and Hf{NMe,), (2.84
g, 8.00 mmol) in toluene using a procedure identical with that reported for 1a and
42a. 1b: yield 1.79 g (43%), 42b: yield 2.12 g (53%). 42b: '"H NMR (400 MHz,
pyridine-ds): & 6.62 (brs, 1H, CsHy), 6.19 (brs, 1H, CsHy), 6.07 (brs, 1H, CsH,), 6.07
(brs, 1H, CsHy), 3.29 (s, 6H, N(CHs),), 3.12 (brs, 1H, Cage C-H), 2.32 (s, 6H,
HN(CH;),), 1.60 (s, 3H, C(CHs)), 1.50 (5, 3H, C(CHz),). PC{'H} NMR (100 MHz,
pyridine-dg): ¢ 120.7, 117.8, 108.8, 103.5 (CsHa), 68.1 (Cage C), 49.2 (N(CH3)y),
47.1 (Cage C-H), 38.9 (HN(CHs),), 37.7 (C(CHs)y), 28.1, 27.3 (C(CHs)). 'B{'H}
NMR (96 MHz, pyridine-ds): § 0.2 (1B}, -5.5 (2B), -8.9 (2B), —-12.0 (2B), -15.0
(1B), —22.5 (1B). IR (KBr, cm™): vgn 2533 (vs). Anal. Caled. for C14H3BoHIN,
(42b): C, 33.28; H, 6.58; N, 5.54. Found: C, 33.13; H, 6.45; N, 5.28.

Preparation of [7°:6-HyC(C3Hg)(C2B1oH10)|Zr(NMey); (44a) and [{o:r’-
H;C(Ci3H3s)(CaBoH 19)} Zr(NMe2)s] [Zr(NMe;)s(HNMe;):] (45a). To a toluene (15
mL) solution of Zr(NMe,)4 (534 mg, 2.00 mmol) was added dropwise a toluene (10
mL) solution of 43 (600 mg, 2.00 mmol) at -30 °C with stirring, the mixture was
stirred at room temperature for two days. The yellow solid was collected by filtration
and washed with toluene (2 mL X 3). Single crystal suitable for X-ray analyses was
grown from slowly evaporation of a saturated toluene solution of 45a (397 mg, 25%).
After removal of toluene under vacuum, the residue was extracted with hot #-hexane
(15 mL X 3). The remaining orange yellow solid was collected and recrystallization
from toluene to give 44a as orange yellow crystals (253 mg, 25%). Evaporation of

the n-hexane solution gave 43 as pale yellow crystals (162 mg, 27%).
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44a: "H NMR (300 MHz, ds-benzene): § 7.47 (d, J = 8.1 Hz, 2H, Ci3Hy), 7.34 (d,
J = 8.4 Hz, 2H, C,3Hy), 6.98 (t, J = 7.7 Hz, 2H, Ci3Hjy), 6.83 (t, J = 7.5 Hz, 2H,
Ci3Hg), 3.70 (s, 2H, CH,), 2.05 (s, 12H, N(CHa),). "C{'H} NMR (100 MHz, d¢-
benzene): & 131.8, 127.5, 122.8, 122.7, 121.1, 114.0, 106.9 (C)3Hg), 100.3, 97.1
(Cage C), 42.0 (N(CH3),), 34.2 (CH,). ''B{'"H} NMR (96 MHz, dg-benzene): 6 —1.4
(1B), 4.9 (3B), -8.4 (2B), -9.6 (2B), —11.0 (2B). IR (KBr, cm™): vgy 2569 (vs).
Anal. Calcd for CyoH3:B1oN2Zr (44a): C, 48.06; H, 6.45; N, 5.60. Found: C, 48.06; H,
6.74; N, 5.72.

45a: 'H NMR (400 MHz, ds-pyridine): § 8.21 (m, 3H, C3Hyg), 7.49 (q, J= 7.2 Hz,
2H, Cy3Hy), 7.41 (d,J="7.8 Hz, 1H, C\3H;), 7.23 (t, J=7.3 Hz, 1H, C\3Hs), 7.13 (1, J
=7.2 Hz, 1H, Ci3Hs), 4.18 (d, J=14.9 Hz, 1H, CH,), 3.90 (d, J = 14.9 Hz, 1H, CH,),
3.25 (brs, 1H, Cage C-H), 2.89 (s, 18 H, Zr(N(CH;),)(HN(CHj3),), 2.87 (s, 6H,
N(CHs),), 2.47 (s, 6H, N(CHs),), 2.32 (d, J = 6.2 Hz, 12H, Zr(N(CHj3),)(HN(CHs),).
BC{'H} NMR (100 MHz, ds-pyridine): 6 146.9, 134.7, 134.2, 124.2, 120.5, 120.3,
119.6,119.4, 118.4, 118.0, 61.0 (Cy3Hzs), 52.1 (Cage (), 51.6 (Cage C-H), 44.7, 44.0,
422, 38.9 (NCHs), 42.4 (CH,). "'"B{'"H} NMR (96 MHz, ds-pyridine): 6 —0.5 (1B), —
5.1 3B), -8.6 (2B), -10.2 (1B), -12.7 (1B), —22.1 (1B). IR (KBr, cm™): vgy 2515
(vs). Anal. Calcd for C30HgsBoN7Zr, (45a): C, 44.89; H, 8.04; N, 12.22. Found: C,
44.74; H, 7.97; N, 12.40.

Preparation  of  [i°:5°-Me,C(CsHy)(C2BsH 0)|Zr[n>-NMe(CH,),NHMe]|
(C:H7N)os (46a°(C2H7N)p5). To a toluene solution (15 mL) of 1a (853 mg, 1.99
mmol) was added dropwise a toluene (3 mL) solution of DMEDA (529 mg, 6.00
mmol) at -30 °C with stirring. The solution turned from yellow to red immediately
and further stirred at room temperature in a closed Schlenk flask for 2 days. After

filtration and washed with toluene (5 mL) and n-hexane (10 mL X 3),

227



46a+(C;H7N)gs was collected as a red solid (588 mg, 67%). Single crystal suitable
for X-ray analyses was grown from slowly evaporation of a saturated toluene
solution of 46a+(C;H7N)ps. "H NMR (400 MHz, ds-pyridine): 6 6.83 (d, J = 2.3 Hz,
1H, CsH,), 6.74 (brs, 1H, CsHy), 6.31 (d, J= 1.8 Hz, 1H, CsHa), 6.18 (brs, 1H, CsHy),
3.55 (brs, 2H, NCH,), 3.32 (brs, 1H, NCH>), 3.31 (brs, 2H, NCH, + Cage C-H),
2.89 (s, 3H, NCHs), 2.73 (s, 3H, NCH3), 1.68 (s, 3H, C(CHs),), 1.58 (s, 3H,
C(CHs)y). ®C{'H} NMR (100 MHz, ds-pyridine): & 138.0, 118.6, 116.3, 111.2,
107.4 (CsHa), 67.4 (Cage C), 56.3, 54.0 (NCH,), 47.9 (Cage C-H), 42.1 (NCH3),
38.5 (NCH; + C(CHa)y), 27.8 (C(CH3)y). "'B{'H} NMR (96 MHz, ds-pyridine): & —
0.2 (1B), -3.8 (2B), -5.6 (1B), -10.3 (2B), -11.3 (1B), —15.6 (1B), -22.2 (1B). IR
(KBr, cm'l): van 2522 (vs). Anal. Calcd for CisH3s45BgN> sZr (46a + 0.5SHNMe,): C,
41.09; H, 7.93; N, 7.99. Found: C, 41.49; H, 7.92; N, 7.61.

Alternative method. To a toluene (8 mL) suspension of 42a (88 mg, 0.21 mmol)
was added a toluene (2 mL) solution of DMEDA (23 mg, 0.25 mmol) at room
temperature, the suspension was stirred at room temperature overnight. After
filtration, the residue was collected and washed with toluene (5 mL) and n-hexane
(10 mL X 3) to give 46a+(C,H;N)q 5 as a red solid (79 mg, 86%).

Preparation of [1°:1°-MeyC(CsHa)(C2BoH10)|Zr[n>-NMe(CH,);NHMe] (47a).
To a toluene (15 mL) solution of 1a (853 mg, 2.00 mmol) was added dropwise a
toluene (5 mL) solution of DMPDA (612 mg, 6.00 mmol) at -30 °C with stirring. The
solution remained yellow and was further stirred at 110 °C in a closed Schlenk flask
for 2 days. After filtration and washing with toluene (§ mL) and »-hexane (10 mL X
3), 47a was collected as a yellow solid (625 mg, 73%) (Isomer A : Isomer B = 1.6:1).
Isomer A: '"H NMR (400 MHz, pyridine-ds): d 6.78 (brs, 1H, CsH,), 6.61 (brs, 1H,

CsHy), 6.28 (brs, 1H, CsH,), 6.16 (brs, 1H, CsHy), 5.00 (brs, 1H, NCH), 3.30 (s, 3H,
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NCH;), 3.11 (brs, 1H, NCH,), 2.95 (s, 1H, Cage C-H), 2.69 (brs, 2H, NCH>), 2.65 (s,
3H, NCH3), 1.62 (brs, SH, C(CHs); + NCH,CH,CH,N), 1.53 (s, 3H, C(CH;)).
BC¢'H)} NMR (100 MHz, pyridine-ds): § 128.3, 118.2, 116.5, 109.3, 107.6 (CsHy),
67.8 (Cage C), 54.1, 53.7 (NCHy), 46.5 (Cage C-H), 45.7, 39.4 (NCH;), 37.8
(C(CHs)), 27.9, 27.7 (C(CHs)), 25.1 (NCH,CH,CHN). Isomer B: 'H NMR (400
MHz, pyridine-ds): ¢ 6.95 (brs, 1H, CsHa), 6.48 (brs, 1H, Csiy), 6.31 (brs, 21, CsHa),
5.11 (brs, 1H, NCHy), 3.30 (s, 1H, Cage C-H), 3.15 (brs, 2H, NCH,), 3.00 (s, 3H,
NCH;), 2.78 (s, 3H, NCH;), 2.69 (brs, 1H, NCH,), 1.62 (brs, SH, C(CHs), +
NCH,CH,CH,N), 1.53 (s, 3H, C(CHz)). PC{'H} NMR (100 MHz, pyridine-ds): &
130.4, 118.2, 114.2, 111.6, 105.9 (CsHa), 69.0 (Cage C), 54.1, 53.7 (NCH,), 51.4
(Cage C-H), 45.7, 41.1 (NCH;), 37.8 (C{CHa)), 28.2, 27.1 (C(CHs)), 26.2
(NCH;CH,CH,N). ""B{"H} NMR (128 MHz, pyridine-ds): 6 0.2 (1.5B8), —1.8 (1B), —
3.6 (1.5B), 6.4 (4B), -9.5 (4B), —11.7 (8B), —22.7 (2.5B). IR (KBr, cm™): vgy 2544,
2522, 2497 (vs). Anal. Calcd. For CisH33BoNo2Zr (47a): C, 41.90; H, 7.74; N, 6.52.
Found: C, 42.23; H, 7.75; N, 6.59.

Alternative method. Complex 47a was prepared as a yellow solid from 42a
(417mg, 1.00 mmol) and DMPDA (112 mg, 1.10 mmol) in toluene using a procedure
identical with that reported for 46+(C2H,N)ys: vield 352 mg (82%).

Preparation of [1°:7>-Me;C(CsH)(C2BoH 0)|Hf[7-NMe(CH,):NHMe] (47b).
Complex 47b was prepared as a yellow solid from 1b (258 mg, 0.49 mmol} and
DMPDA (153 mg, 1.50 mmol) in toluene using a procedure identical with that
reported for 47a: yield 109 mg (43%) (Isomer A : Isomer B = 2:1). Isomer A: 'H
NMR (400 MHz, pyridine-ds): J 6.75 (brs, 1H, CsHy), 6.62 (brs, 1H, CsHy), 6.12 (brs,
2H, CsH,), 4.35 (brs, 1H, NCH,), 3.39 (s, 3H, NCH;), 3.12 (brs, 1H, NCH>), 2.99 (s,

1H, Cage C-H), 2.83 (brs, 2H, NCHy), 2.74 (s, 3H, NCH3), 1.62 (brs, SH, C(CHs),
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+ NCH,CH,CH,N), 1.51 (s, 3H, C(CHs),). PC{'H} NMR (100 MHz, pyridine-ds):
8 116.5, 115.6, 107.5, 105.0 (CsHy), 68.6 (Cage (), 55.0 (NCH,), 46.6 (Cage C-H),
48.8, 39.7 (NCH3j), 37.6 (C(CHzs),), 27.9 (C(CHj3),), 25.8 (NCH,CH,CH;N). Isomer
B: 'H NMR (400 MHz, pyridine-ds): & 6.95 (brs, 1H, CsHy), 6.51 (brs, 1H, CsHy),
6.30 (brs, 1H, CsHy), 6.20 (brs, 1H, CsHy), 4.66 (brs, 1H, NCH>), 3.39 (s, 1H, Cage
C-H), 3.20 (brs, 2H, NCH>), 2.99 (s, 3H, NCH3), 2.83 (s, 4H, NCH; + NCH,), 1.62
(brs, SH, C(CHs), + NCH,CH,CH,N), 1.51 (s, 3H, C(CHs),). PC{'H} NMR (100
MHz, pyridine-ds): J 123.2, 114.5, 109.8, 103.7 (CsH,), 66.4 (Cage (), 57.2, 54.8
(NCHsy), 51.6 (Cage C-H), 46.0, 40.8 (NCHj;), 37.6 (C(CHjs),), 28.4, 27.1 (C(CHa)y),
25.8 (NCH,CH,CH,N). M"B{'H} NMR (96 MHz, pyridine-ds): 6 —0.7 (1.5B}), 2.1
(1B), —4.0 (1.5B), —6.4 (4B), 9.2 (4B), -11.3 (8B), —23.4 (2.5B). IR (KBr, cm):
vy 2547 (vs). Anal. Caled. For CisH;3;:BoHIN, (47b): C, 34.83; H, 6.43; N, 542.
Found: C, 35.32; H, 6.30; N, 5.52.

Alternative method. Complex 47b was prepared as a yellow solid from 42b (104
mg, 0.21 mmol) and DMPDA (24 mg, 0.23 mmol) in toluene using a procedure
identical with that reported for 46+(C,H7N)ys: yield 82 mg (76%).

Preparation of {[(#°:n°-Me;C(CsHq)(C2BsH10)|Zr|n’-N(Me)}(CH,);N(Me)Lil}
(48a). To a toluene (30 mL) solution of 47a (429 mg, 1.00 mmol) was added "BuLi
(1.6 M in hexane) (0.80 mL, 1.28 mmol) at -78 °C with stirring. The mixture was
stirred at room temperature overnight. After filtration, clear orange solution was
concentrated to about 10 mL. Complex 48a was isolated as orange crystals after this
solution stood at room temperature for 4 days (270 mg, 62%). 'H NMR (400 MHz,
pyridine-ds): 6 6.53 (q, J = 2.8 Hz, 2H, CsH4), 6.38 (m, 4H, CsHy), 6.22 (d, J =24
Hz, 2H, CsHy), 3.90 (m, 2H, NCH>), 3.77 (m, 2H, NCH), 3.33 (s, 6H, NCH3), 3.26

(s, 6H, NCH;), 3.14 (m, 4H, NCH,), 2.56 (brs, 2H, Cage C-H), 2.52 (m, 2H,
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NCH,;CH,CH;N) 1.84 (m, 2H, NCHCH>CH)N), 1.74 (s, 6H, C(CHz),), 1.53 (s, 6H,
C(CHs)2). “C{'H} NMR (100 MHz, pyridine-ds): § 136.8, 113.3, 110.0, 107.4,
104.7 (CsHy), 67.7 (Cage C), 59.8, 58.6 (NCH»), 47.1, 46.6 (NCH3), 40.2 (Cage C-
H), 36.2 (C(CHs)), 28.8 (NCH,CH,CH,N), 27.3, 25.6 (C(CHs),). 'B{'H} NMR
(128 MHz, pyridine-ds): 6 -7.6 (4B), —10.1 (2B), —12.5 (4B), —13.8 (4B), —-16.5 (4B),
-30.1 (2B). IR (KBr, cm™): wvgy 2530, 2506 (vs). Anal. Caled. For
C3pHeaB1sLiaN4Zr, (48a): C, 41.33; H, 7.40; N, 6.43. Found: C, 41.74; H, 6.94; N,
6.69.

Preparation of [i°:1°-Me;C(CoHe(C2BoH )| Zr[2-NMe(CH,),NHMe] (50a).
To a toluene (15 mL) solution of 49a (239 mg, 0.50 mmol) was added DMPDA (152
mg, 1.50 mmol) at -30 °C with stirring, the mixture was stirred at 110 °C in a closed
Schlenk flask for 3 days, and then cooled to room temperature. After filtration, the
resulting orange solution was concentrated to about § mL under vacuum. Complex
50a was isolated as orange crystals after this solution stood at room temperature for 2
days. (149 mg, 62%) Single crystal suitable for X-ray analyses was grown from slow
evaporation of a saturated DME solution of 50a. 'H NMR (400 MHz, pyridine-ds): ¢
7.89 (m, CoHg), 7.69 (m, CoH), 7.14 {(m, CoHy), 6.99 (m, CoHg), 6.79 (m, CoHy),
6.55 (brs, CoHe), 4.72 (m, NCH,), 4.57 (brs, NCH,), 4.48 (brs, NCH;), 3.38 (brs,

NCH, + NCH), 3.28 (s, NCH; + Cage C-H), 3.16 (brs, NCH, + Cage C-), 2.96
(brs, NCH, + Cage C-H), 2.87 (NCH, + NCHj) 2.80 (s, NCH;), 2.56 (brs, NCH;
+ NCH,), 2.45 (brs, NCEb), 2.20 (s, NCHs), 2.17 (s, NCHy), 2.00 (s, C(CHs)s), 1.92

(s, C(CH3)y), 1.74 (s, C(CH3)y) 1.71 (s, C(CH3)), 1.62 (s, C(CH3)z), 1.53 (brs,
NCH,CH>CH,N), 1.41 (brs, NCH;CH,CH,N), 1.39 (brs, NCH,CH,CH,N). PC{'H}
NMR (100 MHz, pyridine-ds):  129.9, 127.3, 126.1, 125.9, 125.4, 125.2, 125.0,

120.6, 117.6, 114.3, 114.1, 113.7, 113.2, 112.2, 110.9, 110.3, 108.4, 106.7 (CsHs),
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69.6, 66.6 (Cage (), 59.8, 56.9, 56.4, 55.4, 55.0, 53.9 (NCH,), 51.7 (NCHy), 48.8,
47.7 (Cage C-H), 45.1, 44.7, 42.5, 41.1, 40.1 (NCH3), 40.9, 40.4, 40.2 (C(CHs)2),
31.6, 31.2, 30.4, 29.6 (C(CHs)), 28.4, 26.5 (NCH,CH,CH,N). "B{'H} NMR (96
MHz, pyridine-ds): § 1.1 (2.5B), —0.1 (1.5B), —2.8 (2B), —5.2 (3B), -6.8 (3.5B), —9.0
(2B), —10.1 (3B), —13.3 (5.5B), -21.8 (3B). IR (KBr, cm™): vpy 2502 (vs). Anal.
Calcd. For Cj9H3sBoN>Zr (80a): C, 47.54; H, 7.35; N, 5.84. Found: C, 47.24; H, 7.33;
N, 5.65.

Preparation of [HyC(C3Ho}(C2BsHy)[[PPN] (51). To a toluene (15 ml)
solution of 44 (100 mg, 0.20 mmol) was added dropwise a toluene (5 mL) solution of
DMEDA (71 mg, 0.80 mmol) at -30°C, the mixture was stirred at room temperature
for 2 days. The solution changed from yellow to colorless. The solvent was removed
under vacuum. The white residue was redissolved in DME. [PPN]CI (114 mg, 0.20
mmol) was added at -30 °C to give a white suspension. A clear solution was obtained
after the solution was stirred at room temperature for one day. After filtration, the
resulting colorless solution was concentrated to about 8 mlL. r-Hexane vapor
diffusion gave 51 as colorless crystals over a period of 2 days at room temperature
(104 mg, 61%). "H NMR (400 MHz, dichloromethane-ds): 6 7.87 (m, 1H, Ci3Hs),
7.75 {m, 2H, C3H), 7.67 (m, 6H, C¢Hs), 7.52 (m, 24H, CsHs), 7.36 (m, 2H, C,3Hs),
7.27 (m, 2H, Cj3Hy), 7.19 (m, 1H, Ci3Hs) 4.31 (dd, J = 4.1, 10.1 Hz, 1H, C\;H),
2.64 (dd, J = 4.2, 14.5 Hz, H, CH,), 1.84 (brs, 1H, Cage C-H), 1.46 (dd, J=10.2,
145 Hz, 1H, CHy), —2.72 (brs, 1H, B-H-B). "C{H} NMR (100 MHz,
dichloromethane-d,): & 1489, 148.2, 129.4, 128.6, 128.0, 1279, 125.0, 119.8
(C13Hy), 134.2 (C¢Hs), 132.6 (m, C¢Hs), 129.9 (m, C¢Hs), 127.0 (m, C¢Hs), 51.1
(C13Hy + Cage C-H), 46.1 (CH>), the other cage carbon was not observed. “B{ 'H}

NMR (96 MHz, dichloromethane-d,): —11.0 (IB), -11.8 (1B), —-14.9 (1B), -16.4
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(1B), -18.3 (2B), -21.7 (1B), -32.8 (1B), —36.7 (1B). IR (KBr, cm™"): vgy 2508 (vs).
Anal. Calcd. for Cs:Hs:BoNP; (51): C, 73.46; H, 6.16; N, 1.65. Found: C, 72.87; H,
6.50; N, 1.57.

Preparation  of  [i°:6-MeyC(CsHa)(CaB1oH )] Zr[1°-CsHsN] [6-CaHaN] e
(C7Hyg)os (52a%(CHs)s) and [i’:1>-MexC(CsHy)(C2BoHi0)| Zr(C4HyN)(HNMe,)
(53a). To a toluene (10 mL) solution of ta (214 mg, 0.50 mmol) was added dropwise
a toluene (6 mL) solution of pyrrole (101 mg, 1.50 mmol) at -30 °C with stirring. The
mixture was stirred at room temperature for 2 days. After filtration, the resulting
yellow solution was concentrated to about 8 mL. Complex 52a*(C;Hg)os (172 mg,
66%) and 53a (29 mg, 13%) were isolated as yellow crystals by fractional
recrystallization.

52a: '"H NMR (300 MHz, pyridine-ds): & 7.57 (brs, 4H, C4HiN), 6.51 (d, J = 1.5
Hz, 4H, C4H4N), 7.46 (t, J = 2.9 Hz, 2H, CsH,), 6.27 (d, J= 3.0 Hz, 2H, CsH,), 1.74
(s, 6H, C(CHz)y). “C{'H} NMR (75 MHz, pyridine-ds): 6 152.8, 119.2, 115.8
(CsHa), 126.1, 110.7 (C4HgN), 43.6 (C(CHz)g), 33.0 (C(CHs),), the cage carbons
were not observed. ""B{'H} NMR (128 MHz, pyridine-ds): § —3.8 (3B), —5.4 (2B), —
8.9 (5B). IR (KBr, cm"): vpy 2599, 2557 (vs). Anal. Calcd. for C;) sH3:BigN>Zr (52a
+ 0.5Toluene): C, 49.87; H, 6.23; N, 5.41. Found: C, 49.54; H, 6.38; N, 5.03,

53a: '"H NMR (300 MHz, pyridine-ds): § 7.57 (d, J= 1.5 Hz, 2H, C4H4N), 6.46 (d,
J=1.5Hz, 2H, C4H;N), 7.15 (brs, 1H, CsH,), 6.62 (d, J=2.1 Hz, 1H, CsHy), 6.52 (d,
J= 1.8 Hz, tH, CsHy), 6.43 (brs, 111, CsHy), 2.36 (s, 6H, HN(CHs),), 2.13 (brs, 1H,
Cage C-H), 1.70 (s, 3H, C(CHs)), 1.65 (s, 3H, C(CHs)). PC{'H)} NMR (75 MHz,
pyridine-ds): § 132.2, 110.5 (CsHyN), 126.0, 122.0, 113.8, 109.1 (CsHy), 54.5 (Cage
C-H), 39.9 (HN(CHs;),), 39.6 (C(CHj3)y), 28.0 (C(CHs;);), the other cage carbon was

not observed. ''B{'H} NMR (128 MHz, pyridine-ds): & 5.0 (1B), —2.2 (2B), ~5.6
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(2B), -9.1 (2B), —12.2 (1B), —17.6 (1B). IR (KBr, cm™): vgy 2522 (vs). Anal. Calcd.
for Ci¢H3BoNyZr (53a): C, 43.68; H, 7.10; N, 6.37. Found: C, 44.02; H, 7.46; N,
5.93.

Alternative method. Complex 53a was prepared as a yellow solid from 42a (84
mg, 0.20 mmol) and pyrrole (30 mg, 0.44 mmol) in toluene using a procedure
identical with that reported for 46a+(C;H;N)y5: yield 79 mg (90%).

Preparation of [1°:7°-MeyC(CsHs)(C2BoH 0)]Zr[NH-2,6-"Pr;-C¢Hs[(NHMe;)
(54a). This complex was prepared as a yellow solid from 42a (125 mg, 0.30 mmol)
and 2,6-"Pr,CsH3NH, (320 mg, 1.80 mmol) in toluene (10 mL) using a procedure
identical with that reported for 46a+(C:HsN)ys: vield 141 mg (85%). Single crystal
suitable for X-ray analyses were grown from slow evaporation of a toluene solution
of 54a at room temperature. 'H NMR (400 MHz, pyridine-ds): 6 10.29 (s, 1H, N-H),
7.26 (m, 3H, C¢Hi), 6.59 (d, J = 2.4 Hz, 1H, CsH,), 6.47 (d, J = 2.0 Hz, 2H, CsHy),
6.02 (d, J=2.3 Hz, 1H, CsHy), 1.56 (s, 3H, C(CHz),), 1.51 (s, 3H, C(CHs)2), 1.25 (m,
12H, CH(CH3);). C{'H} NMR (100 MHz, pyridine-ds): 8 152.6 (CsHy), 141.2,
125.9, 119.6, 1194 (C¢H3), 118.4, 111.0, 105.7 (CsHy), 48.6 (CH(CH3),), 38.8
(HN(CH3),), 37.9 (C(CHj)p) 28.1, 28.0 (C(CH;),), 27.8, 27.2 (CH(CHa)s), the cage
carbons were not observed. ''B{'"H} NMR (128 MHz, benzene-ds): 6 2.9 (1B), 1.0
(0.5B), 2.9 (1B), -5.4 (1.5B), —6.8 (1B), -8.6 (2.5B), —12.0 (4B), -19.8 (1B), -21.5
(0.5B). IR (KBr, ecm™): vgy 2525 (vs). Anal. Caled. for CasHusBsNoZr (54a): C,
52.40; H, 8.24; N, 5.09. Found: C, 52.72; H, 8.21; N, 5.20.

Preparation of [{17°:1°-Me;C(CsH)(C3BsH )} Zr {1°-S:C;B1oH 0} [HHINMe3),]
+(C¢Hp) (55a+CgHg). To a toluene (10 mL) suspension of 42a (101 mg, 0.24 mmol)
was added dropwise a benzene (2 mL) solution of 29 (51 mg, 0.24 mmol) at -30 °C,

the solution became clear orange immediately. The solution was stirred at room
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temperature overnight. After filtration, the resulting clear orange solution was
concentrated to about 8 mL. Complex 55a*C¢Hg was isolated as orange crystals after
this solution stood at room temperature for 2 days (116 mg, 70%). Single crystal
suitable for X-ray analyses were grown from a toluene/benzene solution at room
temperature as S5a*CgHs. 'H NMR (400 MHz, pyridine-ds): & 7.52 (s, 3H, N-H),
6.98 (m, 1H, CsHy), 6.67 (m, 1H, CsHy), 5.93 (m, 2H, CsHy), 2.92 (brs, 1H, Cage C-
H), 2.66 (s, 12H, HN(CH,),), 1.44 (s, 3H, C(CHs),), 1.25 (s, 3H, C(CH3),). C{'H}
NMR (100 MHz, pyridine-dg): 6 139.0, 121.1, 119.9, 108.2, 107.8 (CsHy), 98.7
(Cage C-S), 74.5 (Cage C), 50.0 (Cage C-H), 38.2 (C(CH3), + HN(CHa)y), 29.0,
27.4 (C(CHa),). ''B NMR (128 MHz, benzene-ds): & 7.8 (1B), —4.5 (2B), -6.4 (5B),
9.2 (10B), —20.4 (1B). IR (KBr, ecm™): wpy 2567 (vs). Anal. Calcd. for
Ci5.5sH39 5B 19NS»Zr (55 + 0.25C¢Hs — HNMe,): C, 30.99; H, 6.63; N, 2.33. Found: C,
30.59; H, 6.33; N, 2.21.

Preparation of [{WS:HS-M82C(C5H4)(C2B9H19)}Hf(NMez)2] [Li(DME);] (56b).
To a DME (20 mL) suspension of 42b (748 mg, 1.48 mmol) was added dropwise
"BuLi (1.6 M in hexane) (1.2 mL, 1.92 mmol) at -78°C with stirring. The mixture
was stirred at room temperature overnight. The solvent was removed under vacuum,
the yellow residue was washed with n-hexane (10 mL X 3) and redissolved in
toluene (20 mL). Complex 56b was isolated as pale yellow crystals after this solution
stood at -30 °C for 3 days (1.03 g, 89%). 'H NMR (400 MHz, pyridine-ds): ¢ 6.57
(dd, J = 3.2, 5.7 Hz, 1H, CsH,), 6.44 (dd, J= 3.2, 5.5 Hz, 1H, CsHy), 6.27 (dd, J =
2.6, 5.2 Hz, 1H, CsHy), 6.17 (dd, J = 2.6, 5.2 Hz, 1H, CsH,), 3.49 (s, 12H, OCH,),
3.39 (s, 6H, N(CHj5)y), 3.36 (s, 6H, N(CHs)2), 3.26 (s, 18H, OCHj3), 2.67 (brs, 1H,
Cage C-H), 1.65 (s, 3H, C(CHs)y), 1.45 (s, 3H, C(CHs),). “C{'H} NMR (100 MHz,

pyridine-dg): ¢ 113.8, 107.4, 105.8, 102.4 (CsHy), 72.0 (OCHy), 68.9 (Cage C), 58.6
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(OCH3), 48.4, 48.0 (N(CH3)), 41.5 (C(CHz)), 36.2 (Cage C-H), 28.5, 274
(C(CH3),). "B{'H} NMR (96 MHz, benzene-ds): 4 -5.5 (1B), 8.8 (1B), 9.7 (1B),
~13.1 (1B) -14.8 (2B), —16.3 (1B), -17.6 (1B), —30.1 (1B). IR (KBr, cm™): vz} 2589,
2555 (vs). Anal. Calcd. for C¢Hg:BoHfLiN,Og (56b): C, 39.96; H, 8.00; N, 3.58.
Found: C, 39.78; H, 7.65; N, 3.35.

Preparation of [{5°:5°-Me;C(CsH4)(C2BsH 0)}ZrCL][Li(DME);] (57a). To a
DME solution of 42a (856 mg, 2.05 mmol) was added dropwise "BuLi (1.6 M in
hexane) (2.0 mL, 3.20 mmol) at -78 °C with stirring, the solution was stirred at room
temperature overnight. After filtration, the clear yellowish orange solution was
evaporated to dryness. The orange residue was redissolved in toluene. A toluene
solution of TMSCI (542 mg, 4.98 mmol) was added at -30 °C, and the solution was
stirred at room temperature overnight. After removal of solvent under vacuum, the
pale yellow residue was washed with n-hexane (10 mL X 3), and redissolved in
DME (20 mL). Complex 57a was isolated as a white solid after the solution stood at
-30 °C for 6 days (1.04 g, 77%). '"H NMR (400 MHz, pyridine-ds): 6 6.97 (m, 2H,
CsHy), 6.40 (dd, J = 2.8, 5.3 Hz, 1H, CsHy), 6.20 (dd, J = 2.8, 5.1 Hz, 1H, CsH,),
3.48 (s, 12 H, OCH,), 3.25 (s, 18H, OCH;), 1.61 (s, 3H, C(CHs),), 1.47 (s, 3H,
C(CHs)y). BC{'H} NMR (100 MHz, pyridine-ds): & 126.1, 125.5, 107.6, 105.3
(CsHyg), 72.0 (OCH;), 58.5 (OCHz), 51.8 (Cage C-H) 38.4 (C(CHz)y), 28.5, 274
(C(CH3),). "B{'H} NMR (128 MHz, pyridine-ds): 6 5.0 (1B), =2.9 (1B), —5.8 (3B),
-12.2 (3B), -19.2 (1B). These data are consistent with those reported in the
literature.*®

Preparation of [{n":n>-Me;C(CsH4)(C:BoH;0)}HfCL][Li(DME);]  (57b).
Complex 57b was prepared as a white solid from 42b (492 mg, 0.97 mmol), "BuLi

(1.6 M in n-hexane) (1.2 mL, 1.92 mmol) and TMSCI (436 mg, 4.01 mmol) in
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toluene using a procedure identical with that reported for 57a: yield 562 mg (76%).
'H NMR (400 MHz, pyridine-ds): 6 6.93 (t, J = 2.2 Hz, 1H, CsH,), 6.88 (t, J = 2.7
Hz, 1H, CsH,), 6.27 (d, J=2.3 Hz, 1H, CsH,), 6.11 (d, J = 2.3 Hz, 1H, CsH,), 3.49
(s, 12H, OCH,), 3.26 (s, 18H, OCHj3), 1.60 (s, 3H, C(CHs),), 1.47 (s, 3H, C(CH;),).
Be{'H} NMR (100 MHz, pyridine-ds): 8 126.0, 125.3, 121.3, 105.8, 102.9 (CsHy),
72.0 (OCHy), 66.9 (Cage C), 58.5 (OCHzy), 50.2 (Cage C-H), 38.0 (C(CH3),), 28.3,
27.7 (C(CHs)y). ''B{'H} NMR (128 MHz, pyridine-ds): & 3.6 (1B), -3.8 (1B), 5.9
(2B), 7.0 (1B), —12.9 (3B), —21.0 (1B). IR (KBr, cm™): vgy 2516 (vs). Anal. Calcd.
for CyHs0BsCl,HfOg (57b): C, 34.57; H, 6.59. Found: C, 34.62; H, 6.66.
Preparation of [{17°:1°-Me2C(CsH4)(C2BoH0)} Zr(2,6-
Pr,CsH;NH)CI|[Li(DME);] (58a). To a toluene (20 mL) suspension of 57a (827
mg, 1.22 mmol) was added 2,6-'"Pr,CsH3NHNa (243 mg, 1.22 mmol) at -30 °C with
stirring. The mixture was stirred at room temperature for 2 days. After filtration, the
resulting yellow solution was concentrated under vacuum to about 10 mL. Complex
58a was isolated as yellow crystals after this solution stood at room temperature for 5
days (784 mg, 79%). '"H NMR (400 MHz, pyridine-ds): 6 9.44 (s, 1H, N-H), 7.31 (d,
J=17.5 Hz, 2H, Ce¢H), 7.18 (t, J = 7.6 Hz, 1H, C¢H5), 6.64 (m, 1H, CsH,), 6.25 (m,
1H, CsHy), 6.20 (m, 1H, CsHy), 6.06 (d, J = 2.5 Hz, 1H, CsH,), 4.58 (brs, 2H,
CH(CHs),), 3.50 (s, 12H, OCH,), 3.27 (s, 18H, OCHj;), 2.94 (brs, 1H, Cage C-H),
1.59 (s, 3H, C(CHs)z), 1.43 (brs, 6H, CH(CHs),), 1.38 (d, J = 6.7 Hz, 6H, CH(CH;),),
1.36 (s, 3H, C(CHa)s). *C{'H} NMR (100 MHz, pyridine-ds): 6 154.0, 142.2, 123.3,
123.1 (C¢H3), 126.7, 121.2, 117.9, 106.6, 103.7 (CsHy), 72.0 (OCHa), 66.7 (Cage C),
58.6 (OCHj;), 47.4 (Cage C-H), 38.0 (C(CHj)), 29.3, 26.5 (C(CHs)y), 27.8
(CH(CH3),), 24.8, 23.8 (CH(CH3),). "'B{'H} NMR (128 MHz, pyridine-ds): 6 2.8

(1B), —3.2 (1B), —6.8 (2B), -9.1 (1B), -12.7 (3B), =20.0 (1B). IR (KBr, em™): vgy
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2523 (vs). Anal. Calcd. for C34HesBoCILINO4Zr (58a): C, 49.93; H, 8.38; N, 1.71.
Found: C, 50.22; H, 8.38; N, 1.45.

Preparation of [115:qs-MezC(C5H4)(Cngﬂlu)]Zr(2,6-£Pr2C6H3NH)(THF)-C-,rHs
(59a+C7Hg). To a THF (15 mL) solution of 57a (679 mg, 1.00 mmol) was added a
THF (5 mL) solution of 2,6-'ProC¢H3;NHNa (201 mg, 1.01 mmol) at -30 °C with
stirring. The mixture was stirred at room temperature for 2 days. After filtration, the
resulting yellow solution was evaporated to dryness under vacuum. The yellow
residue was redissolved in toluene (20 mL). After filtration, the resulting yellow
solution was concentrated to about 10 mL. Complex 59a+*C;Hg was isolated as
yellow crystals after this solution stood at room temperature for 5 days (423 mg,
63%). '"H NMR (400 MHz, pyridine-ds): 6 10.29 (N-H), 7.26 (m, 3H, C¢Hs), 6.59 (d,
J=2.4 Hz, 1H, CsHy), 6.46 (d, J= 1.5 Hz, 2H, CsH,), 6.02 (d, J = 2.4 Hz, 1H, CsH,),
3.81 (m, 1H, CH(CH3),), 3.64 (m, 4H, OCH,), 3.46 (m, 1H, CH(CHs;),), 3.19 (brs,
1H, Cage C-H), 1.59 (m, 4H, OCH,CH,), 1.56 (s, 3H, C(CHs),), 1.51 (s, 3H,
C(CHs)y), 1.26 (d, J = 6.8 Hz, 6H, CH(CH;),). *C{'H} NMR (100 MHz, pyridine-
de): 6 152.6, 141.1, 129.3, 128.6, 125.9 (C¢H3), 124.2, 119.7, 119.4, 108.8, 106.5
(CsHa), 67.7 (OCH,), 65.8 (Cage (), 48.6 (Cage C-H), 38.8 (C(CHj3),), 28.0, 27.8,
26.9 (C(CHs), + CH(CHs), + CH(CHs)y), 25.7 (OCH,CHa). "B{'H} NMR (128
MHz, pyridine-ds): é -3.0 (1B), -3.1 (1B), —6.7 (3B), —12.7 (3B), —19.9 (1B). These
data are consistent with those reported in the literature.?®

Preparation of [{qs:nz—MezC(C5H4)(C2B9Hm)}Zr(OCPh;;)g]
[HN(Me)(CH2);N(Me)H,] (60a). To a toluene (20 mL) suspension of 47a (216 mg,
0.50 mmol) was added Ph;COH (262 mg, 1.01 mmol) at -30 °C with stirring. The
mixture was stirred at room temperature for 2 days, the resulting milky solution was

filtered and concentrated under vacuum to about 15 mL. Complex 60a was isolated
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as colorless crystals after this solution stood at room temperature for 3 days (321 mg,
68%). Single crystal suitable for X-ray analyses were grown from a THF/toluene
solution at room temperature as 60a*THF. 'H NMR (400 MHz, pyridine-ds): & 8.07
(d, J= 7.4 Hz, 6H, C¢Hs), 7.85 (m, 6H, CsHs), 7.25 (m, 15H, C¢Hs), 7.13 (m, 3H,
CsHs), 6.23 (m, 1H, CsHy), 6.06 (dd, J = 2.4, 5.0 Hz, 1H, CsHy), 5.78 (dd, J = 3.1,
5.5 Hz, 1H, CsHy), 4.68 (dd, J = 3.0, 5.6 Hz, 1H, CsH,), 3.01 (t, J = 6.1 Hz, 4H,
NCH,), 2.65 (brs, 1H, Cage C-H), 2.51 (s, 6H, NCH;), 1.82 (m, 2H,
NCH,CH;CH,N), 1.45 (s, 3H, C(CHs)), 1.33 (s, 3H, C(CHs),). “C{'H} NMR (75
MHz, pyridine-ds): 6 142.8, 129.8, 127.6, 127.5, 126.6, 126.4 (CgHls), 115.0, 107.2,
92.1, 91.8 (CsHy), 107.1 (CO), 50.6 (NCH,), 41.6 (Cage C-H), 41.6 (C(CHs),), 36.1
(NCHz), 27.9, 26.4 (C(CH3),), 24.8 (NCH,CH,CH;N), the other cage carbon was not
observed. '"B{'H} NMR (96 MHz, pyridine-ds): § -5.6 (1B), -7.9 (1B), —10.8 (1B),
~13.4 (2B), -17.2 (3B), —31.8 (1B). IR (KBr, cm™): vgy 2528, 2501 (vs). Anal. Calcd.
for Cs3HgsBoN>O2Zr (60a): C, 66.96; H, 6.89; N, 2.95. Found: C, 67.23; H, 7.15; N,
2.89.

Preparation of [{#°:°-Me,C(CsH4)(C2ByH 10)} ZrCh] [HN(Me)(CHa);N(Me)H;]
(61a). This complex was prepared as colorless crystals from 47a (201 mg, 0.47
mmol) and [HNMes]Cl (96 mg, 1.00 mmol) in toluene using a procedure identical
with that reported for 60a: yield 140 mg (59%). 'H NMR (300 MHz, pyridine-ds): 6
6.97 (t, J = 2.1 Hz, 2H, CsH,), 6.40 (d, J = 2.4 Hz, 1H, CsHy), 6.22 (d, J = 2.1 Hz,
1H, CsHy), 3.29 (brs, 1H, Cage C-H), 3.06 (t, J = 6.0 Hz, 4H, NCH,), 2.56 (s, 6H,
NCH;), 1.86 (m, 2H, NCH,CH,CH;N), 1.62 (s, 3H, C(CHs),), 1.49 (s, 3H, C(CH;),).
BC{'"H} NMR (75 MHz, pyridine-ds): § 126.4, 125.5, 108.0, 105.5 (CsHy), 67.3
(Cage C), 52.0 (Cage C-H), 50.7 (NCH,), 38.5 (C(CHa;),), 34.6 (NCH3), 28.5, 27.5

(C(CHs),), 24.9 (NCH,CH,CHoN). "B{'H} NMR (400 MHz, pyridine-ds): & 6.0
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(1B), —2.9 (1B), -5.6 (3B), —12.2 (3B), —19.0 (1B). IR (KBr, cm™): vay 2549, 2518,
2490 (vs). Anal. Calcd. for C;sHisBsCLLN,Zr (61a): C, 35.83; H, 7.02; N, 5.57.
Found: C, 36.05; H, 6.65; N, 5.37.

Preparation of [{7°:7°-Me2C(CsH)(C2BsH 10)} Zr {7-
NH(Me)(CH,);NH(Me)} |[B(C¢Hs)4]*DME (62a*DME). To a toluene (20 mlL)
suspension of 47a (215 mg, 0.50 mmol) was added [HNEt;]{BPhs] (252mg, 0.60
mmol) at -30 °C with stirring. The mixture was stirred at room temperature for 3
days. After filtration, the yellow solid was collected and redissolved in DME (20
mL). After filtration, clear yellow solution was concentrated to about 15 mL. #-
Hexane vapor diffusion gave 62aDME as yellow crystals over a period of 2 days at
room temperature (235 mg, 56%). 'H NMR (400 MHz, pyridine-ds): 6 8.06 (d, J =
1.8 Hz, 8H, Ce¢Hs), 7.29 (1, J = 1.2 Hz, 8H, CeHs), 7.12 (t, J = 7.2 Hz, 4H, C¢Hs),
6.93 (brs, 2H, CsHy), 6.41 (brs, 1H, CsHy), 6.29 (brs, 1H, CsHy), 3.01 (t, J = 6.2 Hz,
4H, NCH,), 2.50 (s, 6H, NCH;), 1.82 {m, 2H, NCH;CH,CH,N), 1.69 (s, 3H,
C(CHs),), 1.59 (s, 3H, C(CHs)). "C{'H} NMR (100 MHz, pyridine-ds): & 164.9,
137,1.126.2, 122.4 (C4Hs), 118.9, 111.3, 108.2 (CsHy), 68.2 (Cage (), 54.8 (Cage C-
H), 49.7 (NCHj), 38.3 (C(CH3)y) 33.7 (NCHs), 28.1, 260 (C(CHz)), 239
(NCH,CH,CH,N). "B{'H} NMR (96 MHz, pyridine-ds): 6 2.3 (1B), —3.7 (1B), =5.2
(1B), —8.0 (6B), -19.0 (1B). IR (KBr, cm™): vay 2539 (vs). Anal. Calcd. for
Ci65sHa7B10NZr (62a — 0.5CsH4N»): C, 62.71; H, 6.78; N, 2.00. Found: C, 62.91; H,
7.00; N, 2.05.

Preparation of {ji°:°-Me;C(CsH)(C2BsH )| Zrlp:n"-O(CH2);OMe]} 2 DME
(63a«DME). To a toluene (20 mL) suspension of 47a (200 mg, 0.47 mmol) was
added dropwise a toluene (6 mL) solution of TMSCI (163 mg, 1.50 mmol) at -30 °C

with stirring. The mixture was stirred at room temperature for 2 days. After filtration,
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the clear pale yellow solution was evaporated to dryness under vacuum. The yellow
residue was washed with n-hexane (10 mL X 3), and redissolved in DME (15 mL).
After filtration, the resulting yellow solution was concentrated to about 8 mlL,
63a*DME was isolated as pale yellow crystals after this solution stood at room
temperature for 5 days (44 mg, 21%). '"H NMR (400 MHz, pyridine-ds): 6 6.44 (d, J
= 2.8 Hz, 4H, CsH,), 6.40 (brs, 2H, CsHy), 6.35 (brs, 2H, CsHy), 4.60 (brs, 4H,
OCH,), 3.60 (brs, 4H, CH;0CH,), 3.33 (s, 6H, CH;0CH,), 1.67 (s, 3H, C(CH3),),
1.57 (s, 3H, C(CHs)). *C{'H} NMR (75 MHz, pyridine-ds): § 120.7, 117.5, 108.3,
105.2 (CsHa), 73.9 (OCHy), 73.2 (OCHy), 57.6 (CH30CHy), 49.2 (Cage C-H), 38.3
(C(CHa)y), 27.5, 26.8 (C(CHs),), the other cage carbon was not observed. ''B{'H}
NMR (96 MHz, pyridine-ds): ¢ 1.4 (2B), 3.4 (2B), 6.2 (4B), -8.1 (2B), -11.2 (4B),
~13.7 (2B), —20.7 (2B). IR (KBr, ecm™): vpy 2527 (vs). Anal. Calcd. for
Ca6Hs4B1304Zr; (63a): C, 38.66; H, 6.74. Found: C, 38.30; H, 6.74.

Preparation of [r;s:qs-MegC(C5H4)(C2B9H10)]Zr[q:q:q:—
NH(Me)(CH,);N(Me)C(=S)N"Bu] (64a). To a toluene suspension of
46a+*(C,H,N)os (180 mg, 0.41 mmol) was added dropwise a toluene (5 mL) solution
of "BuNCS (88 mg, 0.76 mmol) at -30 °C, the mixture was stirred at room
temperature overnight. After filtration, the pale yellow solution was concentrated to
about 10 mL. Complex 64a was isolated as pale yellow crystals after this solution
stood at room temperature for 4 days (127 mg, 58%). 'H NMR (300 MHz, pyridine-
ds): 6 6.87 (dd, J=2.9, 5.6 Hz, 1H, CsHj), 6.40 (dd, J= 2.9, 5.4 Hz, 1H, CsH,), 6.27
(m, 1H, CsHy), 6.17 (m, 1H, CsH,), 6.02 (brs, N-H) 4.15 (m, 1H, NCH,), 3.91 (m,

1H, NCH>), 3.81 (m, 1H, NCH,), 3.48 (m, 1H, NCH,), 3.31 (m, 4H, NCH; +

NCH,), 3.16 (m, 1H, NCH>), 3.02 (d, J = 5.7 Hz, 3H, NHCH,), 2.89 (brs, 1H, Cage

C-H), 2.10 (m, 1H, NCH,CH>), 1.92 (m, 1H, NCH,CH,), 1.55 (s, 3H, C(CHs),), 1.39
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(s, 3H, C(CH3)2), 1.32 (m, 2H, NCH,CH,CH,), 0.86 (t,J = 7.4 Hz, 3H, CH;). C{'H}
NMR (75 MHz, pyridine-ds):  186.4 (C=S), 119.8, 116.0, 106.0, 105.1 (CsHy), 54.7,
51.8, 49.1 (NCHy), 43.4, 37.9 (NCH3), 41.3 (C(CHs)y), 28.9, 27.7 (C(CH3),), 25.7
(NCH,CH,), 20.6 (NCH;CH,CH3), 13.5 (CH3), the cage carbons were not observed.
"B{'H} NMR (400 MHz, pyridine-ds): § 3.1 (1B), —3.3 (1B), 5.9 (2B), -8.7 (1B), —
12,0 (3B), -174 (1B). IR (KBr, em™'): van 2523 (vs). Anal. Caled. for
CisH4oBoN3SZr (64a): C, 42.97;, H, 7.59; N, 7.91. Found: C, 42.42; H, 7.75; N, 7.55.
Preparation of [ :4°-Mea C(CsH)(CoBsH (o)) Zr [7:97:1-
NH(Me)(CH,)N(Me)C(=N'Pr)N'Prje(C-Hg)os (65a+(C;Hglos). To a toluene
suspension of 46a+(C2H-N)ys (200 mg, 0.45 mmol) was added dropwise a toluene
solution of DIC (107 mg, 0.86 mmol) at -30 °C, the mixture was stirred at room
temperature overnight. After filtration, the pale yellow solid was collected and
redissolved in DME, the resulting pale yellow solution was concentrated to about 10
mL. Complex 65a+(C7Hg)os was isolated as colorless crystals after this solution
stood at room temperature for 5 days. Single crystal suitable for X-ray analyses was
grown from a saturated toluene solution of 65a*(CsHg)ys (153 mg, 58%) (Isomer A :
Isomer B =1.2:1). Isomer A: "H NMR (400 MHz, pyridine-ds): 6 6.72 (4, J =22 Uz,
1H, CsHy), 6.34 (m, 1H, CsHy), 6.18 (d, J = 2.3 Hz, 1H, CsH,), 6.15 (d, J= 2.4 Hz,
1H, CsHy), 5.74 (m, 1H, N-H), 3.91 (m, 1H, NCH,), 3.84 (m, 2H, CH(CHs),), 3.59
(m, 1H, NCH,), 3.40 (m, 1H, NCH>), 3.30 (s, 3H, NCH3), 3.16 (m 1H, NCH,), 3.03
(d, J = 5.5 Hz, 3H, NHCH3), 2.63 (brs, 1H, Cage C-H), 1.56 (s, 3H, C(CH;)), 1.34
(s, 3H, C(CHs),), 1.18 (m, 12H, CH(CHs),). PC{'H} NMR (100 MHz, pyridine-ds):
¢ 148.8 (N-C=N), 129.3, 119.3, 115.3, 106.5, 105.2 (CsHa), 67.8 (Cage C), 53.5,
50.8 (NCH,), 48.8 (Cage C-H), 46.8, 46.4 (CH(CH3),), 42.9 (NCH3), 41.3 (NHCH3y),

38.0 (C(CHa)y), 26.2, 25.5 (C(CHa)y), 20.1, 19.9, 18.9, 18.0 (CH(CHs)y). Isomer B:
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'H NMR (400 MHz, pyridine-ds): 6 6.53 (brs, 1H, CsHy), 6.41 (d, J = 2.4 Hz, 1H,
CsHy), 5.73 (d, J = 2.3 Hz, 2H, CsH,), 5.30 (m, 1H, N-H), 4.26 (m, 1H, CH(CHj3),),
3.84 (m, 2H, CH(CHs;);) + NCH>), 3.47 (m, 1H, NCH,), 3.35 (m, 1H, NCH>), 3.30
(s, 3H, NCH3), 3.06 (m, 1H, NCH>), 3.30 (d, /= 5.5 Hz, 3H, NHCHs), 2.84 (brs, 1H,
Cage C-H), 1.74 (m, 9H, C(CH;), + CH(CH;)y), 1.57 (m, 6H, CH(CHj3),), 1.42 (s,
3H, C(CHs)). PC{'H} NMR (100 MHz, pyridine-ds): § 147.1 (N-C=N), 129.5,
118.0, 112.3, 106.5, 105.2 (CsHs), 69.1 (Cage C), 54.0 (NCH;), 53.6, 53.0
(CH(CHj3),), 50.5 (NCH,), 48.8 (Cage C-H), 42.5 (NCHj), 40.1 (NHCHj3), 37.7
(C(CHs)p), 29.1, 28.0, 27.1, 26.4 (CH(CHs)), 26.0, 25.1 (C(CH3),). ''B{'H) NMR
(128 MHz, pyridine-ds): ¢ 3.1 (1B), 1.3 (1B), -1.9 (2B), -4.8 (2B), -7.0 (2B), 9.8
(3B), -13.7 (5B), —-19.6 (2B). IR (KBr, cm'l): veu 2527 (vs). Anal. Calcd for
Ca2.7sHa7BoN4Zr (652 + 0.25Toluene): C, 48.35; H, 8.38; N, 9.91. Found: C, 48.08;
H, 8.62; N, 9.42.

Preparation of [n5:r;s-Me2C(C5H4)(C2B9Hm)]Zr[q:nz—
NH(Me)(CH;);N(Me)C=N"Bu] (66a). This complex was prepared as colorless
crystals from 47a (211 mg, 0.49 mmol) and "BuNC (76 mg, 0.91 mmol) in toluene
(20 mL) using a procedure identical with that .reported for 64a: yield 168 mg (68%).
'H NMR (400 MHz, pyridine-ds): 6 6.57 (d, J = 2.5 Hz, CsHy), 6.45 (m, CsHy), 6.36
(m, CsHy), 6.29 (d, J = 2.5 Hz, CsHy), 6.24 (m, CsHy), 6.01 (d, J = 2.0 Hz, CsH,),
5.92 (m, CsHy), 5.87 (m, CsHy), 5,83 (m, CsH,), 5.78 (m, CsHy), 5.74 (m, CsHy),
5.68 (m, CsHs), 4.17 (m, NCH,), 3.91 (t, J = 6.6 Hz, NCH,), 3.83 (m, NCH,), 3.74
(m, NCH,), 3.38 (brs, Cage C-H), 3.18 (s, NCHs), 3.16 (s, NCH3), 3.12 (brs, Cage C-
H), 3.09 (s, NCH3), 3.07 (brs, Cage C-H), 2.90 (brs, Cage C-H), 2.70 (m, NCH,),
2.56 (m, NCH,), 2.40 (s, NCHj3), 2.38 (s, NCH3), 2.37 (s, NCH3), 2.35 (s, NCH3),

2.10 (m, NCH,CH>), 1.97 (m, NCH,CH,), 1.80 (m, CH3CH>), 1.72 (m, NCH,CH>),
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1.63 (m, CHyCHy), 1.56 (s, C(CH3)2), 1.51 (s, C(CHs),), 1.50 (s, C(CHs),), 1.46 (s,
3H, C(CHs);), 1.44 (m, NCH:CH, -+ CH3CH, + NCH,CH,CH,N), 1.35 (m,
NCH,CH,CH;N), 1.38 (s, C(CH3)2), 1.36 (s, C(CHs)), 1.35 (m, NCH,CH,CH;N),
1.34 (s, C(CHs)y), 1.28 (s, C(CH3)2), 1.25 (m, CH3CH>), 1.05 (m, NCH,CH,CH;N),
0.91 (m, CH;CH>), 0.82 (t, J= 7.3 Hz, CH3), 0.85 (t, /= 7.3 Hz, CH3), 0.72 (t, J =
7.3 Hz, CHs), 0.61 (1, J = 7.2 Hz, CHy). *C{'H} NMR (100 MHz, pyridine-ds): &
205.8, 201.1, 200.6, 200.0 (Zr-C=N), 130.5, 126.3, 125.6, 114.6, 114.2, 113.9, 113.7,
112.4, 106.2, 105.9, 105.7, 104.2, 103.9, 103.5, 103.0, 102.9, 101.4, 101.0, 100.9,
99.7 (CsHy), 70.7, 70.5, 70.4, 70.2 (Cage C), 57.5, 57.4, 57.2, 50.7, 50.5, 50.4, 49.8,
49.3, 49.2, 45.8, 44.0, 43.0 (NCH,), 43.3, 42.9, 42.7, 42.5 (Cage C-H), 37.7, 37.6,
37.4 (C(CHs;)y), 37.0, 37.0, 36.9, 36.7 (NCH3), 33.7, 33.5, 31.0, 30.6 (NCH>CH,),
30.5, 29.4, 28.8, 28.6 (CHsCH,), 28.2, 27.9, 27.5, 27.4, 27.0, 26.9, 26.8, 26.3
(C(CHs)), 20.7, 20.5, 19.8 (NCH,CH,CH;,N), 14.1, 13.6, 13.1 (CH3). ''B{'"H} NMR
(400 MHz, pyridine-ds): 6 —1.0 (2B), -3.0 (1.5) , 6.8 (4B), -12.8 (7.5B), —20.0 (3B).
IR (KBr, cm"): veu 2527 (vs). Anal. Caled for CyHs2BsN3Zr (66a): C, 46.82; H,
8.25; N, 8.19. Found: C, 46.90; H, 8.17; N, 7.92.

Preparation of {[#°:1°-Me,C(CsH4)(C2BsH10)]Zr},{Na3(THF)g} (67). To a THF
solution (30 mL) of 57a (340 mg, 0.50 mmol) was added finely cut Na metal (115
mg, 5.00 mmol), and the mixture was stirred at room temperature for 7 days. The
color of the solution was changed from yellow to brown. After removal of excess Na
metal, the resulting brown solution was concentrated to about 20 mL under vacuum.
n-Hexane (12 mL) vapor diffusion gave 67 as brown crystals over a period of 2 days
at room temperature (168 mg, 52%). Several very broad, unresolved resonances were
observed in NMR spectra. IR (KBr, cm™): vgy 2500, 2499, 2474 (vs). Anal. Calcd

for C30HgoB1sNa30;, sZr; (67 — 5.5THF): C, 39.73; H, 6.67. Found: C, 39.55; H, 6.49.
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Preparation of [{r;s:qG-MeZC(CsH“)(CngHm)}Hf];[Li(THF)d; (68). To a THF
solution (25 mL) of §7b (230 mg, 0.30 mmol} was added finely cut Na metal (92 mg,
4.00 mmol), and the mixture was stirred at room temperature for 7 days. After
removal of the precipitate (NaCl) and excess Na metal, the clear orange yellow
solution was concentrated to about 15 mL under vacuum. »-Hexane (8 mL) vapor
diffusion gave 68 as orange vellow crystals over a period of 5 days at room
temperature (98 mg, 46%). 'H NMR (400 MHz, dg-THF): 4 6.25 (d, J= 2.4 Hz, 1H,
CsHy), 6.04 (4, J=2.1 Hz, 1H, CsHy), 5.50 (d, J = 2.4 He, 1H, CsHy), 5.26 (d, /=24
Hz, 1H, CsHy), 3.62 (m, 16H, OCH,CH»), 1.78 (m, 16H, OCH,CH,), 0.95 (s, 3H,
C(CHa)), 0.87 (s, 3H, C{CHz),). “C{'H} NMR (100 MHz, ds-THF): 6 120.0, 110.9,
110.7, 97.5, 94.6 (CsHy), 67.6 (OCH;), 36.0 (C(CH;)z), 28.8 (C(CHjs)y), 25.4
(OCH,CH,), 21.7 (C(CHs),), the cage carbons were not observed. 'B{'H} NMR (96
MHz, d5-THF): § 0.4 (1B), -8.8 (1B), —-16.8 (2B), —18.8 (3B), -24.4 (1B), 43.3 (1B).
IR (KBr, cm'l): vy 2504, 2460 (vs). Anal. Calcd for CiHeaBisHEL1,05 (68 —
5THF): C, 36.18; H, 6.07. Found: C, 36.61; H, 6.47.

Preparation of [{1;5:qG-Me2C(C5H4)(C2B9Hm)}Hf];[PPN]; (69). To a THF
solution (20 mL) of 68 (142 mg, 0.10 mmol} was added [PPN]CI (115 mg, 0.20
mmol) at -30 °C, and the mixture was stirred at room temperature overnight. After
filtration, the clear yellow solution was concentrated to about 8 mL. #-Hexane (10
mL) vapor diffusion gave 69 as yellow crystals over a period of 3 days at room
temperature (98 mg, 51%). 'H NMR (400 MHz, ds-pyridine): 6 7.64 (m, 18H, Cg¢Hs),
7.45 (m, 12H, C¢Hs), 7.16 (d, J = 2.3 Hz, 1H, CsHa), 6.68 (d, J = 2.1 Hz, 1H, CsHy),
595(d, J=2.3 Hz, 1H, CsHs), 5.86 (d, J = 2.4 Hz, 1H, CsH,), 2.31 (brs, 1H, Cage
C-H), 1.48 (s, 3H, C(CHs)y), 1.36 (s, 3H, C(CHs),). The PC NMR data were not

obtained due to the poor solubility of 69. ""B{'H} NMR (96 MHz, ds-pyridine): & —
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0.9 (1B), 7.4 (1B), —15.4 (2B), —-18.1 (3B), —23.7 (1B), —41.7 (1B). IR (KBr, cm™):
vgn 2510, 2470 (vs). Anal. Caled for CoHjgoB1sHEN,P, (69): C, 57.87; H, 5.28; N,
1.47. Found: C, 57.60; H, 5.74; N, 1.13. Note that 69 did not redissolve in THF after
crystallizing out and it reacted slowly with pyridine. All NMR data must be recorded
as soon as possible.

X-ray Structure Determination. Data were collected at 123 K for 51 and 69,
143 K for 68, and 298 K for other complexes on a Bruker SMART 1000 CCD
diffractometer or Bruker AXS Kappa Apex II Duo diffractometer using Mo-Kea
radiation. An empirical absorption correction was applied using the SADABS
program.144 All structures were solved by direct methods and subsequent Fourier
difference techniques and refined anisotropically for all non-hydrogen atoms by full-
matrix least squares calculations on F® using the SHELXTL program package.“s All
hydrogen atoms were geometrically fixed using the riding model. Crystal data and
details of data collection and structure refinements are given in Appendix II. CIF

files are given in Appendix III in electronic format.
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Appendix II. Crystal Data and Summary of Data Collection and Refinement

2¢c

3c

43'0.5C6H6

4¢°0.5CH

formula

crystal size (mm)

fw

crystal system
space group
a, A

b, A

¢, A

o, deg

B, deg

y, deg

v, A’

p4

Diqies, Mg/m’

radiation (1), A

2@range, deg
p5,
F(000)
no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

C14H30B 0N, Ti

0.50 x 0.50 x
0.40

382.40
trigonal
R3m
25.806(4)
25.806(4)
9.888(2)
90

90

120
5702.7(16)
9

1.002

Mo
(0.71073)

50
0.339
1800
1271
133
0.956
0.054

0.131

CsH32B N, Ti

040 x 030 x
0.20

396.43
trigonal
R3m
26.045(1)
26.045(1)
9.844(1)
90

90

120
5782.8(7)
9

1.025

Mo
(0.71073)

Ka

56.0

0.336

1872

2843

139

0.973

0.043

0.105

269

CssHsiBoNyZr

040 x 030 x
0.20

727.12
monoclinic
P2/n
10.472(1)
17.389(2)
21.659(3)
90
98.68(3)
90
3898.8(9)
4

1.239

Mo
(0.71073)

Ka

56.6

0313

1516

9663

451

1.014

0.049

0.119

CisHs BN, Ti

040 x 030 x
0.20

683.80
monoclinic
P2i/n
10.500(2)
17.092(3)
21.352(4)
90
98.56(3)
90
3789.5(13)
4

1.199

Mo
(0.71073)

Ka

50

0.257

1444

6681

451

0.968

0.071

0.174



5a 6a Ta 8a+0.75THF

formula E::HSOBZGNSO., CagHBooNeZrs E:szoBzoNsSiz (ZI: ;HWBMNSOM;,

crystal size (mm) 050 x 030 x 040 x 030 x 030 x 020 x 040 x 020 x
0.10 0.20 0.20 0.20

fw 1327.92 1015.66 1079.90 1346.05

crystal system triclinic monoclinic monoclinic monoclinic

space group P-1 P2/c P2yn P2y/c

a A 10.896(2) 14.933(2) 15.741(2) 19.677(2)

b, A 17.104(2) 9.927(1) 10.721(1) 24.137(3)

oA 20.437(3) 17.170(2) 16.257(2) 34.482(4)

a, deg 73.67(1) 90 90 90

B, deg 80.77(1) 93.55(1) 101.21(1) 98.69(1)

¥ deg 74.87(1) 90 90 90

v, A 3512.7(8) 2540.3(4) 2691.0(5) 16189(3)

A 2 2 2 8

Diyicq, Mg/m’ 1.255 1.328 1.333 1.105

radiation (1), A Mo Ka Mo Ka Mo Ka Mo Ka
(0.71073) (0.71073) (0.71073) (0.71073)

2@range, deg 50.0 50.0 56.0 50.0

4, mm’! 0.345 0.448 0.469 0.297

F(000) 1368 1048 1120 5584

no. of obsd reflns 12298 4479 6500 28466

no. of params refnd 811 310 307 1721

goodness of fit 0.841 1.045 1.003 0.817

R1 0.062 0.054 0.048 0.086

wR2 0.126 0.136 0.117 0.211
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9a’+Tol

9b’+Tol

10a

10a’+0.5Tol

formula

crystal size (mm)

fw

crystal system
space group
a A

b, A

¢ A

a, deg

B, deg

¥, deg

v,A

Z

Dyict, Mg/m’

radiation (1), A

28range, deg

Hy mm”’

F(000)

no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

CssHe,BioNsZr

050 x 040 x
0.30

738.21
triclinic
P-1
10.615(1)
14.165(2)
15.427(2)
95.59(1)
107.61(2)
110.98(2)
2008.4(5)
2

1.221

Mo
(0.71073)

Ka

50.0

0.304

780

7022

460

1.070

0.040

0.109

C35H62-B lOH f Nri

0.50 x 0.50 x
0.40

825.48
triclinic
P-1
10.599(2)
14.168(3)
15.416(3)
95.78(1)
107.81(1)
110.77(1)
2003.0(8)
2

1.369

Mo
(0.71073)

Ka

50.0

2.635

844

7001

460

1.051

0.034

0.088

271

CyoHy B oN3SZr

0.50 x 040 x
0.30

554.94
triclinic
P-1
8.610(1)
10.569(1)
16.517(1)
93.01(1)
90.23(1)
104.52(1)
1452.7(3)
2

1.269

Mo
(0.71073)

Ka

56.1

0.466

576

6886

316

1.030

0.037

0.097

Caz75H4sB oN3SZr

040 x 030 x
0.20

649.04
monoclinic
P2\/n
15.250(3)
18.002(4)
24.805(5)
90
97.74(1)
90
6748(2)

8

1.278

Mo
(0.71073)

Ka

50.0

0412

2696

11878

766

1.029

0.048

0.112



10b

11a

12a

12b

formula

crystal size (mm)

fw

crystal system
space group
a A

b, A

c, A

a, deg

#, deg

¥ deg

v, A3
V4
Diated, Mg/m®

radiation (1), A

2@range, deg
4 mm’”!
F(000)

no. of obsd reflns

no. of params refnd

goodness of fit
Ri

wR2

CooHy B HIN;S

0.50 x 040 x
0.30

642.21
triclinic
Pl
9.07%(1)
10.475(2)
15.955(2)
90.07(1)
93.33(1)
107.83(1)
1441.7(4)
2

1.479

Mo Ka

(0.71073)
50.0
3.706
640

5019

316

1.043
0.034

0.087

CysHs3B gNsO1Zr

050 x 040 x
0.30

947.27
orthorhombic
Pcen
38.951(7)
13.815(3)
24.485(35)
90

90

90
13175(4)
8

0.955

Mo Ka
(0.71073)

500
0.201
3920
11620
603
0.924
0.068

0.166

272

C3HsoBoNyZr

050 x 040 x
0.30

702.09
monoclinic
P2,in
10.696(2)
17.369(3)
21.358(2)
S0
96.45(1)
90
3942.7(10)
4

1.183

Mo Ka
(0.71073)

50.0
0.307
1464
6939
433
1.070
0.036

0.093

Ca3HsoB1oHIN,

040 x 030 x
0.20

789.36
monoclinic
P2i/n
10.696(2)
17.355(3)
21.308(4)
90
96.40(1)
90
3930.8(11)
4

1.334

Mo Ka
(0.71073)

50.0

2.682
1592
6917
433

1.009
0.033

0.078



13a

13b

14a

14b

formula

crystal size {mm)

fw

crystal system
space group
a, A

b, A

e A

o, deg

B, deg

» deg

v, A?

zZ

Deges, Mg/m’

radiation (1), A

2@ range, deg

H, mm’™*

F(000)

no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

CysHegB oNgZr

030 x 030 x
0.20

772.27
monoclinic
P2yic
12.433(2)
19.980(4)
17.695(3)
90
99.93(1)
90
4329.8(14)
4

1.185

Mo Ko

(0.71073)
50.0
0.286
1640
7604
469
1.073
0.075

0.219

C35H6SB IGI—Ide

040 x 030 x
0.20

$59.54
moenoclinic
P2yic
12.415(2)
19.922(4)
17.670(3)
90
100.01(1)
90
4303.8(14)
4

1.327

Mo Ka

(0.71073)
50.0
2.456
1768
7579

469
0.993
0.037

0.092

273

CusHgoB1oN 100y
Zr

0,40 x 030 x
0.20

1000.4%
triclinic
P-1
10.898(1)
11.398(1)
23.590(1)
77.86(1)
81.09(1)
71L.17(1)
2699.5(2)
2

1.231

Mo
(0.71073)

Ka

50.0

0.252

1060

9359

613

1.015

0.056

0.144

CasHaoB gHEN o
Oy

050 x 040 x
0.20

1086.75
triclinic
P-]
10.863(5)
11.303(5)
23.568(10)
78.02(1)
81.03(1)
71.33(1)
2669(2)
2

1.352

Mo
{0.71073)

Ka

50.0

2.003

1122

9301

613

1.070

0.051

0.128



15b+0.5DME 16a 16b 17a+0.5Tol

formula CisHaBiHINGG  CasHrgBioN(SiaZr Ci’jH“B‘“HfN“ Cus sHssBroNZr

crystal size (mm) 040 x 030 x 050 X 030 X 040 x 020 x 040 x 030 x
0.20 0.20 0.20 0.20

fw 1013.63 §92.70 979.97 861.26

crystal system monoclinic triclinic triclinic triclinic

space group P2,/n P-1 P-1 P-1

a A 17.61(3) 11.197(1) 11.249(3) 12.376(2)

b, A 15.73(3) 12.585(1) 12.616(3) 12.708(2)

c, A 19.75(4) 20.310¢1) 20.499(5) 16.534(2)

o, deg 90 95.86(1) 75.93(1) 75.33(1)

B deg 108.69(4) 103.79%(1) 86.60(1) 87.34(1)

7. deg 90 91.58(1) 88.32(1) 62.87(1)

v, A’ 5183(16) 2761.0(2) 2816.6(12) 2231.3(5)

4 4 2 2 2

Degiea, Mg/m® 1.299 1.074 1.155 1.282

radiation (1), A Mo Ka Mo Ka Mo Ka Mo Ka
(0.71073) (0.71073) 0.71073) (0.71073)

28range, deg 50.0 50.0 50.0 50.0

4, mm’! 2.052 0.315 1.965 0.286

F(000) 2068 948 1012 896

no. of obsd reflns 9101 9712 9815 7827

no. of params refnd 613 505 505 550

goodness of fit 1.078 1.105 1.086 1.030

Rl 0.042 0.036 0.069 0.058

wR2 0.105 0.097 0.189 0.139
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18a

18b2Tol

19a-Tol

20a

formula

crystal size (mm)

fw

crystal system
space group
a A

b, A

¢, A

o, deg

B, deg

¥ deg

v, A’

4

Degress Mg/m’

radiation (1), A

26range, deg
i, mm’
F(000)

no. of obsd refins

no. of params refnd

goodness of fit
Rl

wR2

CizHaaBoNgZr

050 x 040 x

0.30
852.31

trictinic
P-1
10.514(1)
13.151(2)
18.462(3)
101.38(3)
91.41(2)
90.64(2)
2501.4(6)
2

1.132

Mo Ka

(0.71073)
56.1
0.254
896
11856
532
1.179
0.051

0.184

CosHyaaBooHEN 2

040 x 030 x

0.20
2063.34

triclinic
P-1
13.274(2)
14.791(3)
16.488(3)
105.39(1)
100.35(1)
92.11(1)
3058.0(10)
1

1.120

Mo Ka

(0.71073)
50.0
1.739
1060
10688
595
0.974
0.050

0.107

275

CsHyB (NgZr

040 x 030 x

0.20
972.50

triclinie
P-1
10.885(2)
13.484(2)
19.065(3)
103.62(1)
91.84(1)
96.14(1)
2699.2(7)
2

1.197

Mo Ka

(0.71073)
56.1
0.244
1028
12864
613
0.966
0.070

0.146

CagHs3BgNsZr

040 x 030 x
0.20

659.07
orthorhombic
P2,2,2,
14.118(2)
14.882(2)
16.513(2)
920

90

90
3469.4(8)
4

1.262

Mo Ka
(0.71073)

36.1
0.345
1384
8400
397
1015
0.036

0.082



2l1a 21b 23a 24a+0.5THF

formula CsHssBioNsZr  CyHyBioHMNs  CyyHeaB1oNsSipZr ;:‘H"‘B”N"O"'”

crystal size (mm} 050 x 040 x 040 x 030 x 040 x 030 x 050 x 040 x
0.30 0.20 020 0.30

fw 737.18 824.45 797.39 726.13

crystal system monoclinic monoclinic triclinic monoclinic

space group P2\in P2iin P-1 P2\/n

a, A 10.921(2) 10.945(1) 13.106(1) 10.852(2)

b A 17.085(3) 17.087(1) 19.078(1) 17.389(4)

¢, A 21.524(4) 21.504(1) 19.418(1) 21.045(4)

o, deg 90 90 98.94(1) 90

B, deg 95.42(1) 95.51(1) 101.46(1) 94.17(1)

¥, deg 90 90 105.39(1) 90

v, A 3998.1(11) 4002.8(3) 4475.1(5) 3960.5(14)

z 4 4 4 4

Degea, Mg/m’ 1.225 1.368 1.184 1218

radiation (4), A Mo Ka Mo Ka Mo Ka Mo Ka
(0.71073) (0.71073) (0.71073) (0.71073)

2 @range, deg 50.0 50.0 30.0 56.0

4 mm” 0.306 2.637 0.329 0.309

F(000) 1552 1680 1680 1520

no. of obsd reflns 7034 7019 15720 9543

no. of params refnd 469 478 937 460

goodness of fit 1.018 1.104 1.072 1.024

Rl 0.061 0.026 0.050 0.058

wR2 0.146 0.063 0.116 0.145

276



25a

25b

25p°

26a

formula

crystal size {mm)

fw

crystal system
space group
a, A

b, A

¢ A

«, deg

B, deg

¥ deg

v,A?

z

Degieas Mg/m’

radiation (1), A

28range, deg
1 mm’'

F(000)

no. of obsd reflns
no. of params refnd
goodness of fit

Rl

wR2

C3HyeB1oNgSZr

050 x 040 x

0.30
706.10

triclinic
P-1
11.841(1)
12.159(1)
12.976(1)
93.23(1)
99.78(1)
103.23(1)
1783.3(2)
2

1.315

Mo
(0.71073)

50.5
0.396
732

6418
424

0.955
0.025

0.071

Ka

C31HyeB1oHIN,S

0.50 x 040 x

030
793.37

triclinic
P-l
11.840(2)
12.134(2)
12.965(2)
93.23(1)
99.72(1)
103.25(1)
1778.2(6)
2

1.482

Mo
(0.71073)

50.0
3.021
796
6227
424
1.055
0.042

0.106

277

Ka

C29H50B l[ll_I mds

0.50 x 040 x

0.30
773.38

monoclinic
P2c
11.798(1)
19.512(2)
16.128(2)
90
106.18(1)
20
3565.6(7)
4

1.441

Mo
(0.71073)

505

3.011
1560
6468
406

1.130
0.034

0.080

Ka

CosHiaB1oN4ZrS

040 x 030 x
.20

678.05
triclinic
P-1
11.797(2)
12.024(2)
14.111(2)
95.54(1)
91.74(1)
109.97(1)
1868.5(5)
2

1.205

Mo Kea
(0.71073)

50.0
0375
700
6536
406
1.094
0.044

0.124



28b 213 31+0.5Tol 32

formula CaoHygB o HIN, CuHyBoNS, Zr g:;,soHszBleSz gi0H54B20N4OZSZ

crystal size (mm) 040 x 030 x 040 x 030 x 040 x 030 x 050 x 040 x
0.20 0.20 0.20 0.30

fw 789.36 590.99 854.31 874.31

crystal system monoclinic monoclinic monoclinic menoclinic

space group P2\/e P2n P2in P2\le

a, A 21.262(4) 12.906(1) 15.517¢2) 21.281(3)

b, A 16.347(3) 9.080(1) 16.642(2) 12.701(2)

¢, A 21.019(3) 26.430(1) 17.666(2) 17.917(3)

a, deg 90 90 90 90

B, deg 90.15¢1) 103.68(1) 96.31(1) 106.85(1)

7, deg 90 90 90 90

v, A 7305(2) 3009.3(3) 4534.1(10) 4634 5(11)

z 8 4 4 4

Degieas Mg/m® 1.435 1.304 1.252 1.253

radiation (1), A Mo Ka Mo Ka Mo Ka Mo Ka
(0.71073) {0.71073) (0.71073) (0.71073)

26 range, deg 50.0 50.5 50.0 50.0

i, ™! 2.886 0.514 0.364 0.361

F(000) 3184 1200 1756 1800

no. of obsd reflns 12875 5448 7951 8154

no. of params refnd 865 343 541 532

goodness of fit 1.043 1.028 1.033 1117

Rl 0.045 0.043 0.045 0.049

wR2 0.090 0.088 0.109 0.122

278



33 34~Tol 35 37.3THF
formula C5Hs53B3eNOS C13HgoBoNO:S
C19H46820N283Zr Z:S 0 2 C30H54B‘20N48‘.!Zr Zn 69020 62

I

crystal size (mm)

fw

crystal system
space group
a, A

b A

c, A

e, deg

B deg

¥, deg

v, A’

z

Dyaieq, Mg/m’

radiation (1), A

Z28range, deg

2, mm’”

F(000)

no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

050 x 030 x
0.20

706.18
monoclinic
P2 /e
11.006(1)
20.210(2)
16.778(2)
90
100.50(1)
90
3669.3(7)
4

1.278

Mo
{0.71073)

Ka

50.0

0.489

1448

6457

415

1.081

0.054

0.134

050 x 040 x
0.30

755.22
monoclinic
P2/n
13.455(6)
18.181(7)
16.373(7)
90
97.42(1)
90
3972(3)

4

1.263

Mo Ka

(0.71073)
50.0
0.407
1560
6988
479
1.076
0.036

0.096

279

040 x 030 x
0.20

84231
moneclinic
C2/m
22.405(2)
15.095(2)
14.776(2)
90
90.47(1})
90
4997.3(9)
4

1.120

Mo
(0.71073)

Ko

50.0

0.330

1736

4568

277

1.120

0.071

0.241]

050 x 040 x
0.30 mm

947.43
monoclinic
P2/c
13.666(1)
21.732(1)
19.034(1)
90
101.50(1)
90
5539.4(3)
4

1.136

Mo
(0.71073)

Ka

50.5

0.311

1976

10038

568

1.083

0.047

0.134



42a-Tol

44a

45a

46a-0.5HNMe,

formula

crystal size (mm)

fw

crystal system
space group
a, A

b A

¢ A

a, deg

P, deg

% deg

v, A’

V4

Deatess Mg/m’

radiation (1), A

28range, deg
H, mm”'

F(000)

no. of obsd reflns

no. of params refnd

goodness of fit
R1

wR2

Cz1Hy BoN>Zr

0.50 x 040 x
0.30

510.07
monoclinic
P2\/e
10.822(2)
20.100(4)
13.273(3)
90
111.32(1)
90
2689.6(9)
4

1.260

Mo Ka
(0.71073)

56.1
0.422
1064
6481
298
1.006
0.053

0.140

Ca0H3;B N Zr

040 x 030 x
0.20

499.80
monoclinic
P2,
11.736(2)
13.795(2)
16.259(3)
90
104.20(1)
90
2551.9(7)
4

1.301

Mo Ka
(0.71073)

50.0
0.443
1024
8629
595
1.029
0.074

0.179

280

C3 0H5489N 72!’2

050 x 040 x
0.30

802.61
monoclinic
Pi/e
11.418(2)
14.843(3)
25.088(4)
920
97.48(1)
90
4215.7(12)
4

1.265

Mo Ka
(0.71073)

50.0
0.524
1672
7438
433
1.085
0.043

0.117

CsHaq sBoNa sZr

030 x 020 x
0.10

438.46
monoclinic
P2\/n
10.477(1)
12.404(1)
18.533(2)
90
100.85(1)
90
2365.6(4)
4

1.231

Mo Ka
(0.71073)

50.0
0.469
908
4162
253
1.012
0.075

0.228



48a

50a

-2 |

522+0.5Tol

formula

crystal size {mm}

fw

crystal system
space group
a, A

b, A

e, A

o, deg

B, deg

¥, deg

v, A

Z

Degiea, Mg/m’

radiation (1), A

2@range, deg

i, mm’”!

F(000)

no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

CioHesBgLisNs
Zl'z

330 x 020 x
0.20

871.75
moneclinic
Cc
29.602(4)
15.398(2)
20.410(2)
90
109.55(1)
90
8766.7(18)
g

1.321

Mo
(0.71073)

Ka

50.0

0.504

3584

7727

505

1.041

0.069

0.168

CisH3sBeN:Zr

040 x 030 x
020

480.00
monoclinic
P2\ /n
16.032(3)
8.815(2)
17.216(3)
%0
103.82(1)
%0
2341007
4

1.362

Mo
(0.71073)

Ka

56.1

0.480

992

5664

284

1.030

0.049

0.110

281

Cs2Hs,BoNP,

050 x 040 x
0.30

850.18
monoclinic
P2,
10.903(1)
19.217¢1)
13.492(1)
90
11L.10(1)
90
2637.2(3)
2

1.071

Mo
(0.71073)

Ka

50.0

0.116

892

9183

577

1.047

0.043

0.111

C5) sH32B N Zr

050 x 040 x
0.40

517.81
orthorhombic
Pben
22.528(3)
16.036(2)
13.935(2)
90

90

90
5034.2(12)
3

1.366

Mo
(0.71073)

Ka

56.1

0.452

2120

6095

328

1.030

0.041

0.108



53a

54a

55a+CgHg

56b

formula

crystal size (mm)

fw

crystal system
space group
a, A

b A

¢ A

o, deg

B, deg

%, deg

v,A3

Z

D caleds Mg/ m3

radiation (4), A

2@range, deg
4 mm’

F(000)

no. of obsd reflns
no. of params refnd
goodness of fit

Rl

wR2

C 1 (,Hg 1 BgN ;Zr

050 x 040 x

0.30
439.94

monoclinic
Pin
12.931(1)
9.163(1)
17.983(2)
90
101.98(2)
90
2084.2(4)
4

1.402

Mo
(0.71073)

56.1
0.532
904
5023
257
1.048
0.028

0.073

Ka

CququgNzZI’

040 x 030 x

0.20
550.13

menoclinic
P2n
9.972(1)
20.416(1)
14.774(1)
90
103.67(1)
90
2922.5(2)
4

1.250

Mo
(0.71073)

55.6
0.393
1152
6863
325
1.005
0.039

0.091

282

Ka

Ca2Hs B 15N S Zr

050 x 040 x
0.30

704.38
monoclinic
P2,/c
12.787(4)
16.241(6)
19.157(7)
90
108.35(1)
90
3776(2)

4

1.239

Mo
(0.71073)

Ka

50.5

0.422

1456

6829

415

1.090

0.037

0.100

CzﬁngBgHﬂ_‘iNz

6

050 x 040 x
0.30

781.50
orthorhombic
Cmeca
20.288(5)
28.026(8)
13.812(4)
90

90

90
7853(4)

8

1.322

Mo
(0.71073)

Ka

50.0

2.693

3200

3579

394

1.095

0.037

0.095



58a 59a+0.5Tol 60aTHF 6la

formula C34HesBsCILIN
Ozt CyosHseBoNOZr  CsiHnBoN,O3Zr € sH3sBoCLN,Zr

crystal size (mm) 050 x 040 x 040 x 030 x 050x040x 040 x 030 x
.30 0.20 0.30 0.20

fw 817.79 623.21 1022.68 502 .86

crystal system monoclinic monoclinic monoclinic triclinic

space group P/c C2ic P2,/n P-1

a, A 9.591(2) 34.123(7) 19.274(4) 7.188(1)

b, A 28.294(5) 12.159(2) 12.531¢2) 9.965(2)

¢, A 16.780(3) 23.190(5) 26.162(5) 17.241(3)

o, deg 90 90 90 81.70(1)

B, deg 92.05(1) 129.65(1) 100.32(1) 78.01(1)

¥ deg 90 90 90 84.88(1)

v, A’ 4550.5(14) 7409(2) 6216.3(19) 1193.1(3)

A 4 8 4 2

Degieas Mg/m® 1.194 1117 1.093 1.400

radiation (1), A Mo Ka Mo Ka Mo Ka Mo Ka
(0.71073) (0.71073) (0.71073) (0.71073)

2@range, deg 56.0 56.1 56.1 50.0

4, mm’! 0.339 0.319 0.217 0.690

F(000) 1728 2616 2152 516

no. of obsd reflns 10942 8905 15005 4182

no. of params refnd 478 406 694 262

goodness of fit 0.985 0.888 0.936 1.067

R1 0.051 0.073 0.0910 0.043

wR2 0.131 0.197 0.0246 0.114

283



62a-DME 63a*DME G6da 65a+0.5 Tol

formula CisHasB1oN7OuZr C3gHgyB 1506 Zr; CioH4oBoN;S8Zr Cay sHaoBolNZr

crystal size (mm) 040 x 030 x 030 x 040 x 040 x 030 x 0350 x 020 x
0.20 0.30 0.20 0.20

fw 840.28 897.83 531.11 588.19

crystal system monoclinic monoctinic triclinic monoclinic

space group P2in P2y/c P-1 P2\/n

a, A 18.409(1) 15.531(3) 10.005(2) 11.339(2)

b, A 17.749(1) 14.877(3) 11.432(2) 9.917(2)

e A 29.490(2) 9.319(2) 12.192(2) 28.483(5)

a, deg 90 90 30.50(1) 90

B, deg 106.68(1) 99.30(1) 69.17(1) 93.62(1)

¥, deg 90 90 83.49(1) 20

v, A’ 9230.4(11) 2125.0(%) 1283.1(4) 3196.5(9)

Z 8 2 2 4

Deatcs, Mg/m® 1.209 1.403 1.375 1.222

radiation (1), A Mo Ka Mo Ka Mo Ka Mo Ka
{0.71073) (0.71073) (0.71073) (0.71073)

28range, deg 55.9 50.0 56.1 56.1

4, mm’’! 0.275 0.531 0.524 0.365

F(000) 3536 924 552 1236

no. of obsd reflng 21956 3738 6080 7674

no. of params refnd 1061 253 302 361

goodness of fit 1.001 1.069 1.048 1.009

R1 0.058 0.045 0.058 0.045

wR2 0.152 0.111 0.141 0.114

284



66a

67

68

69

formula

crystal size (mm)

fw

crystal system
space group
a A

b A

¢, A

@, deg

B, deg

5 deg

v, A

Z

Deacts Mg/m’®

radiation (A1), A

28range, deg
&, mm’

F(000)

no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

C20H42B9N3Zr

040 x 030 x

0.20
513.08

monoclinic
Pfe
17.224(5)
9.737(3)
16.537(5)
90
112.19(1)
90
2567.9(12)
4

1.327

Mo
(0.71073)

36.1
0.443
1072
6189
302
1.035
0.045

0.109

Cs2H 04B1sNa; Oy
ng

040 x 030 x
0.20

1303.34
monoclinic
P2in
15.209(1)
10.971(1)
22.585(1)
90
92.82(1)
90
3764.002)
2

1.150

Mo
(0.71073})

Ka

50.0

0.336

1366

6607

4il

0.950

0.069

0.183

285

CsoHi04B gHf; Ly
Og

0.50 x 040 x
0.30

1422.80
menoclinic
P2/n
27.091(2)
10.844(1)
27.203(2)
90
119.48(1)
90
6957.4(9)
g

1.358

Mo
{0.71073)

30.0
3.027
2880
11092
739
1.053
0.067

0.194

CoyH 0B 1sHELN,
P,

040 x 030 x
0.20

1909.18
orthorhombic
Pea?,
17.065(1)
17.988(1)
28.017(1)
90

90

90
8600.5(6)
4

1.474

Mo
(0.71073)

56.5
2.536
3840
20988
1059
1.005
0.036

0.068



