Synthesis, Structure, and Reactivity of Group
4 Metal-Carboryne Complexes

REN, Shikuo

A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy

in Chemistry

The Chinese University of Hong Kong

April 2010



UMI Number: 3445950

All rights reserved

INFORMATION TO ALL USERS
The qyality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMI

Dissertation Publishing

UMI 3445950
Copyright 2011 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

.oit.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor. Ml 48106-1346



Assessment Committee;

Professor Kevin W. P. Leung, Chair
Professor Hak-Fim Chow, Committee Member

Professor Zuowei Xie, Research Supervisor

Professor Tamotsu Takahashi, External Examiner

(Hokkaido University)



/ Acknowledgement

First I would like to give my sincere thanks to my supervisor, Professor Zuowei
Xie, for his patient guidance, and great help during my study in the past three and
half years. He gave me this very valuable study chance and led me into a new field of
organometallics related to carborane, and helped me to finish writing this dissertation
as well as the challenging research of metal-carboryne involved in it.

Then I would like to thank Ms. Hoi-Shan Chan for the determination of single-
crystal X-ray structures, Ms. Hau Yan Ng for the measurement of mass spectra and
Mr. Chun Wah Lin for providing me many conveniences when using GC-MS
instrument.

I am also grateful to my labmates Dr. Liang Deng > Dr Hao Shen, Ms. Zaozao Qiu,
Ms. Jingnan Chen, Ms. Dongmei Liu, Ms. Mei-Mei Sit, Ms. Jingying Yang, Mr. Jian
Zhang, Mr. Fangrui Zheng, Mr. Rixin Wang, Mr. Yang Wang and Mr. Xiao He for
their helpful discussion and suggestions.

I also thank my friends and officers of the Department of Chemistry and Graduate
School for their kind help and supports during ray study.

I also give my thanks to my wife for her selfless support and help during my study
period.

I am greatly indebted to The Chinese University of Hong Kong for the award of a

Postgraduate Studentship and to The Hong Kong Research Grants Council for the

financial support.



Abstract

A series of group 4 metal-carboiyne complexes were synthesized by the reaction of
LizCaBioHio with dichloro group 4 metal complexes. Reaction of {fj™
C2B,0H,0)ZrCI2(THF)3 with 2 equiv of [MeC(NCy)Z]Li or ["Pr2NC(NPr")2]Li also
effectively yielded the corresponding group-4-metal-carboryne complexes. On the
other hand, treatment of C2B,0Hio)ZrCI2(THF)3 with 2 equiv of 'BuOK or
['BuCOCHCO'Bu]Na gave unexpected product [(;/"-C2BioH,0)2Zr(0'Bu)(THF)]
[Zr(OBu")3(THF)3] or [0:0:a-('BuC(0)=CHC('Bu)(0)C2B,0oHio} | Zr<7'-
'BuCOCHCOBU)(THF)2.

Subsequently, the reactivities of group 4 metal-carbroyne complexes toward
unsaturated molecules were studied. Polar molecules such as azide, ketone, nitrile,
carbodiimide, isocyanate, thioisocyanate, carbon disulfide, and isonitrile were
inserted into the M-C bond in metal-carboiyne complexes to form monol | di- ? toe
insertion products. These metal-carboryne complexes, however, showed no reactivity
toward internal alkynes and alkenes. Teiroinal alkynes protonated the carboryne

complexes to afford neutral o-carborane.

Next, the reactivities of Cp2Zr(;/-Cl)(/i-C2BioHio)Li(OEt2)2 toward alkynes,
alkenes and pyridines were studied. Various kinds of internal alkynes, and terminal
alkenes reacted with this Zr-caiboryne precursor to effectively generate the mono-
insertion products zirconacyclopentene and zirconacyclopentane, respectively.
Interaction of Cp2Zr(/i-C1)(/i-C2BioHio)Li(OEt2)2 and pyridines afforded a new kind
of carboranyl zirconocene complexes via C-H activation at a-position of pyridines.

Finally, the reactivities of aforementioned zirconacyclopentene and
zirconacyclopentane complexes were studied. A new class of benzocarboranes and

dihydrobenzocarboranes were prepared by indirect [2+2+2] cycloaddition of



carboiyne with two different alkynes, or with one alkene and one .alkyne, mediated
by Ni(II) or Fe(III). In the presence of CuCl and HMPA, zirconacyclopentenes or
zirconacyclopentanes reacted with or//7o-dihalobenzene reagents to generate
naphthalocarborane or dihydronaphthalocarborane derivatives. A series of carborane
fused cyclobutenes and cyclobutane were also prepared from zirconacyclopentenes

or zirconacyclopentane's complexes mediated by CuClII). 25
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Abbreviation

Ar aryl

br broad

brs broad singlet (NMR)

"BuLi /7-butyl lithium

'Bu rer/-butyl

compd compound

Cp cyclopentadicnyl

Cp” 1,3-bis(trimethylsilyl)cyclopentadicnyl
Cp" 1,3-bis(“err-butyl)cyclopentadienyl
Cp* pentamethylcyclopentadienyl

Cy cyclohexyl

d doublet (NMR)

DCC dicyclohexylcarbodiimidc

dd double doublet (NMR)

DMAD dimethylacetylencdicarboxylate
DME dimethoxyethane

dppe 1.2-bis(diphenylphosphino)ethane
dppp 1.3-bis(diphenylphosphino)propane
Et ethyl

EtzO diethyl ether
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phenyl

r*o-"ropyl

pyridine °

singlet (NMR)

triplet (NMR)
trifluoromethanesulfonalc
tctrabuty [ ammonium fluoride
AL]/7-butyldimethylsilyl
tetrahydrofuran
tctramethylethylcnedianiine
trimethylsilyl
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II-5¢ *CyNC(Bu”)NCy]2ZiCI2

I1-5d -CyNC(Ph)NCy)2TiCI2

II-5e ri"*PrNC(Me)NPr']2ZrCl12

11-5f -PrNC(Ph)NPr']2ZrCI2

1—bg -'PrNC(Bu")NPr'12ZrCI12

II-5h *PrNC((Tr)2N)NPr*]2ZrC12

I1-5i -PrNC(Bu")NPr']2TiC12
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1—6g ~PrNC(Bu")NPr']2Zr(;7'-C2B,0H,0)

= 1-6h ~PrNC(("Pr)2N)NPr~]2Zr(/7'-C2B,0H,0)
11-6i - FINC®BinNPr2Ti(72-C2B,0H,0)

11-6j *2-'PrNC(Bu")NPr'[_| 2Hf(;/2-C2BioHio)
II-6k "2-C2BioHio)Zrb2(THF)3

11-61 ("2-C2BioHi0)2Zr(0'Bu)(THF)j[Zr(OBu")3(THF)31
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Chapter 1. Introduction

1.1. Carboranes

Carboranes are a class of boron clusters with one or more polyhedral boron
vertices replaced by CR unit(s) (R = H, alkyl, aryl, ct al). They were known as early
as 1960s." These species have been extensively studied and reviewed.” Icosahedral
carboranes (C2B10H12) contains ten-boron and two-carbon vertices, existing as 1,2

{prtho or 1,7 fmeta or m)- and 1,12 (para or /7)-isomers (C2B10H12). Their
i
structures and IUPAC numbering of the three isomers are shown in Chart 1.1.» The
inter-atomic distances are shown in Table 1. ] .2Béth C-C (1.62-1.70 A) and C-B
(1.70-1.75 A) bond distances are much longer than the normal values {ca. 1.54 and
1.56 A, respectively) found in organic compounds? The B-B bond distances

(1.70-1.79 A) arc shorter than those (1.82-1.86 A) found in organic boron

compounds."

Chart /+/« The Numbering Systems of o-, m- and /7-C2B10H12.

H
1 ~ f H

H
m-carborane p-carborane

e —C
unlabelled vertex —BH



Polyhedral carborane clusters are characterized by delocalized electron-deficient

bonding, with too few valence electrons /or bonding to be described exclusively in
R

terms of 2-center-2-electron (2c2e) bondsM” One characteristic of electron-deficient
structures is the aggregation of atoms to form 3-ccnter-2-electron (3c2e) bonds, in
which three atoms are linked by a single pair of electrons, typically leading to the
formation of trigonal faces and hyper-coordination. Three types of

three-center-two-electron bonds maybe involved in the carborane molecules shown

\

4

in Chart 12}iz The high connectivity of atoms in a cluster compensates for the

relatively low electron density in skeletal bonds7

Table 1.1. Bond Distances in o-Carboranes.

bond distance (A)
C-C 1.62-1.70
C-B 1.70-1.75
B-B 1.70-1.79

C,

Chart 1.2. Typical Three-Center Two-Electron Bonds Observed in Carboranes.

Y ™ B

Any of these bonds requires a contribution of one orbital from each of the three
-V
atoms to form three molecular orbitals, one of which is bonding, a second is



antibonding, and the third is either antibonding or nonbonding. A pair of electrons

may then, of course, occupy the bonding orbital. Figure 1.1 illustrates in idealized

(

form the atomic orbital contributions.N" »

Figure 1.1. Orbital Contributions to Three-Center Bonds.

A 17 e amount of experimental data has been collected and several calculations

,

have been made to describe the charge distributions of the carboranes.®-...me results
show that the electron densities of the boron atoms are enhanced with the increased
remoteness from the cage carbons of the carborane cluster. Thus, the 9-/12-boron
atoms and the 9-/10-boron atoms of o- and /n-carborane, respectively, possess higher
electron densities than the other carborane-borons which are all neighboring one or
two carbon atoms (numbering according to Chart 1.1). This charge distribution
makes o-carborane the most polar/least lipophilic carborane, and'p-carborane, with

an even charge distribution of the boron atoms, the least polar/most lipophilic

carbor”e. If one compares the electron densities of the carbon atoms of each cluster,

the lowest density is found around the carbon atoms of the o-carborane and the

highest around the carbon atoms of p-carborane. From the experimental, the
. \'%

R ..
CH-proton acidities of the carboranes are obtained and summarized in Table 1.2.



They are in accordance with the electron densities calculated based on molecular
orbital theory.

In drawing these polyhedral structures, it is common not to indicate the atoms at
each vertex specifically. If no atom is indicated, it is assumed that the vertex replaced
by a black dot contains a carbon atom C, and the other contains a BH group as shown
in Chart 1.1. If the vertex contains a BH2 group, only one of the hydrogens is shown
explicitly. If the hydrogen is needed to be shown, using a circle represents boron
atom B. Substituents other than H are always shown explicitly. If a vertex contains

an atom other than B, BH or C, the heteroatom and its substituent including

hydrogens are both shown explicitly. We adopt this notation for the structural

formulas shown in this'thesis.

Table 1.2 Experimentally Determined Equilibrium Acidity Constants pKa of the

Carboranes."

pKal * Streitwieser's scale  pKal ’ polarographic scale
o-carborane 23.3 19
m-carborane 27.9 24
/7-carborane 30.0 26

1.1.1. Synthesis

The synthesis of o-carborane was first reported in 1963 by two groups of Heying l 2

and Fein?3 o-Carboranes are prepared by the reaction of acetylenes, including both



mono and di-substituted alkynes, with BIOHI2L2 (L = CH3CN, RSR, R3N) in
acetonitrile or toluene at reflux for several hours. A variation on this method entails
the use of dimethylacetylenedicarboxylate (DMAD) to give
1,2-(C02CH3)2-1,2-C2B,0H,0, which can be degraded to the 1,2-C2B,oH,2."*

The functionalization of carboranes is usually accomplished by two methods that
have been dominant since the early days of carborane chemistry: (a) mono- or
di-functionalized o-carborane formation from the insertion of a prefunctionalized
alkyne into decaboranc (Scheme 1.1); (b) base promoted CH-proton abstraction

followed by substitution.

Scheme 1.1. Synthesis of o-Carborane Derivatives from Decaborane

( a & &
BinH14 BICHI2ZL2 R-2R -1.2-C2B10H10
1-2
L = CH3CN or EzS
R, R =H, alkyl, aryl etc
(bmim)CI
(b) R-
£ :
11 -3

R=R =Et Ph: R hexyl, R =H; R=CHjOH. R =Me
bmim = 1 -butyl-3-methylimidiazolium

Indeed, the reaction of prefiinctionalized alkyne with decaborane can tolerate
many functional groups such as carbamate’ esters, ethers, halides, nitro-groups etc.

However, it is not compatible with alcohols, acids or amines, since nucleophilic



functionalities degrade the BI2HI2L2 complexes. Acetylenes containing polar,

nucleophilic group must therefore be protected prior to the insertion reaction with

decaborane. In general, the yields range from 6 to 75% (Scheme lla)]2.13.15
Recently, Sneddon and co-workers reported an improved method for the synthesis of

1,2-disubstituted o-carboranes by direct reaction of BiQuh or 6-R-BI0H13 with

alkynes in ionic liquid in higher yields (Scheme 1.1b)."*

Carboranes are chemical building blocks with a unique combination of two carbon
and ten E})ron atoms. The hexacoordinated carbon and boron atoms within the cluster
give rise to an icosahedral structure with high chemical, thermal and biological
stability.2 By heating o-carbor”e in inert atmosphere, /w-carborane is formed
between 400 and 500 .C, which & ’ n turn transformed into p-carborane between 600
and 700'C.

It is found that the rearrangement of m-carborane into /7-carborane and the
rearrangement of p-carborane into wT”carborane in the gas phase are reversible
processes giving rise to an equilibrium mixture of the m- and p-isomers in
approximately equimolar amounts (Scheme 1.2)."

Scheme 1.2. Rearrangement of Carboranes

H H

-500 °C =700 cCfryn



1.1.2. Functionalization of the Cage Carbon Atoms of Carborane

The chemistry of the carboranes has been extensively investigated over the years
due to its commercial availability. There are five types of important reactions for
o-carborane, including (1) deprotonation and introduction of substituents at the cage
CH vertices; (2) base-promoted removal of BH vertex from the cage to form the
/7/clo-species with a five-membered ring face; (3) reduction of the cage by alkali
metal Li or Na or K to form nido- and “roc/wo-species with six or seven-merabered
ring face; (4) electrophilic substitution at cage BH vertices; and (5) thermal
rearrangements to form m orp-carborane as discussed above.

(1) Base Promoted CH-Proton Abstraction Followed by Electrophilic
Substitution

As mentioned above, due to the mildly acidic C-H bonds in o-carborane, the easily
generated mono- or di-lithio carborane prepared by reaction of o-carborane with
"BuLi, can be used in coupling reactions (Schemes 1.14 and 1.15), or more

commonly as a nucleophile in substitution reactions as shown in Scheme 1.3”

Scheme 1.3. Substitution Reaction on CH Vertices

14 1-7 18 19

MO



Note that mono-lithio carborane may undergo disproportionation leading to a
mixture of products as exemplified in Schemfc 1.4." Reaction of mono-lithio
o-carborane with 1 equiv of 1,3-(libromopropane yields a mixture of three products

in a molar ratio of 1:1:2.

To avoid these undesired side-reactions, efficient methods have been developed by

the groups of Hawthorne and Kaszynski to block one of the cage carbons using
silicon based protective agents such as TBDMSCI (Scheme and triphenylsilyl
chloride (Scheme 1.5b)."" The Teixidor group reported very recently that some
mono-substituted o-carborane derivatives can be directly prepared in
dimethoxyethane (DME) without any protection. It is suggested that DME can
effectively stabilize monolithium salt by the formation of a bulky Li(DME) moiety
which may block the disproportionation. The reaction of o-carborane with 1 equiv
of BulLi in dimethoxyethane is presumed to give only 1-Li-1’2-C2BioHii. Upon
reaction of this compound with sulfur powder, or suitable X-R compounds, such as
BrCHaPh, (1111] > and "BuBr, monosubstituted 1-R-1,2-C2B,oHn compounds are
obtained in high to excellent yields (Scheme 1.5¢).1-OH-1 > 2-C2BioHn can be
conveniently prepared in one pot in 77% isolated yield from the reaction of
monolithio carborane with B(0Me)3 followed by treatment with excessive 30% H202
and AcOH (Scheme Due to the steric hindrance very small amount of
1,2-dihydroxycarborane forms. There are some other methods for preparation of C-

hydroxycarboranes, but the process is troublesome, or the yield is very low.™



Scheme 1.4. Reaction of Mono-Lithio Carborane with

M1
@q. Br(CH2)3Br 0%

M3a
25%

1,3-Dibromopropane

1-12
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Scheme 1.5. Synthesis of Mono-Substituted Carborane
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The monoacid of o-carborane is an important reactive synthon in its own right and
has been prepared by monolithiation of o-carborane in benzene followed by
carbonylation with CO2 with quite variable yields of the desired product, usually
contaminated with some diacid"* Reaction of the mopolithio derivative with CO2 in
diethyl ether or THF generally gives only the diacid and unreacted starting material,
probably through a disproportionation reaction. However, by carrying out the
lithiation in diethyl ether at -78 °C under high-dilution conditions, the monoacid of
o-carborane can be obtained in reproducibly high yields (>90%) even on a 10 g scale.
Preparation of the monoacids of m- and p-carborane by this method is similarly
successful and efficient.** The 1-NH2-1,2-carborane is quantitatively prepared from
the monoacid of o-carborane by further four steps conversion using SOCI2, MesSiNs,
'BuOH and CF3COOH, successively (Scheme 1.6)"

Scheme 1.6. Preparation of Monoacid and Monoamino o-Carboranes

+ " "BuliEt0 (1)SOC12
C02. -78°C COOH <2)Me3SiN3 N
[1 BuoH | 23 24
I t
CF3COOH

It is very clear that both solvents and reaction temperature are very important for
suppressing the disproportionation of monolithio-o-carborane.
Reaction of dilithio-o-carborane with two equiv of electrophiles, such as RX (R =

CH3, PhCHz or PP ; X = Br or CI), 12, sulfur or R’SSR’ yields conveniently the

10



desired corresponding di-substituted carboranes R2C2BI10HIO (R = CHA,"" PhCH2,™
L}j c di 2d Teli27d S Li? ? o PhaP"") (Schcme 1.7). Treatment of
dilithio-o-carborane with excessive B(OMe)3 followed by oxidation using excessive
30% H202 and AcOH offers 1,2-dihydroxycarborane in 60% isolated yicld ™"
However, the carboranes having two different substituents on the carbon atoms
should be prepared from the mono-substituted ones (Scheme 18)}33228

Scheme 1.7. Preparation of Di-Substituted Carboranes

R

2RX R = Me (a)
uX R PhCHj ()
1-9
2h
ul
1-25
(128 E =8.Se. Te
-26
2RSSR
1-8
-27
PR2
2 RoPCI R = ph
PR2
i-28
(1)B(0Me)3 (2.5 eq) .OH
(2) 30% H202 (excess) on \

AcOH (excess)
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Scheme 1.8. Preparation of Di-Substituted Carborane Bearing Different Substituents

_ Ri= aiky}, arylL.R"zP
o N (DnBuLi alluzyyi, awﬁ RIP. r-si
9/Q o D RX o a]kyl-’ e e
= 5= all

Scheme 1.9. Synthesis of Cage Carbons Bridged o-Carboranes
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Similarly, the cage carbons bridged o-carboranes can be prepared from the
reaction of dilithio-o-carborane  with dihalo compounds. Reaction of
dilithio-o-carborane with 2,5-dibromo-3-hexene gives two stereo-isomers in 1:1 ratio
(Scheme 1.9)."~

Reaction with 1,4-dibromo-2-butene yields dihydrobenzocarborane 1-32?32_
Treatment of LijCzBioHio with (CH3)2Si(CH2a)2’ BrCH2(CH2)nCH2Br (n = 1,2,3,
4) > 12 2-C6HA(CH2BrR ° 1 * 8CioHO(CH2CIR, or 1,I'-(C6H4)2-2,2'-(CH2Br)2 gives the
corresponding cage carbons linked o-carboranes
1’2-(CH3)2Si(CH2)2-1’2-C2B,0Hio °’ ”Vl’2-(CH2Wl’2-C2Bi0Hi0 m=12 3, 4),"
M2-[0-C6H4(CH2)21-1 * 2-C2BioHio)— #],2-[ 1.8-C,oH6(CH2)21-1,2-C2B,0H,0  or
fi-1,2-[ 1,1 :-(C6H4)2.2,2'-(CH2) 2]— 1> 2¢28i0Hi0/d respectively (Scheme 1.9). These
cage-carbons linked carborane derivatives are very important starting materials for
the syntheses of superc”oranes,”* and the super-metallacarboranes.*"" ® The
relationships between the bridge length and the cage C-C bond cleavage during
reductive processes have also been investigated. A" "

ir

A compound* bearing both cyclopentadienyl and carboranyl moieties

vy

(Me2Si(C5H5)(C2B,0Hn)) is prepared by reaction of Me2Si(C5H5)a with 1 equiv of

LizCzBioHio in toluene/ether at 0 'C, in 79% isolated yield after hydrolysis (Scheme
1.10). 4



Scheme 1.10. Preparation Si-Bridged Carboranyl Cyclopentadiene

1-8 [ >37
0°C H3O+
/'V
45°C
E-RY 1-38
NPri ==
A
° ‘_'I -
A = 8Si, R = H (1-40), Me (1-41) A=Si(17). C (144) A = B (145). P (1-46)

A =C.R=H (142

R = MeO (1-47), MejN (1-48)

Figure 1.2. Some Typical Cyclopentadieny 1-Carborany1 Hybrid Compounds.

3

»

A dilithium salt must be used, since one molar equivalent is consumed by the
acidic proton of cyclopentadieny1 unit in (C5H5)SiMe2CIl’ and the remaining one is
necessary to provide the nucleophile for reaction with the Si-Cl bond to form the

target molecule. This reaction can be closely monitored by "B NMR. Thus,
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following this motif, a class of cyclopentadienyl-carborane compounds can be
prepared™" via a nucleophilic substitution reaction of LiaCsBioHio with different
electrophiles, in which both the nature of the electrophilic site and the structure of the
cyclopentadienyl ring can be varied. Some examples are listed in Figure 1.2.

The syntheses of amidoalkyl- and ether-o-carboranyl species are commonly
achieved by the addition of corresponding alkynes to activated boranes
This method is not practical for carboranes with more than one methylene unit
separating the cage carbon and donor atoms because of rather low yields."M"* Later,
several routes were developed using lithio-o-carboranes as starting materials to
prepare Lewis-base functionalized o-carboranes.'®”' It is noted that ali these
compounds bear only one type of donor atom. In view of the great impact of
functionalized sidearms on the structures and reactivities of raetallocenes/*
compounds with two different appended functionalities are of particular interest for
the studies on sidearm effects.

Treatment of LizC"BioHio with 2.5 equiv. of MezNCHaCHsCl in toluene-EtzO
mixture gives, after chromatographic separation, 1-Me2NCH2CH2-1,2-C2BioHii
(1-50), 1,2-(Me2NCH2CH2)2-1,2-C2B,0oH,0 (1-51) and o-CjBioHio in 25, 51 and 5%
isolated yields, respectively (Scheme 1.11)" The "B NMR spectrum shows that the
molar ratio of 1-50 : 1-51 (1:2) remains unchanged even when a large excess
amount of MezNCHiCHzCl is added and the peaks attributable to LiaCaBioHio don't

disappear after prolonged reaction time. This phenomenon is also observed in the



reaction of Li2C2B,oHio with MeOCHaCHzCI? )—L However, treatment of UC2BI10H11
with 1 equiv of MezNCHaCHaCl in toluene at reflux temperature results in the
isolation of 1-50 in 92% yield. It is conveniently converted into the lithium salt
1-Me2NCH2CH2-2-Li-1,2-C2BioH,o0 ([I-50]Li) by treatment with 1 equiv of /7-BuLi.

Reaction of [I-50]Li with excess MezZNCHsCHzCl at reflux temperature yields 1-51

in 97% yield (Scheme 1.11).

Scheme 1,11. Preparation of Amicloalkyl Carborane Derivatives

NMeo NMe2
—

-1 CICH2CH2NMe2
— — o toluene
=7 !
-50

xs CICHsCHsNMej
ether/toluene

[1-501Li

NMej
NMe2 9

y NMe2

I L (1)xs CICHgCHgNMez
(2) HBO+

nllls

1-50 1-51

[1-50]Li is a very useful synthon for the production of bisfunctional o-carboranes.
Some typical reactions of this synthon are summarized in Scheme Reaction of

M
[I-50]Li with MeOCHzCHzCI affords

. 16



Scheme 1.12. Reactions of Intermediate [I-50]Li

NViE2
,OMe
1-52
1)xe - . - - e v aner s aes we -
225 HO
NVE2
1-57 -55
1-56

1-Me2NCH2CH2-2-MeOCH2CH2-1,2-C2BK)H,0 (1-52). Treatment of [I-50]Li with

excess allyl bromide gives the ionic salts.
[I-Me3NCH2CH2-2-Me-1,2.C2BioH,0][1] (1-53) and
[1-Me2N(CH2=CHCH2)CH2CH2-2-(CH2=CHCH?2)-1,2-C2BioH,0][Br] (1-55),

respectively. Interaction of [I-50]Li with 1 equiv of allyl bromide affords
[-Me2NCH2CH2-2-(CH2f=CHCH2)-1,2-C2B,0H,0 (1-54). Treatment of [I-50]Li with
excess dimethylfulvene gives 1-Me2NCH2CH2-2-C5H5CMe2-1,2-C2BioHio (1-56).

Interaction of [1-50]Li with excess ethylene oxide generates an unexpected product

.17



1-HOCH2CH2-2-(CH2=CH)-1,2-C2B,0OH,0 (1-57).
Similarly, 1,2-(HOCH2CH2)2-1,2-C2B ,0H, 0 ( 1-58) , its derivatives
1,2-(ROCH2CH2)2-1,2-C2B,0H,0 (R = CH3 (1-61), CHAPH (1-62)), and

1 -(CH30CH2CH2)-1,2-C2BIoH,, a-59) were prepared as outlined in Scheme 1.132) [,

Scheme 1.13. Preparation of 1-ROCH2CHZ2-128B ,0H,, and

1,2-(ROCH2CH2)2-1,2-C2B,0H,

(1)xs CICH2CH20Me
(2) H20

h oA

R = Me (1-61)
1-60 R = PhCH2 (i-62)

Dilithio-o-carborane can undergo coupling reaction to form bis-o-carboranes in the
presence of Cu(l) or Cu(H}A_‘ Bis-o-carborane is usually prepared by the reaction of

B,oHi2-2L (L = SEt2, CH3CN) with HOC-OCH E)) CuCb-mediated coupling

reactions of ;he.monolithiumEDE& dilithium salts of o-carborane are also reported to
give 1,1'- bis(o-carborane), but in low yields, since the C-B and B-B coupling

products (1-64 and Eﬁ) _are generated in the same reaction # The separation of

.18



1’1—(C2Bi0Hii)2 from its isomers is a tedious process (Scheme 1.14).

Scheme 1.14. Preparation of Bis-o-Carborane
- [
[ J l]

=

%
"niab 112
unlabelled vertex BH

We were interested in the properties of 1,1'-bis(o-carborane) as potential
multidentate n  ligands™"®"*'  after reduction 2 We then revisited the
copper-mediated coupling reactions and found that in the presence of CuCl, the
dilithium salt of o-carborane in toluene can efficiently form two cages C-C coupling
product bis-o-carborane (1-63) in high yield at room temperature.ﬁ)] Donor solvents
such as THF, diethyl ether, and DME offer poor yields. On the other hand, the
copper salts play a crucial role in the reaction. Both CuCN and Cul are much less
active than CuCl, and CuCb leads to a mixture of isomers containing C-C, C-B, and

B-B coupling products.dThe use of cuprous salt is essential to avoid C-B and B-B



couplings. When the monolithium salt LiCzBioHji is used instead of LilCaBioth © ? te
yield of 1,1'-bis(o-carborane) is dramatically decreased to 30% with a recovery of
o-carborane. The coupling efficiency also drops if <2 equiv of CuCl is used. No
coupling product is observed when 1-Li-2-Me- 1,2-C2BioHio is employed as starting
material,c

The cage carbon can be arylated, by reaction of the copper(I)-salt of a carborane
with aryl halides in the presence of pyridine, which was developed by Wade and
co-workers in the early 19905.43 Successive treatment of o-carborane with "Buli,
copper(I) chloride and 2-bromopyridine, in the presence of pyridine, gives
1,2-di-2'-pyridyl-o-carborane in 43% yield based on the available 2-bromopyridine,
together with unchanged o-carborane.*" Similarly, successive treatment of
/n-carborane with "BuLi > copper(I) chloride and 2-bromopyridine in the presence of
pyridine gives the dipyridyl product in 79% yield (Scheme 1.15)

Scheme 1.15. Copper-Mediated Reaction of Carborane with 2-Bromopyridine

(a)

2eq. 2-BrCSH4N
(b) CuCl
79%

1-70 ~n

Benzocarborane  I-72/I-75 can be prepared by rearrangement of



4,5-(o-carborano)-2-cyclohexen-1-one (1—7lr_‘or by elimination of HBr from

1 -bromo-5,6-(o-carborano)-2-cyclohexene (1-73) and

I-bromo-4 > 5-(0"Carborano)-2-cyclohexene (1-74)45 (Scheme 1.16).

Scheme 1.16. Preparation of Benzocarborane

@ ACO

1-711 1-72

(b)
1-74

It is reported that naphthalocarborane can be prepared from the cage carbon-linked
species  1,2-[0o-C6H4(CH2)2]-1,2-C2BioHio (1-34) by sequential bromination and

HBr elimination as shown in Scheme 1.17."*

Scheme 1.17. Preparation of Naphthalocarborane

Atyi ArVA N 4 r A

1-34 Br

176 1-77
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Cyclobutyl carborane (or 1,2-ethano-o-carboranc) as a kind of 1,2-disubstituted
carboranes, can be prepared by treatment of XCH2CH2 (X = OTS, Br) substituted
carborane with "BuLi in benzene or in gas phase. It reacts with AICI3 in CCI4 to form

9-chloro carborane derivative 1-81 (Scheme 1.18)

Scheme 1.18. Preparation of Cyclobutyl Carborane

"BulLi A n AICla/CCL

40-64%

X = OTs (1-78), Br (1-79)

Cyclobutenyl carborane (or carborane fused cyclobutene), as an analogue of
benzocyclobutenc, is usually prepared from the [2+2] coupling reaction of in situ
formed carboryne with alkyne."®

The selective monoaddition of o-carborane anion to aldehydes proceeds very
smoothly in the presence of aqueous tetrabutylamraonium fluoride (TBAF, 3 equiv)
at room temperature, giving the corresponding carbinols (1-82) in high yields

(Scheme 1.19).™

Scheme 1.19. 1,2-Addition of o-Carborane to Aldehydes in the Presence of TBAF

OH
/% , RCHOISTBAF alkyi or aryl
—7—  THF.RT. 10min’ 48 - 99%
—— PY
= 182




The TBAF-mediated reaction is applied to the intramolecular cycloaddition of
o-carboranyl aldehydes and ketones (1-83) prepared by reaction of BIOHI2L2 complex
with the corresponding alkynes. The corresponding five-, six-, and seven-membered

carboracycles (1-84) are obtained in good-to-high yields (Scheme 1.20) 49

Scheme 1.20. Intramolecular Cycloaddition of Carboranyl Aldehydes and Ketones

Prompted by TBAF

HO R

R 3 TBAF

THF. RT. 10 min .
49 * 99%

Scheme 1.21. Annulation Reaction of o-Carborane with ajj-Unsaturated Enals and

Enones

R HO
A YR2' n 185
0 L]
=N
w——at—a  THF, RT. <40 min
—— ° .
~ 40 - 90% Ri R2
M 1-86
Ri - =alkyiorH

Furthermore, [3 + 2] annulation between o-carborane (dianionic C2 synthons) and
ajj—unsaturated aldehydes or ketones (dicationic CB synthons) proceeds very
smoothly in the presence of TBAF to give the corresponding five-membcred
carbocycles (1-86) in good-to-high yields (Scheme 121)."*"

Detailed studies show that five-raembered carbocycles can be formed step by step
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as depicted in Scheme 1.22. These studies reveal that the (3 + 2] annulation would
proceed through kinetically controlled 1,2-addition followed by a thcrmodynamically
controlled cyclization process (Scheme 123)4 ° According to the mechanism for this
unprecedented annulation reaction, an anionic intermediate 1-91, which would
produce by the reaction of o-carborane with TBAF (or from 1,2-adduct 1-92), would
undergo addition to cijj—unsaturated aldehydes or ketones (1-85) either in a 1,2- or in
a 1,4-manner to give the 1,2-adduct 1-92 or 1,4-adduct 1-93 * respectively. There

would be equilibrium between 1-92 and 1-93, and the formation of 1-92 should be a

f.

kinetically controlled process. The thermodynamically favored 1-93 would undergo
proton exchange to afford the o-carbor”e anion 1-94, which would give 1-86 via an
intramolecular ring closure. The methylated 1,2-adduct analogue 1-96 and
allylcarborane 1-97 don't undergo the [3 + 2] annulation reaction by treatment with

TBAF. These results support that a hydroxyl group at the allylie position is essential

for the equilibrium between 1-95 and 1,2-adduct 1-92 and for the annulation

reaction. .

TBAF promoted C(cage) mono-substitution reaction, intramolecular cycloaddition

W

of o-carboranyl aldehydes and ketones and [3 + 2] annulation between o-carborane
and a,y9-unsaturated aldehydes and ketones serve as another useful method for the

preparation of carborane derivatives.
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Scheme 1.22. Step by Step Annulation Reaction
1
()] Barq 0 HO

| A 1 A A A 3TBAF.
(2) KOH (0.15 eq)

THF-H20
48%
OH OH
14
3TBAF 3TBAF
o) THF
RT, 10 min
0,
THF, RT. 1 min 1-89 °8% syn : anti 52:48
63% 1-0

Scheme 1.23. Possible Mechanism for [3+2] Annulation Reaction

] Ik
BRI

M 1-92

-1-85 1-85
Rl R 3 Rl R

R RrR2
. 3
JIN
1-95
(2) Base-Promoted Removal of BH Vertex

Although carboranes are much thermally stable, they are very highly versatile
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molecules. Treatment with suitable base such as KOH, CsF * piperidine and fluorides
gives dicarbollide ions A7/V/(HC2B9HI1 ¢ which is capable of being bonded to metal

ions in //~-fashion.™N'

Scheme 1.24. Deboration of o-Carborane

(a) T-H .
N2
Zkhn
-99
H 2
(b) piperidine
1-101

(©) 177 PPh: FWTHF® fozS* p X
Ph,
The two boron atoms closest to the carbon atoms (3- and 6-position) in
o-carborane are the most electron-poor and are the most readily attacked by a variety
of nucleophiles, such as alkoxide anion and fluoride anion. Early pioneering work by
Hawthorne and co-workers demonstrates that interaction of o-carborane with KOH
in methanol generates [nido-CiB"u]' anion™ by removing the vertex B(3) or B(6).
Further deprotonation using strong base, such as NaH and "BulLi, yields the dianion
[wi/0-7,8-C2B9Hi 1  (Scheme 1.24a)’" which has an open five-membered C2B3 ring

face and is isolobal and isoelectronic with CpN™* Its  derivatives



fwib7 > 8R > R’ , -CBAD | @re very useful precursors for preparation of many
metallacarboranes by salt metathesis”'and B(3)/B(6) substituted carboranes by
further capitation reaction.”* However, the deboration using the potassium
hydroxide/methanol or ethanol route is not suitable for carborane derivatives that
contain functional groups susceptible to the attack of a strong base or nucleophile.*"
Other reagents have been found to effect partial deboration, e.g. tertiary amines
such as trimethyl amine (requiring sealed tube experiments)," hydrazine,
ammonia™ and piperidine” Piperidine is a relatively mild deboration reagent
compared to KOH or KOMe, since the latter always results in C(cage)-C(cage) bond
breaking and shows no selectivity for BH and BR moiety during deboration, whereas
the former has a good selectivity for both of them (Scheme 1.24b). Deboration
reagents, such as TBAF, KF and CsF™'" are the promising alternative because they
are very weak nucleophiles yet effective as well as easy to handle." The facile and
mild deboration of a range of o-carboranes using ethanolic solution of cesium
fluoride, which leaves intact other functional groups, such as esters, has been

reported.N'® There is one report on the deboration of 1,2—(PPh2)2-1 2-0/0a0-c250Hi0

using H202 and the chelating influence of the two phosphine ligands (Scheme
1.24¢).63 It is thought that the proton from H202 induces the conversion of the

¢/050-C2B)o to the nido-C-i*-
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(3) Reduction with Group 1 Metals

It is well documented that 0-R2C2B10HI0 (R = H, alkyl, aiyl) can be reduced by
group 1 metalsio give carbons-apart dianionic species [("[/"0-RsCzBioHio]?- (Scheme
1.25),~ which are very useful versatile synthons for the production of numerous

metallacarboranes of s-’ p-, d-’ and f-elements."""" In fact Grafstein and Dvorak

i
reported electron addition to the o-carborane using sodium in liquid ammonium to
form (>7/£i?-C2BioHi2]2- as early as 1963"' The resulting [nido-CiBxQHnf' ions may

be protonated to yield [CaBioHil | ' and oxidized to C2BI10HI2 isomers with or

without polyhedral rearrangement.*" ¢

Scheme 1.25. Reduction of closo-1-R*-2-R”-1,2-C2BloHi0
Ri Rl
3 _
2Na /T HF Na2

[0/c/o-7-R™-9-R3-C2BioHio)Na2

I 5% v
This reduction process leads to the complete cleavage of the cage C-C bond.

Excessive alkali metals cannot directly drive o-carborane to arachno-carhorane since

the carbons-apart [/7/V/-R2C2B1oH1  are much poorer electron acceptors than their
t

neutral counterparts. ¢ Electrochemical data indicate that the arrangement of the
cage carbon atoms has large influences on the chemical properties of carborane cage
compounds, and carbons-adjacent isomers are generally more reactive than their

carbons-apart ones" Thus, carbons-adjacent carborane anions may lead to
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metallacarborane complexes with higher reactivities and thus @@ amenable to further

chemistry.
Scheme 1.26. Reduction of Cage-Carbon Linked o-Carboranes
excess Li
(a) THE [Li4(THF)3]
*13a
Na/naphthalene
THF
(b)
.l
xs Li/THF {L]4(TI‘IF)6}
() xs LITHE {LUCTHF)6}
1-108

THR ATHF THF
AL Y

H
| A=A

<d)



To control the positions of two cage carbon atoms of an o-carborane during the
reduction processes, the most effective and easiest way is to introduce a proper
linknﬁe between the two cage carbon atoms forcing them in place. By varying the
bridge length of cage carbons-linked o-carboranes, the two cage carbon atoms are
locked in place during the reactions, leading to the controlled syntheses of orthoO

meta- or para-\somQT of w/i/o-carborane dianions (Scheme

Scheme 1.27. Preparation of [arachno-K2Q2BioHio]""' in the Presence of Transition

Metal Ions

xs Na or K/THF.

M(THF)3
1-110
JU(THF)3
MCI3/xs NamHF,
(THFHU‘\ I TTINT ' A Y
M =Dy. Y, Er
M11

Although o-carborane cannot be directly reduced to the arachno species, in the



presence of d°/r transition-metal ions, it can undergo four-electron reduction with

excess alkali metals to form a [arachnO'C2”ioHi tetraanion (Scheme 1.27) that is

capable of being ?/“bound to metal ions, leading to a new class of 13-vertex
c/ayo-metallacarboranes, '68

(4) Electrophilic Substitution Reactions

It is generally accepted that icosahedral carboranes are aromatic molecules and can
be viewed as a three-dimentional relative of benzene?; They can undergo
electrophilic substitution reaction like aromatics/|_| Zakharken al/"® and Plesek et
al.7ib independently reported that the sequential partial alkylation at cage BH vertices
in o-carborane follows the decreasing electron density of the boron atoms. In
o-carborane this sequence correlates with the distance to the cluster carbon atoms.
TJ]B far‘gpest boron atoms from the carbon atoms and the richest in electron density
are 8(8,9,10,12); the closest are B(3,6), which are poorer in electron density.
Therefore, positions 8(8,9,10,12) should be the first to be attacked by electrophiles.”
The typical examples of electrophilic reaction of o-carborane are summarized in
Scheme 1.28.

Hawthorne et al. have5achieved the maximum methylation via the reaction of
o-carborane with Mel by direct methylation in the presence of AICI3 to get
47527289 101 > 12MS8] > 2C2BdH" Methylation at B(3°6) is not observed. Further
study by the group of Teixidor based on their experimentals and calculations

concludes that methyl groups are electron-withdrawing when bonded to boron in
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Scheme 1.28. Electrophilic Substitution Reaction of o-Carborane

Mel/AICla
Meg-
1-112
F2/HF
. F
== H
*113
CIF/HF Clio-
1-114

X Cl2firradiation ° NG
Z{H . B
1-4 -115 El

BrjAICh
B A
r RIR
116
12/AICI3
ICI/AICIa
117

ICl/triflic acid 8- E/F‘@

boron clusters/® For the particular case of neutral carboranes, methyl substitution

produces a build-up of positive charge that prevents permethylation. Reaction of
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o-carborane with excessive elemental fluorine in liquid hydrogen fluoride gives
peifluorinated compound 0-C2B10F10H2 in 30% isolated yield/"* and the chlorination
using chlorine irradiated by ultraviolet results in the stepwise formation of
polychlorocarboranes containing two to eleven chlorine atoms per molecule.”
Decachloro-o-carborane can be prepared by reaction of o-carborane with excessive
CIF in liquid hydrogen fluoride in 64% isolated yield/"* 1,2-Me2-1,2-C2BioHio can be
tetrabrominated, but 0-C2BIOHI2 can only be tribrominated.*"'* Full bromination of
o-carborane has not been accomplished to date. The electrophilic iodination of
o-carborane with iodine or ICl in the presence of AICI3 efficiently gives the

9,12-diiodo-o-carborane (1-117) in 90% yield,A"'~ while the reaction of o-carborane
0

with ICl in triflic acid affords octaiodo-o-carborane (1-118) in 67% isolated yield/®
The 3,6-diiodo-o-carborane (1-121) can be synthesized by decapitation of
o-carborane and capitation using H3 (Scheme 3,6,9-Triiodo-o-carborane
(1-124)," 3,9,12-triiodo-o-carborane "  3,6,9,12-tetraiodo-o-carborane (1-125),"
nonaiodo-o-carborane (1-122)®° and periodinated 1,2-H2-1,2-c/050-C2Biol D (1-123)®'
can be synthesized regioselectively by the combination of electrophilic substitution
and neucleophilic deboration for reconstruction of the cage (Scheme 1.29).
The iodo substituted o-carboranes can be conveniently converted to alkyl

substituted derivatives by coupling with Grignard reagents in the presence of

catalytic palladium reagent and copper(I) iodide (Scheme 1.30)}EJZ
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Scheme 1.29. lodination of o-Carborane

H
NHMe. %H
=
-120

H
14
a.b
1-123 1-121 1-122
c
125 1-124
0

a. KOH/MeOH, MegNHCI; b. "BuLi, B3; c. I[2AICI3; d. lj/triflic acid

Scheme 1.30. Coupling Reaction of lodo-o-Carborane

RMgBr
PACR2(PPh3)2 R A r
Cut

M 17,1-118. <126

1-120-1-125

It is reported that 3-araino-o-carborane can be prepared in 84% yield by reduction
of o-carborane with sodium in liquid ammonium followed by oxidation using

KMn04 (Scheme 1.31)/ []
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Scheme 1.31. Preparation of 3-Amino-o-Carborane

I"LH (®o04
14 1-127

It should be mentioned that the cage CH wvertices are not affected in the
I

electrophilic substitution reactions due to the.higher electronegativity of carbon than

that of boron.

1.2. Carborynes

Carboryne, or 1,2-dehydro-o-carborane, is an unstable derivative of o-carborane
with the formula of C2B10H10. The hydrogen atoms on the cage carbon in the parent
o-carborane are removed to form this species. Carboryne, can be viewed as a

three-dimensional relative of benzyne (Chart 1.3) » &iA

Chart 1.3. Isolobal Relationship of Carboryne and Benzyne.

50 A.245

TJ
Carboryne benzyne
Distances at B3LYP/6-31G'

The carboryne was first generated as an active species in 1990 from o-carborane.

According to the report by the Jones group, the hydrogen atoms connected to carbon
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are removed by "BuLi in THF and the resulting dilithio-o-carborane is rcactcd with
bromine at O'C to form the bromo monoanion (1-128). Heating the reaction mixture

to 35| @leases carboryne (1-131) (Scheme 1.32a). At 0 °C, the in-situ formed

4

bromo monoanion species is stable. Presumably, this carboryne species owes its
relative stability to the presence of the negative charge on a carborane carbon (pKa =
19-23)." Later Jones and coworkers found that the adduct of benzene and carboryne

can be used as carboryne source though the yield is very low (Scheme 1.33).®"

Scheme 1.32. Preparation of Carboryne

Br2
(@ c
° Li
1'8 1-128
stable below 35 °C
SiMea
(b) "BuLi/IPh(OAc)2
H
*129

Scheme 1.33. Benzene-Carboryne Adduct Functions as a Carboryne Source

A O
g,
B 80 °C
~ 8%

1-131

naphthalene
230, C .
-benzene
14%
1-132 1-133



Scheme 1.34. Reaction of Carboryne with Substituted 1,3-Butadiene

-31a/1-31b 1-134
cis/trans 90/10 cis/trans 19/81
A relative yield 21% 56% 23%
[benzyne;2®»» 85% 5% 10%]
*131

M

-136 M37

8% 18% 74%
[benzyne: A K 13% 13% 73%]

The Kang's group reported that carboryne can also be produced from
phenyl[o-(trimethylsilyl)(carboranyl)]iodonium acetate (1-130) in the presence of
CsF (Scheme 132b).,E;H 1—]3) is prepared by reaction of [I-(CH3)3Si-1,2-C2B,0H,0]Li
with IPh(0Ac)2 in the yield of 46% and can be'view as a precursor of carboryne.
Compared with Jones’ method, this species produces carboryne intermediate in much

milder conditions leading to higher yields of coupling products as shown in Schemc

1.35.

Carboryne has been extensively studied by the groups of both Jones and
Kang. Using dienes as a trapping agent as exemplified in Scheme 1.34"
several products form in the types of [2+4] cycloaddition, [2+2] cycloaddition and
ene reaction. The data in the bracket are the corresponding yields using benzyne as a

starting material.
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Scheme 1.35. Reactivity Pattern of Carboryne

1-139 =75
AW
—r
@ ‘
T 1 } 1-143
E-140 1-131 25%. (benzyne 54%)
Kang: 48%, Jones: 10%
(benzyne 30%)

1-133
Kang: 33%, Jones. 15%

Like benzyne, the in situ generated carboryne can react with alkcnes to form

alkenyl carborane by enc reaction, with alkynes to form highly constrained

cyclobutenyl carborane by [2 + 2@cloaddition, with anthracene to yield a

trypticene-like molecule, and with furan or naphthalene to form (2+4] cycloaddition

products (Scheme

Carboryne reacts with thiophenes to form benzocarborane, an analogue of

naphthalene, with concomitant loss of sulfur in cycloaddition pattem.®" It is

noteworthy that very few cyclobutenyl carboranes have been reported till now. The

other two examples are that reaction of 1-130, as a precursor of carboryne, with
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strained cycloalkynes by [2+2] cycloaddition in the presence of CsF to form the

highly constrained cyclobutenyl carboranes in 22-24% yield (Scheme 136)*® It

should mentfoned that the cyclization of the in situ formed carborync with some

alkynes in the presence of Ni(PEt3)4 > P(I(PPh3)}4 and Pt(PPh3)4 is unsuccessful,
t

Anyway, these studies lead to the syntheses of some important carborane derivatives

that cannot be prepared by other means although the yields are generally low.

f

A theoretical study of carborync shows that the formation of o-carboryne
(1,2-c2BIOHIO) is energetically comparable to that of benzyne with ca. 99 kcal/mol.
The cage C-C bond length of carborync is calculated to be 1.356 A, which is
significantly shorter than that of 1.625 A in o-carborane, indicating the multiple bond

character. &

Scheme 1.36. Preparation of Cyclobutenyl Carborane by [2+2] Cycloaddion

CsF

1-144

IPh(OAc) CsF

However, this bond distance is still significantly longer than that of benzyne (1.245
A), Maybe these factors lead to the difference that carboryne is more stable and less

active than benzyne, although both species have a similar reactivity pattern toward



the same kind of substrates.
The first metai-carboryne complex (;/A-C2BioHio)Ni(PPh3)2 is prepared by reaction
of NiCI2(PPh3)2 with LisCzBioHio (Scheme 137)®" The similar complexes

(77-C2B 1 oH 1 0)M(PPh3)2 (M = Pd and Pt) are also prepared using the same method.*"

Scheme 1.37. Preparation of Late Transition Metal-Carborynb Complexes

'BulLi
2. MCR(PPh3>2 *M(PPh3)2

1-4 -147

M = Ni (a). Pd (b). Pt (c)

The structure of the nickel complex was characterized by X-ray analyses, which
shows a four-ccx)rdinate square-planar molecular structure. It contains a
three-membered ring formed by two Ni-C(cage) bonds and a cage G-C bond. The
similar complexes of nickel, palladium and cobalt bearing a bipyridinyl ligand are

also known (Figure 1.3) with no structural data.

0

M = Ni (1-148), Pd (1-149), Co (1-150)

Figure 1.3. Bipyridine Coordinate Late Transition Metal-Carboryne Complexes.

The early transition metal-carborvne complex

[{"5:(T-Me2C(C9H6)(C2BioHio) } ZrCI("3-C2B,0oHio)][U(THF)4] (1-152) was prepared
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in 2003 from reaction of [ {;7°(-Me2C(C9H6)(C2BioHio0)} Zr(NMe2)2l (1-151) with
excess McsSiCl followed by treatment with 1 equiv of LisCaBioHio (Scheme 1.38).M
Its structure is further confirmed by X-ray analyses. Molecular orbital calculations on
1-152 suggest that the bonding interactions between Zr and carboryne moiety are best
described as a resonance hybrid of both Zr-C o and Zr-C n bonding forms, which is

similar to that observed in Cp2Zr(;;*-C6H4)(PMe3) (Chart 1.4).9]1

Scheme 1.38. The First Zirconocene-Carboryne Complex

NMe2
1)xsMe3SiCl

NMe2 2) Li2C2BioHio Li(THF)4

1-161

Chart 1,4. Bonding Interactions between Zr and Carborync or Benzyne

[21]

n complex

On the other hand, treagngt%frCQer with 1 equiv of LisCzBioHio in ether

a complex
gives Cp2ZrO"-Cl)(/"-C2BioHio)Li(OEt2)2 (1-153) in 70% isolated yield, rather than
the expected zirconocene-carboryne complex Cp2Zr(;/-C2BioHio) (Scheme 1.39)9'

This product has been structurally characterized by X-ray analyses. The unique
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molecule can be viewed as an intermediate to the zirconoccne-carboryne complex.
Attempts to isolate Cp2Zr(/7"-C2BioHio)(L), an analogue of Cp2Zr(//*-C6H4)(PMe3), in
the presence of PMcs, TMEDA, or 12-cro\vn-4-ether via a complete salt metathesis

I

reaction are all unsu<”ssful.

4

Scheme 1.39. Preparation of Zirconocene-Carboryne Complex

L L (T L (DFi?
OEt2

L = pmG3 OF
TMEDA or
12-crown-4-ether

The reaction chcmistry of this kind of metal-carboryne complexes has been
studied. Reaction of Ni-carboryne with alkynes offers benzocarboranes in the
yield of 33-67% via two-component [2+2+2] cycloaddition (Scheme 1.40a) 8o

Carboryne (;77-C2BioHio)Ni(PPh3)2 can also react with styrene to afford a

mono-substituted carborane I-(trans-C6H5CH=CH)-1,2-C2BioH)i in > 80% isolated

s

yield (Scheme Thus, many alkenylcarboranes can be prepared by this
cross-coupling reaction of Ni-carboryne with alkenes. Only alkylcarboranes are

obtained after hydrolysis using methyl acrylate or 2-vinylpyridine as tfie starting



material (Scheme 1.41). This result implies that the donor atom of the olefin may

stabilize the intcnnediatc, preventing the @{ elimination. These intermediates do not
£
show any activity toward olefins, but react readily with alkynes to give

three-component [2 + 2 + 2] cycloaddition dihydrobenzocarboranes (Scheme
1.40c¢).

Scheme 1.40. Reactivities of Nickel-Carboryne Complex

Et — Et
THF. 90  4d (@)
-Ni(0)
67%
Ph Ph
:Ni(PPh3>2 (b)
THF, 90 °C. 12h
M46a ><J0) 156
(c)
THF. 110°C R
\
Ri = 2-Py or COzM-) *1575-131-59%

R2 and R3 = alkyi or aryl

Scheme 1.41. Nickel-Mediated Coupling of Carboryne with Activated Alkenes

(1)2"BuLl/THF
(2) Ni(PPh3)2C12
o

R = 2-Py (M58) 59%
R = COaMe (1-159) 62%
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Scheme /.-"Zpactivity of Zirconocene-Carboryne Complex

51 -
Cp2Zr C=N—cy
H
1-160
72%
DCC 2PhCN
ICI PEt,
cp2zrl) Lillg
- — e
Cp2
3'BUNC ,BUNCL]Zr0  N'Bu
Bu'N(. -

Although Ni-carboryne does not react with polar unsaturated molecules, complex
1-153 is very active toward these unsaturated molecules to afford a series of
metallacycles."' Reactions of 1-153 with DCC (CyNCNCy, Cy = CGHU) ’ PhCN,
'BuNC and PhNj result in the formation of Cp2Zr[(7:a-CyNC(=NCy)(C2B,0H,0)]
(1-160), - GRZfEN-CPYC2B | ° H | °)] ehaNy (1-161),
CPZZI'(//VBuNC(CZB,oH,o)=CN "Bu](CN'Bu) (1-162) and
szZr[ 5 /N«-(PANN=N)(C2B,0H,0)] (1-163), respectively, in moderate to high yields

(Scheme 1.42).



1.3. Research Objectives
Our previous work shows that the structure of Zr-carboryne resembles that of

Zr-benzyne. In view of the very rich chemistry of metal-benzyne'~** and our

preliminary work on metal-carboryne complexes®*'®"*‘ we plan to explore the
chemistry of group 4 metal-carboryne complexes. The main objectives include (1)

synthesis and structural characterization of neutral group 4 metal-carboryne

complexes, (2) reaction chemistry of Cp2ZrOi-Cl)(/*-C2B|oHio)Li(OEt2)2 (1-153), and
group 4 metal-carboryne complexes, and (3) structure/reactivity relationships of

metal-carboryne complexes. These results are described in the following chapters.
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Chapter 2. Synthesis and Structure of
Group 4 Metal-Carboryne Complexes

2.1. Background

Icosahedra] carboranes constitute a class of structurally unique molecules with
exceptionally thermal and chemical stabilities and the ability to hold wvarious
substituents.M" These properties have made them as useful basic units for boron
neutron capture therapy (BNCT) drugs,supramolecular dcsign/*" and ligands for
transition metals™ and material science.glj On the other kond, the sterically

demanding carboranes make the transition metal-cage carbon (M-Ccage) "bond inert

\

toward unsaturated organic molecules, which limits the derivatization of these
clusters.HIE\We thought if a transition metal was bound to both cage carbon
atoms of a carborane cage, the resultant three-membered metallacycle
(metal-carboryne, carboryne = 1,2-dehydro-1,2-carborane) may be more accessible
for unsaturated molecules as the metal would have a larger open coordination sphere.
This approach has proved to be very successful. For examples, Ni-carboryne
(Ph3P)2Ni(77-C2BioHio) can undergo [2+2+2 @(cloaddition reaction with 2 equiv of
alkynes to give benzocarboranes,®"* react with 1 equiv of alkenes to generate
alkenylcarborane coupling products?® and undei"go three-component [2+2+2]
cyclotrimerization with 1 equiv of alkene and 1 equiv of alkyne to afford

dihydroben7X)carboranes.92b This Ni-carboryne complex does not show any activity
46



toward polar unsaturated molecules. On the other hand, the zirconium-carboryne
precursor Cp2Zr(/~-CI1)(//-C2B ioHi0)Li(OEt2)2 (1-153) can react with 1 equiv of polar
unsaturated molecules to give five-membered zirconacycles,™ and interact with 1
equiv of alkyne to yield zirconacydopentene.  The latter is an important reagent for
the preparation of a variety of carborane derivatives.These reactions are
suggested to proceed via a zirconocene-carboryne (Cp2Zr(;7°-C2BioHio)) intermediate
although many attempts to prepare this complex failed.

The first early transition metal-carboryne complex is
I{ s 7<A-Me2C(C9H6)(C2B,0H,0)} ZrCl(/7-C2BioH,0)[fLi(THF)4] (1-152) > prepared
from the reaction of in situ generated [/*:0-Me2C(C9H6)(C2BioHi0)]ZrCI2 (1-151)
with LizCzBioHio. It is inert toward unsaturated organic molecules probably because
of the anionic nature of this zirconium-carboryne complex.

The aforementioned results show that both ligands and electronic configuration of
transition metal ions have significant effects on the reactivity of the corresponding
metal-carboryne complexes.

Salt metathesis between LisCaBioHio and metal halides is a useful method for the
construction of metal-carboryne wunit, leading to successful preparation of
(Ph3P)Ni(;72-C2BioHio) Er_[:[ and Kz/'ia-MeoXCCpH"KCzBioHio) }
ZrCI("3-C2BioHio) [ ] [Li(THF)4[Re&%ion of CpjZrCls with LizQBioHio, however,
did not result in the formation of expected zirconocenc-carborync complex

Cp2Zr(/7°-C2B 10H 1 0), rather afforded the ate complex
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Cp2Zr(/i-C1)(/i-C2BioH,0)Li(OEt2)2 (1-153).M" It was believed that ihe presence of two
Cp ligands created a crowded environment around the Zr atom, which may
destabilize the Zr-carboryne complex. To overcome this problem, Cp~ZrCb (Cp* =
CsMes) was then chosen as the starting material.

Treatment of Cp*ZrCl3 with 1 equiv of LiiC"BioHio in EhO gave, after
recrystallization from THF, Cp*(/7"-C2B,oH,0)Zr(/i-C1)2Li(THF)2 (II-1) in 73%
isolated yield (Scheme 2.1a). This result suggested the importance of steric effect in
the formation of metal-carboryne complex. A more bulky octanicthylcarborane might
lead to a neutral metal-carboryne. Reaction of Cp”ZrCb with 1 equiv of
LizCzBioMesH Brepared from the reaction of 1,2-C2BioMe8H4 (I1-2) with 2 equiv of
"BuLi in EtsO, afforded Cp*(;7'-C2B,oMe8H2)Zr(/i-Cl1)2Li(OEI2)2 n 65%
isolated yield (Scheme 2.1b). It showed that increasing the bulkiness of carborane
did not block the coordination of CI" to the electron-deficient Zr atom.

Scheme 2.1. Reaction of Cp~ZrCb with 1,2-Li2C2BioH 10

(1)2"BuLi
(@ (2) CpVrCla
M Cl  U(THF)2
é\ o (1)2'BUU
® —= @ Ccpzch
> * W Ao
13

48



In view of the interactions between the Zr atom and //*-(0-C2BioHio) moiety (vide
infra), the dianionic [ s TH{o-C2BioH o) iigand formally donates three pairs of
electrons to the metal center and is isolobal with Cp'®" Therefore, oi\e can
conveniently correlate these zirconium complexes with those having a general
formula of CpaZrX [ Based on this consideration, replacement of a chloro anion in
II-1 and 11-3 by a uninegative amidinate ligand should afford neutral species ’ as this
type of amidinate ligands normally function as bi-dentate n ligands and can donate
more electrons to the metal center to meet the electronic requirement. Thus, an
equimolar reaction of Cp*["2-CyNC(Me)NCy]ZrCI12 (Cy = cyclohexyl) with
LisCsBioHio in diethyl ether generated the neutral species

Cp*t»r*-CyNC(Me)NCy]Zr(/7'-C2B,0H,0) (I1-4) in 51% isolated yield (Scheme 2.2).

Scheme 2.2. Preparation of Neutral [Zr]-Carboryne Complex II-4

] 2"BuU . A A ]

M

These primary results prompt us to explore the genera] synthetic methods of
metal-carboryne complexes. In this section we will describe the synthesis and

structural characterization of a variety of [M]-carboryne (M = Ti, Zr and HI)

0
complexes bearing different types of ligands.
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2.2. Synthesis

Reaction of (;7°-C5Me5)Zr[7"-CyNC(Me)NCyJCI2 with 1 cquiv of U2C2BIOHIO in
toluene afforded (;7°-C5Me5)Zr(/7"-CyNC(Me)NCy](?7"-C2B,0H,0) (11-4) in 51% yield
(Scheme 2.2),'°" which was characterized by 'H, ""C and "B NMR spectra.

In the neutral Zr-carboryne complex of
(;75-C5Me5)Zr[;/2-CyNC(Me)NCy]("2-C2BJoH,0) (11-4), when the ligand Cp
(//"-CsMes) was replaced by an acetoamidinato ligand, another type of neutral
zirconium-carboryne would be prepared. Treatment of carbodiimide R'N=C=NR'
(R' = Cy) with MeLi in diethyl ether, followed by reaction with ZrCl4(THF)2 in
diethyl ether for 12 hours, afforded diamidinato zirconium dichloride complcx
["2-CyNC(Me)NCy]2ZrCI2 Complex II-5a reacted with 1 equiv of
Li*CzBioHio in toluene at room temperature for 24 hours, to give a neutral
zirconium-carboryne complex [*"-CyNC(Me)NCy [2Zr(/7"-C2B 1 oH 10) (IT-6a) as
yellow crystals in 91% yield (Scheme 2.3).

Scheme 2.3. Preparation of [/7"-CyNC(Me)NCy;j2Zr(/7"-C2BioH,0) (II-6a)

Cy
1
N.
. ZrCl4(THF)2
CyN=C=NCy Ether Ether.-30, C-
DCC '\i 55%
Cy
Cy Cy
1
Cy Cy

1I-5a



Subsequently, we synthesized a series of diamidinato and diguanidinato group 4

metal dichloridc complexes in 50 - 83% yields using the same method as that for the

preparation ofl1-Sa’* [[;72R"NC(R)NR2MC12 (I1I-5b, R' = Cy, = Ph, M = Zr;
I-Sc, R' = Cy, R2 = "Bu, M = Zr; 1I-5d, R' =Cy, = Ph, M =Ti, II-5¢, R' = 'Pr,
R2 = Me, M =Zr; II-5f, R' =PR, R* = Ph, M =Zr; II-5g, R' ='Pr, ="BU, M ="Zr;

[I-5h, R' ='Pr, R2 = P2N °> M = Zr; II-5i, R' = 'Pr, R*="Bu, M =Ti; II-Sj, R'=

'Pr, R2 = "Bu, M = Hf) (Scheme 2.4). They arc soluble in toluene, THF and diethyl
9

ether, but insoluble in hexane.

Scheme 2.4. Preparation of Diamidinato/Diguanidinato Group 4 Mctal-Carboryne

Complexes (I1-6b - II-6j)

RIN=C=NRI RNU MCK(THF)2
I.
- Rl -
Ri
Ml -
Ri
il-5b - 11 >

b Ri =Cy, R2=Ph. M= Zr
CRI =Cy. R2="BU. M =2Zr
drl=Cy, r2 =Ph. M=Ti
eRi ='Pr,R2=Me. M=Zr

f Ri ='Pr, R2=Ph. M =2Zr

g Ri ='Pr, R2 ="Bu. M =Zr
hRi='Pr. r2 =rPr)2N. M=2Zr
IRI =Pr,rR2="BU, M =TI

i Ri ='Pr. R2="Bu. M = Hf
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Using the same method for the preparation of 1II-6a, several

diamidinato/diguanidinato group 4 metal-carboryne complexes
[72-R'NC(R")NR' I12M(7'-C2B,0H,0) (II-6b, R' = Cy, = Ph, M = Zr; II-6¢, R' = Cy,
R2 = "Bu’ M = Zr; II-6¢cl, R | =Cy, R* = Ph, M = Ti; lI-6c, R | =Pr, = Me, M = Zr;

I1-6f, ='Pr,R2 = H], M = Zr; 1I-6g, R' = 'Pr, R* = "Bu, M = Zr; II-6h, R' = 'Pr,
=rPr)2N > M = Zr; II-61, R I =Pr > R* ="Bu, M = Ti; II-6j, R' = 'Pr, R" ="Bu, M =
HQ were synthesized in high yields (70 - 95%) (Scheme 2.4).

Direct treatment of ZrCl4(THF)2 with 1 equiv of LisCaBioHio in a mixed solvent of
toluene/THF (10/1 in v/v) afforded a dichlorozirconium-carborync complcx
(;77-C2B,0H,0)ZrCI2(THF)3 (II-6k) in 88% yield (Scheme 2.5).

Scheme 2.5. Preparation of (//*-C2B,0H,0)ZrCI2(THF)3 (II-6k)

2 L - Zr(THF)3
ANIANL toluene/THF NOAA él

1-8
1I-6k
Complex II-6k contains two reactive Zr-Cl bonds, and may be a useful starting
material for the preparation of a series of organozirconium-carboryne complexes. In
fact, reaction of II-6k with 2 equiv of [MeC(NCy)2]Li or ["Pr2NC(NPr')2ILi
produced II-6a or ["2-"Pr2NC(NPr")2]2Zr("2 C2BioHio) (II-6h), respectively, in high
yields. Treatment of II-6k with 2 equiv of 'BuOK in EtaO led to the isolation of an

ionic complex [(/7'-C2B,0H,0)2Zr(0'Bu)(T")][Zr(OBu')3(THF)31 (11-61) in 64%

yield. Reaction ofII-6k with 2 equiv of [[BuCOCHCO'Bu]Na in EtjO gave an
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Scheme 2.6. Reaction of Dichlorozirconium-Carboryne (II-6k) with Nucleophiles

Cy
N [
2-4A4 / Cy
Cy
'Pr "e6a Cy
2"Pr2N-4 U ypr

; k

'Pr
«1(THF)3 O
Cl
2 'BuOK G”
- Zr(OBus(THF2
Lr E’HF
Bu'
Na
c/\o
e — C '‘Bu
unlabelled vertex —BH
unexpected product [0:0:¢j-{'BuC(0)=CHC('Bu)(0)C2BioHio}1Zr(;/2-

'"BUCOCHCOBU")(THF)2 (I1-6m) in 57% yield (Scheme 2.6). It is speculated that the
expected Zr-carboryne complex (;7-'BuCOCHCO'Bu)2Zr(;7"-C2BioHio) might serve

as an intermediate, followed by a nucleophilic attack at the C=0 to form II-6n9.
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Other possibilities cannot be ruled out at this stage. The remaining Zr-C(cage) bond
is inert as observed in other mctal-carboranyl comyicvcc 9 Qn the other hand, no
pure product was isolated from the reactions of 1I-6k with 1 equiv of LisC"BioHio or
I' (or 2) equiv of CpNa. These results suggest that a proper combination of the
ligands is important for the preparation of neutral Zr-carboryne complexes.

Complexes [1-6a - II-6k arc thermally stable even in refluxing toluene for several
days. However, 1I-6l,m are only stable at room temperature. They are all extremely
air and moisture-sensitive. Complexes Il-6a - I1-6k have a poor solubility in toluene
and diethyl ether, however, 11-61,11 arc easily dissolved in toluene and diethyl ether.

2.3. Structural Characterization

Complexes II-5b - II-5j have been fully characterized by various spectroscopic
techniques and elemental analyses. The distinctive quaternary carbons of the
amidinato ligands were observed in the range of 177.0 to 181.3 ppm in their °C
NMR spectra, which can be well compared to that of and
[Me3SiNC(C6H5)NSiMe3 [ | 27rC12.io3nfluenced by the hcteroatom N of the
substituent "PrsN, the quaternary carbon signal of guanidinato ligand in II-5h shifts
slightly to high-field (173.3 ppm) in its “C NMR spectrum.

The "B NMR spectrum of LizCaBioHio exhibited four resonances at 1.7, -1.9, -6.5
and -9.4 ppm with relative intensities 2:2:4:2. Although the same 2:2:4:2 pattern was
observed in the "B NMR spectra of II-4, the chemical shifts were observed at 08 °

-2.3, <79 ? -150 ppm, respectively, which is very different from that of LiiCzBioHio,
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but is very similar to that of II-1 and 11-3.

The same 2:2:4:2 pattern was observed in the "B NMR spectrum of complex I1-6j.
The relative chemical shifts were found at -0.8, -0.7 > -7.5, -15.2 ppni, respectively,
similar to those of II-1 and 11-4 (Tabic 2.1). The "B NMR spectra of II-6a - II-6i
and II-6k,l displayed a 4:4:2 pattern in the range of-01 to -15.2 ppm whereas thai of
y-6111 showed a 2:3:2:3 pattern at -3.3, -6.5, -9.9, -11.9 ppm due to the
unsymmetrical structure resulted from the insertion of C__Q It can be seen that the
"B NMR spectroscopy is a very useful technique to follow the above-mentioned
reactions. Although, it was not possible to reliably determine J“h values for
complexes II-4 and II-6a - II-6m due to overlapping resonances, the BH values
were obtained from 'H-coupled "B NMR spectrum of H"4, which fell in the range
130 — 170 Hz. No significantly reduced BH values and no very deshielded signal in
the "B NMR spectra were observed in complexes 11-4 and II-6a - H-Gm,")"
although some B-H...Zr interactions were found in the solid-state structures of 11-4
and 11-61 (vide infra).

The distinctive quaternary carbons of the aniidinato/guanidinato ligands and
carborane cage carbons were found in the range of 173 to 182 ppm and 95 to 116
ppm, respectively, in the "C NMR spectra of raetal-carboryne complexes (Table 2.2)
while the cage carbons of II-6k was found at 78.2 ppm. These values for cage

carbons can be compared to the 56.0 ppm for 0-C2B10H12 and 92.1 ppm for

LizCaBioHio.
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The IR spectra (KBr) exhibited one very strong and broad V"H stretching band at
about 2565 cm" for II-4 and II-6a - II-6m whereas that of 11-3 showed two Ih
bands at 2613 and 2453 cm', respectively. The latter might indicate some B-H...Zr
interactions in 11-3.°" The same phenomenon was not observed in H-1 ’ [I4 and
11-61 presumably due to the overlapping of very strong and broad v“h stretching

bands resulting from the ten B-H bonds comparing with only two B-H bonds in II-3.
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The Molecular structures of complexes II-5b, 11-5d, H-5¢’ II-5f and II-5i were
determined by single-crystal X-ray diffraction studies as shown in Figures 2.1 - 2.5.

The key structural data were summarized in Table 2.3.

Figure 2.1. Molecular Structure of f//2-CyNC(Ph)NCy]2ZrC12 (II-5b).

Figure 2.2. Molecular Structure of ["2-CyNC(Ph)NCyhTiCb (I1-5d).

The average Zr-N bond lengths in rzR [ nCR2NR [ ]ZZICh (IT-5b, 1I-5¢ and II-5f)
are very ‘close to those found in the benzamidinato complex
[Me3SiNC(C6H5)NSiMe3]2ZrCI12.'®" Both Ti-Cl and Ti-N bond lengths are obviously

shorter than those found in arconium or hafnium complexes. Both Cl-Zr-Cl angles

f

and Zr-Cl bond lehgths in these complexes are slightly smaller than those found in
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Cp2ZrC12 (CI-Zr-C1 97.1(2) [ Z5:ClL: 2.441(5) A)

Figure 13. Molecular Structure of [/7"-'PrNC(Me)NPr'[2ZrCI12 (I1-5¢).

Table 2,3. Selected Bond Lengths (A) and Angles (deg.) for 11-5

compd M-Cr

-5a | @  2.43103)

11-5b 2.430(6)
11-5d 2.286(1)
1I-5¢" 2.426(1)
H-5f 2.416(2)
11-5i 2.309(1)
-5 | g 2.412(1)

1 2V
NY

D

RifA [l ci

MHC'*
2.69(2)
2.503(3)
2.640(5)
2.638(6)

2.507(2)

M-N"
2.210(7)
2.214(15)
2.075(2)
2.200(4)
2.202(4)
2.067(2)

2.185(4)

N-M-N"

59.8(3)
59.9(6)
63.8(1)
60.2(2)
59.9(2)
63.8(1)

60.6(1)

CI-M-C1
931(1)
95.5(3)
95.0(1)
96.5(6)
96.4(1)
93.8(1)

95.3(1)

the average value of two Zr-Cl bonds. ” the distance of Zr to the quaternary

carbon. the average value of N-Zr-N angles in two amidinato ligands. “ the

average value of two molecules in one unit cell.



Figure 2.4. Molecular Structure of ["2-"PrNC(PhNIV [ | 27r@12-51)

Figure 25. Molecular Structure of [;7"-"PrNC("Bu)NPr'j2TiCI2 (I1-51).

The molecular structures of mn-6a, n-6b, n-6e, n1-6g - 1-6m were further
determined by X-ray analyses, and shown in Figures 2.6 - 2.15. The selected bond
distances and angles are summarized in Table 2.4. Complexes n-6a, II-6g — 11-6j
have a perfect symmetrical geometry (Figures 2.6, 2.9 - 2.12), in which the Zr/Ti/Hf
atom is //-bound to two amidinate (or guanidinate) ligands and to the carboryne
moiety (Zr..B distances > 2.89 A) (Table 2.4). The average distances of
C(cage)-C(cage) in a range of 1.625 to 1.696 A and Zr-C(cage) in a range of 2.258 to
2299 A in complexes n-6a, 1-6g, 1m-6h and 11-6] are close to those of

2.264(4)/1.662(6) A found in complex IM and 2.275(6)/!.686(11) A in complex
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w29 [ slightly less than those of 1.708(7) and 2.305(6)A found in II-4,'®
respectively, but markedly less than those of 1.763(11)/2.377(7)}\ found in
Cp2Zr(;*-Cl)(/-C2BioHio)Li(OEt2)2  (1-153) viewed as the precursor of
Cp2Zr(7'-C2BioHio)."' The average distances of Zr-C(cage) are also very close to that
of 2.248(5) A observed in Cp2Zr(PMe3)(l,2-C6H4).g I_-l The average Zr-N distances m a
range of 2.187 to 2.208 A in II-6a, 1I-6g, II-6h and 11-6] are very close to those of
2.210(7) and 2.216(3) A found in complexes and #> | o | respectively The
angles of C(cage)-Zr-C(cage) in a range of 42.1 to 44.7® obviously become smaller
than that of Cl-Zr-Cl in a range of 93.1 to 96.5° found in 11-5a, II-5b, II-5d - II-5f,
I[I-5h  and II-5i, but much lager than that of 35.3° observed in
Cp2Zr(PMe3)(1,2-C6H4).90 However, the average N-Zr-N angles in a range of 60.3 to
60.r in n-6a, 1I-6g, n-6h and I1I-6j are very close to that of 59.8(3)fdund in
m5a ? i but slightly less than that of 62.0(1)id 11-4."*" Furthermore, complex I1-6i
has a dramatically short distance of C(cage)-C(cage) (1.625(9) A), m' Ti-C(cage)
(2.137(4) A)’ and av. Ti-N (2.067(2) A) compared to other Zr/Hf-carborync
complexes 1-6a, 1m-6g, 1-6h and 11-6j, which results in the larger angle of
C(cage)-Ti-C(cage) (44.7(2)°) and ov. N-Ti-N (633(1)4_‘> than those of I1I-6a, II-6g,
I1-6h and II-6j due to the size effect of the metal center. However, the average Ti-N
bond length of 2.067(2) A and |J-Ti-N angle of 63.8(1)° have no significant change

compared to those observed in I1-Sd and II-5i.



Figure 2.6. Molecular Structure of [;7"-CyNC(Me)NCy]2Zr(//*-C2B,oH,0) (II-6a)

Table 2.4. Selected Bond Lengths (A) and Angles (deg.) for M-Carborvne

Complexes.
compd CeaCCCr " M- M..B  CcageM-

M-Cc N/C1/0 r N-M-N
11-6a 2.279(2)  1.672(3)  2.203(2) -+ 2.918(3)  43.0(1)  60.4(1)
I1-6b 2.321(4)  1.678(5)  2251(3)  2.926(5)  42.4(1)  59.1(1)
1-6C 2.324(3)  1.668(6)  2.233(2)  2.896(4)  42.1(1)  59.8(1>
1l-6g 2.271(2)  1.685(4)  2.201(1)  2.900(2)  43.6(1)  60.3(1)
11-6h 2.299(5)  1.682(7)  2.208(5)  2.927(6)  42.9(2)  60.4(2)
n-6i 2.137(4)  1.62509)  2067(2)  2.805(5)  44.7(2)  633(1)
11-6] 2.258(2)  1.696(6)  2.187(2)  2.895(4)  44.1(2)  60.7(1)
p| o | 2.264(4) 1.662(6)  2.488(2)  2.693(5)  43.0(2)

Bl o 2.275(6)  1.686(11)  2.503(2) 2.618(10)  43.5(3)

I1-4'o1 2.305(6) 1.708(7) 2.216(3)  2.792(7) 43.5(2) 62.0(1)
-6k 2.267(4) 1.641(4) 2.464(1)  2.917(4) 42.4(1) 157.7(1)6
11-61 2.345(8) 1.613(lir  1.884(4) 2.625(10) 40.1(3)[] _

n-6m 2.391(3) 1.690(3)  2.084(2)  3.427(3)

average value of two cages, the angle of Cl-Zr-CL



Figure 2.7. Molecular Structure of ["2-CyNC(Ph)NCyD 2Zr("2-CiBoHio)(THF)
(n-6b)

In the molecular structures of complexes 11-6a, II-6g — 6j, the Ti/Zr/Hf atom is
/ "IMbound to two amidinato (or guanidinato) ligands and one carborync moiety (Zr. B

distances > 2.89 ]\) > raling in a geometry with approximately C2 symmetry

(Figures 2.6, 2.9-2.12).

Figure 2.8. Molecular Structure of (;7--'PrNC(Me)NPr']2Zr(/*-C2B,0H,0)(THF)

(I1-6e)



Figure 2.9. Molecular Structure of [/7"-'"PrNC("Bu)NPr']2Zr(//'-C2B,0H,0) (II-6g)

On the other hand, an extra THF coordination to the Zr atom is observed in the
molecular structures of 1I-6b and H-6e (Figures 2.7 and 2.8). As the crystallization
conditions for all of I1-6a - H~6k are identical, this difTerence may be ascribed to
electronic effects of electron-withdrawing phenyl group,””* which makes the Zr atom
more acidic in II-6b, and the less steric hindrance of methyl and wo-propyl in II-6e,
which allows the coordination of THF to the metal center. The higher coordination
number also leads to the longer Zr-Ccage and Zr-N distances of 2.321(4)/2.251(3) A in
n-6b and 2.324(3)/2.233(2) A in 1I-6¢ than those in a range of 2.167 to 2.299
A2.067 to 2.208 A found in 11-6a, 11-6g - 11-6j (Table 2.4).

The molecular structure of I11"6k (Figure 2.13) is very different from those of II-6a,
I1-6g - 1I-6j. The Zr atom adopts a distorted-octahedral geometry with one THF and

s 7-carboryne unit at the axial positions. The Zr-Ccagc/Ccage-Ceage distances of
2.267(4)/1.641(4) A are close to those observed in II I, 11-3, 11-6a, II-6g, 1I-6h and

I1-6j The CI(1)-Zr-C1(2) angle is 157.7(1)°.

64



Figure 2.10. Molecular Structure of ["2-'PrNC("Pr2N)NPr'hZr("2-C2B|oHH,) (n-6h)

Figure 2.11. Molecular Structure of [;/-"PrNC("Bu)NPi'[2Ti(7"-C2BioH,0) (II-6i)

Figure 2.12. Molecular Structure of [/7"-'PrNC("Bu)NPr']2Hf(/7"-C2B,0H,0)

(11-6).



Figure 2.13. Molecular Structure of (v*-C2B,0H,0)ZrCI2(THF)3 (11-6k)

Figure 2,14. Molecular Structure of the Anion [(;7'-C2BioH,0)2Zr(0'Bu)(THF)]' in

11-61

The solid-state structure of 11-61 consists of distorted-letrahedral anions
[(//2-C2BJ|oHi0)2Zr(OBu')(THF) [ Jand octahedral cations [Zr(OBu°o(THF)3] +. In the

anion, the Zr atom is s /bound to two carboryne units and o-bound to one 'BuO

group and coordinated THF moleculc (Figure 2.14). The very crowdcd
coordination environments result in the longer Zr-Ccage distances, shorter Ceage-Ceage

distances and smaller CcagcZr-C«igc angles in comparison with the corresponding
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values observed in 11-1’ 113 114 > II-6a, n-6g *> II-6h and II-6j The shorest Zr - B
distance of 2.625(12) A in 01 is comparable to those of 2.692(5) Ainm and
2.618(10) A in 11-3’ but slightly longer than thai of 2.552(10) observed in

1{"5:a-Me2C(CIH6)(C2B,0H,0)} ZrCl(//3-C2B,0H,0)[Li(THF)4 |

Figure 2.15. Molecular Structure of (a:T:CT-{'BuC(0)=CHC('Bu)(0)C2BioH,0} |

Zr(7'-'BuCOCHCOBU')(THF)2 (I1-6m)

In the molecular structure of 1l1-6m, the Zr atom 1is //-bound to one
O'—CAC'""C—O unit, (T-bound to one cage carbon atom and two oxygen atoms and
coordinated to two THF molecules in a cappcd octahcdral geometry (Figure 2.15),
which is not common in group 4 metal complexes.’E/‘j As expected, the Zr-Ccagc
distance of 2.391(3) Ais significantly larger than the average values observed in II-1,
1I-3,11-4 ° II-6a, I1I-6g, 1I-6h and II-6j. This measured value is close to the 2.377(7)
A in Cp2Zr(//-Cl)(/*-C2B,0H,0)Li(OEI2)2 (1-153),™' 2.389(7) A in
[;77:<T-Me2C(C.sH4)(C2B,0H,0)]Cp*ZrCI"® and those found in Zr-carboranyl

complexes.”" It is noted that the Ccagc-Ccage distances observed in Zr-carboryne
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complexes 11-6a, 11-6g - 11-61 and n-6111 (Table 2.4) fall in the range 161 - 1.71 A
normally found in Zr-carboranyl complexes. "

The B-H...M interactions in d* metal complexes arc usually much weaker than
those observed in d" metal complexes becausc of lacking backbonding.'" Therefore,
it is not too surprised that the B-H...Zr interactions observed in the solid-stale
structures of E Il 2 113 ? 114 and 11-61 arc not found in the 'H and "B NMR spectra.
The short Zr-B distances in the above structures might also partially result from the
crystal packing forces.

In view of the above structural data, one can describe the bonding interaction
between the Zr atom and the two cage carbon atoms of the neutral o-CzBioHio ligand
in terms of the Zr-carboryne form ar complex form) as shown in Chart 1.4. On the
other hand, one can formally consider that there are two Zr-Qagc bonds (and one
weak “agostic-like” B-H...Zr bond in complexes 11-1’ 11-3, 11-4 and 11-61) between
the Zr center and dianionic oCzBioHio:' ligands ((T complex form. Chart 1.4).
Accordingly, the formal oxidation states of zirconium would be +2 in tt complex
form and +4 in a complex one. It is not surprised thai the above hvo bonding
descriptions arc both responsible for the Zr and 0-C2B10H10 interactions. The DFT
calculations based on ({/7"1T-Me2C(C9H6)(C2B,0H,0)}ZrC1(/7"-C2B,0H,0)]|Li(THF)4;
also suggest that the bonding interactions between Zr and 0-C2B10HI0 arc best
described as a resonance hybrid of both the Zr-C a and Zr-C T bonding forms shown

in Chart In other words, the bonding interactions between Zr and 0-C2B10H10
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closely resemble those between Zr and benzyne ***’

2.4. Summary

A scries of group 4 metal-carboryne complexes have been prepared and fully
characterized. Salt metathesis is generally a good method for the synthesis of this
type of complexes by reaction of organo-group-4-metal dichloride with Li2C2BioHio
or treatment of (/"-C2BJoHio)ZrCI2(THF)3 (I1-6k) with anionic ligands (such as
[MeCCNCL_| "2dr! [THF2NC(NPr)2]LI). However, both steric and electronic factors of
the ligands have significant effect on the types of resultant complexes (neutral versus
ionic complexes). The bonding interactions between Zr and 0-C2B10HI0 are best
described as a rcsonancc hybrid of both Zr-C a and Zr-C k bonding forms. These
complexes should have a rich reaction chcmistry in view of the chcmical properties

ofCp2ZrOi-CI)Cw-C2B,0H,0)Li(OEt2)2 (1-1537- = and (Ph3P)2Ni(//'-C2B,0H,0).""
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Chapter 3. Reaction of Group 4 Metal-Carboryne

Complexes with Unsaturated Molecules

3.1. Background

Benzyne and its transition metal complexes have found many applications in
organic synthesis, nicchanistic studies, and the synthesis of functional materials.""
The first structurally characterized zirconocenc-benzyne complcx stabilized by PMc”.
was reported in 1986 by the Buchvvald group (Scheme 3.1).}\}[‘[

Scheme 3.1. Preparation of Zirconoccne-Benzyne Complex

A
Cp2ZrPh2 [] -szzm Cp2Zr.

CeHe

90%
PMea

Zirconocenc-benzyne complex has very rich reaction chemistry as shown in
Scheme 3.2. It reacts with many unsaturated molecules to form the useful
organometallic intermediates. For example, reaction of the zirconoccne-benzyne with
acetone or RCN yields the mono-insertion product Cp2Zr[a:0-(CH3)2C(0)C6H4] or
Cp2Zr[a:a-RC(=N)C6H4] in high yield. Protonation by MeOH forms
Cp2Zr(C6H5)(OCH3) in high yield. Interaction of zirconocene-benzync with alkync
or alkene affords the mono-insertion product in a general formula of

Cp2ZrC(R")=C(R')-1 ,2-C6H4 or Cp2ZrCH(R')CH(R').1,2-C6H4 (Scheme 3.2)."



Scheme 3.2. Reactivity, of Zirconocenc-Benzyne Complex

CP2

R W4o,
CP2
RCN
@)
W
MeO

Like benzyne, carboryne can be trapped and stabilized by transition metals.
However, the reaction chemistry of group 4 metal-carborync complexes is largely
unknown though some preliminary results were obtained from the reaction of the
neutral Zr-carboryne complex Cp*[/7'-CyNC(Me)NCylZr(//*-C2B|oH|o) (11-4) [ or
Cp2Zx(//-C1)0/-C2BioHio)Li(OEt2)2 (1-153) with polar unsaturated molccules. "~ In
view of the very rich and exciting chemistry of zirconocene-benzyne complexes:;

we are interested in exploring the largely undeveloped reaction chemistry of group 4

transition metal-carboryne complexes.
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3.2. Mono-Insertion Reaction

Treatment of II-6b with 1 cquiv of diphcnylketonc or cyclohexanonc toluene at

room temperature yielded the mono-insertion product

[;/'-CyNC(Ph)NCylZZr[a:a-{(Ph)2C(0)C2B,OH,O}l (111-1) in 95%

or
[//~-CyNC(Ph)NCyl2Zt[a:o0- {[-(CH2)5-1C(0)C2B,0H,0}] (111-2) in 87% isolated yield,

respectively (Schcme 3.3).

Scheme 3.3. Reactivities of Group 4 Mctal-Carboryne Complexes toward Ketone

and Nitrile

Pl Pi
o 1k
N
5 IIM R = Ph
! " -2 R-R = ~(CH2)5-
A
"e6a, Ri
"e6b.Ri Ph. S = THF RCN
-
1
Cy

-3 R = Me Ri = Me
1114 R = Ph. Ri = Ph
[M-5R = Ph. Ri = Me

Reaction of II-6a with an excess amount of CH3CN in toluene at room temperature,
led to the formation of o-carborane and other unidentified species on the basis of "B
A

NMR spectra analysis. On the other hand, reaction of II-6a with equimolar CH3CN

in toluene at 0 °C yielded the mono-insertion product [/7A-CyNC(Me)NCy]ZZr[a:o-
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{[N:C(Me)CZBloH 10}] (IT1-3) in 37% yield along with the protonated o-carborane.
This can be ascribed to the acidity of a—proton of CH3CN. However,' reaction of
II-6a or II-6b with 2 equiv of PhCN in toluene at room temperature afforded the
mono-insertion product [;f-CyNC(R)NCyl2Zr[o:a-{[N=C(Ph)C2B,0Hio}1 (1114, R = !
Ph; 111-5° R = Me) in the yield of 85% for 111-4 and 76% for III-5 (Scheme 3.3).
Reaction of II-6b with 1 equiv of carbodiimide RN=C=NR (R = 'Pr or Cy) in
toluene at room temperature afforded the mono-insertion  products
[//'-CyNCen)NCy]2Zr[o:0- {[RNC(=NR)C2B,0H,0}] (ni-6, R = 'Pr; -7 » R = Cy)
in high yields (>95%). Reaction of II-6j with I equiv of carbodiimide 'PrNCNPr'
also yielded the mono-insertion product
1"2jprNC("Bu)NPr*]2Hflo:<M['PrNC(=NPr")C2BioH I 0}] (111-8) in 919%6 yield
(Scheme 3.4).

Similarly, PhNCO can also insert into one of the metal-carbon(cage) bonds of the
metal-carboryne complex. Reaction of n~6a with 1 equiv of PhANCO in toluene at
room temperature gave the mono-insertion product
[ 5 rcyNoovie) NCyi2Ztfao-PiNC(=0) C2B oo}l (111-9) in 93% yield, in which
C=N was inserted into the Zr-C(cage) bond (Scheme 3.4). This product is different
from that of reaction of Cp2Zr(/*-Cl)(;/-C2B,oH,0)Li(OEt2)2 (1-153) with PhNCO, in
which a O O insertion product is formed. Reaction of I11-6b or 11-6] with 1 equiv of

"BuNCS in toluene at room temperature yielded the C=N mono-insertion product

[ 5 rerNamNG Ik BNcES)C2BA 0l (1H-10) in 76% yield or
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Scheme  3.4.

Reactivities of Group 4 Metal-Carborync Complexes
Carbodiimide, Isocyanate, Thioisocyanate and Carbon Disulfide
R
/
N
/ R i
RN=C=NR N Ri
)| N
M
R:

-6 M=27Zr. R=R*=Cy, R*=Ph
"1-7M=2Zr R="Pr. Ri=cy| R*=Ph
M-8 M=Hf. R="Pr. Ri ='Pr. R*="Bu

PhNCO
M=12Zr

Ri
-9 Ri = Cy, r2 = Me

Ri
|i-6a, Ri = Cy, RM=Me. M =Zr ABUNCS
[I-6b, Ri =Cy. R2=Ph. M =Zr
S=THF

I-Q, Ri ='Pr. R2="Bu. M = Hf

=,

2

\

o R =Gy, R=fhu-Z

M1 Ri ='Pr. r2 ="Bu. M = Hf

CS2
M = Hf

["-12Ri ='"Pr. R2="Bu

["2-'PrNC(Bu")NPr"]2Hf[¢j:cj-{["BuNC(=S)C2BioHio}1  (III-11) in 87% yield,

respectively (Scheme 3.4). Reaction of II-6j with an excessive amount of CS2 in
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refluxing toluene gave the insertion product
["2-'PrNC(BiONPr* [ ] 2Hf[0:0-{[SC(=S)C2BioHio(lll 1-12) in 60% yield whereas no
reaction was observed at room temperature based on "B NMR spcctrum (Scheme
3.4). No double-insertion products were observed even under forced reaction
conditions.

All products were fully characterized by 'H, ""C and "B NMR spectra, IR
spectroscopy as well as elemental analyses. The '"B NMR spectra showed different
patterns from their parent metal-carboryne complexes due to the changes of the
molecular symmetry of the insertion products. The characteristic quaternary carbons
of the amidinato or guanidinato ligands were shifted to the low-field in a range of
171.8 to 185.2 ppm.

Most of aforementioned complexes (111-1 - 111-3 * 111-5,111-7 - 111-10 and I11-12)
were further confirmed by single crystal X-ray analyses. Their molecular structures
were shown in Figures 3.1 - 3.9. The key structural data are summarized in Table 3.1.
The metal-C(cage) bond distances (2.340 to 2.413 A Daaclongated compared to
those observed in the parent metal-carboryne complexes II-6a,bJ. The
C(cage)-C(cage) bond distances in complexes III-1 - III-3 and 1117 are much
longer than those observed in the corresponding metal-carboryne complexes (II-6a
and II-6b). However the C(cage)-C(cage) bond distances in complexes 1119 and

ITI-12 are smaller than those found in their parent metal-carboryne complexes II-6a

and 11-6j, respectively.
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Table 3.1. Selected Bond Lengths (A) and Angles (deg.)

Ri

‘662

M-Ccage C()-C(2) CM-C(B) XM@H-C(B) M@3)-X14) C(2)-M-X4)

2.371(6)  1.710(7) 1.595(7)  1.413(6) 1.954(3) 73 7(2)
2.4023)  1.711(5) 1.556(5)  1.421(4) 1931(2) 741 [
2.4003)  1.717(4) 1.549(4)  1.264(3) 2.065(2) 74.0(1)
2.4134) 167905 1.508(6)  1.383(5) 2.089(3) 74.3(1)
2.396(4)  1.695(6) 1.519(7)  1.389(6) 2.077(4) 72.7(2)

8- 2.349(4)  1.703(6) 1.534(6)  1.387(6) 2.099(4) 73.9(2)

o 2.389(9)  1.658(12)  1.509(11)  1.380(11)  2.208(7) 74.3(3)

10 2.383(7)  1.680(10)  1.522(10)  1.330(9) 2.383(7) 74 3(2)

12 2.340(5)  1.669(6) 1.514(7)  1.725(6) 2.572(1) 77.4(1)

average value of two molecules in one unit cell.

Figure 3L Molecular Structure of ["2-CyNC(Ph)NCy]2Zr[o:0-

{(Ph)2C(0)C2B,0H,0}] (III-1).
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Figure 3.2. Molecular Structure of

C(0)C2B,0H,0}] (III-2)

Figure 3.3. Molecular

{IN=c(Me)C2B,0H,0}] (111-3)

Figure 3.4. Molecular

{[N=C(Ph)C2B,0H,0}](in-5).

Structure

Structure
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of

of

[/77-CyNC(Ph)NCy]2Zr[o:0-{[-(CH2)5-]

(/;"-CyNC(Me)NCy]2Zr[a;0-

[;/"~-CyNC(Me)NCy]2Zr[a:o0-



Figure 3.5. Molecular Structure of [/*-CyNC(Ph)NCy]2Zr[a:a-{['PrNC(=N'Pr)

CzB.oH.o}] (I11-7).

Figure  3.6.  Molecular  Structure  of [/ [~PINCCBu)NPrI2Hf[a:a-

{['PrNC(=NPOC2B,0H,0}] (111-8)

Figure 3.7. Molecular Structure of [;7°-CyNC(Me)NCy]2Zr[a:a-{[PhNC(=0)

C2B10H, | |(HI-9)
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Figure 3.8. Molecular Structure of f/7——CyNC(Ph)NCYIZZI‘(a:o—{[“BuNC(=S)

C2B,01,03] (1I1-10).

Figure  3.9.  Molecular  Structure  of  [7--'PrNC("Bu)NPr']2Hflo: o-

{Isc=s)c2B,[ 1 H [ }1(m-i2).

The above results show that the polar unsaturated molecules of ketone, nitrile,
carbodiimide, isocyanate, thioisocyanate and carbon disulfide can insert into the
group 4 metal-C(cage) bond to form the mono insertion products. No double
insertion products are observed probably due to the steric effects.'

3.3. Di and Tri-Insertion Reaction

Further study of the reactions of neutral group 4 metal-carboryne complexes

revealed that some substrates such as element S, Se, azide and isocyanide can insert
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into the metal-C(cage) bond to form di- or tri-inscrtion products with a general
formula of (7*-R'NC(R")NR']2M[ 1,2-X2C2B,oH,0] (I1I-13a, M =Zr, X =S, R' = 'Pr,
R2=Me; lI-13b > M =Zr, X = S, R' = 'Pr, = "Bu; I[IM3c, M =Zr, X = Se, R l =
Cy, R2 = Me; [IM3d, M =Zr, X = Se, R' ='Pr, R* ="Bu; in-13e, M = Hf, X = §, R[]
=',T, R2 = "Bu), [/7-PtNC("Bu)NPr'12Z:[/7":/7- 1,2-(PhN=N-N)2-1,2-C2B,0H,0}
(I1-14) and [/7-RNCRINR' [2M{[(RINC]2CE=NR)-1,2-c2B,0HIO} (HI-16a > M =
zr, R | =P, R = "Bu, R' = 26Me2C6H3 5 11I-16b, M = Zr, R | =P, R' = "Bu, R" =
2-Cl-6-MeC6H3 5 1II-16¢, M = Zr, R [ =Cy, R* = Me, R* = 26 Mc2C6H3 5 III-16d, M
—Hf, R' = 'Pr, R2 = "Bu, R3 =2 * 6MC6H3; M-16e * M = Hf, R' = 'Pr, R* = "Bu,
=2-Cl-6-MeC6H3). Reactions of II-6¢ and II-6f with excessive PhNs, gave only
mono-insertion products [”2-CyNCrBu)NCyD 27r[ ] "2:0-1-PhN=N-N-1,2-C2BioHioJ
(ITMSa) and [;7'-'PrNC(Ph)NP1']2Zr[/7":0-1-PhN=N-N-1,2-C2B,0H,0] (IIMSb) in
the yield of 89% and 76%, respectively, which is very similar to that of
Cp2Zr(//-C1)(/-C2B loHi 0)Li(OEt2)2 (1-153). Surprisingly, a double insertion product
I11-14 was isolated in 95% yield from the reaction of II-6g with excess PhNa under
the same reaction conditions. The reasons are not clear, but may be related to the
electronic/steric properties of the ligands. These group 4 metal-carboryne complexes

do not react with 'BuNC even at refluxing condition.
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Scheme 3.5. Di- and Tri-Insertion Reaction of Group 4 Metal-Carboryne Complexes

lI-13a M=7Zr, X=S, Ri: 'Pr. R2=Me
M-13b M=2Zr, X =S, Ri: 'Pr.r2 ="Bu
M-13C M =Zr, X = Se. Ri =Cy. r2 = Me

l-13d M=2Zr. X =Se, Ri ='Pr, ="Bu
l-13e M=Hf.X=S.Ri 'Pr. ="Bu
Ph
2PhN
. NTNLD o
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lli-14
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S =THF |
II-6f, Ri ='Pr, R2 :Ph, M =zr Ri
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These complexes do react with ArNC to afibrd tri-inscrtion products (111-16)
(Scheme 3.5). In comparison, treatment of Cp2Zr(u-CI1X"-C2B|oHio)Li(OEt2)2 (1-153)
with 'BuNC generated Cpzzr[ 5 7”-"'BUNC(C2B,0H,0)=cNBUI(CNBU)~ These results

suggested that steric factors play a crucial role in the reactions.

Scheme 3.6. A Possible Pathway for the Formation of 111-16

Ar
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The formation of triple insertion products III-16a - III-16e may be related to the

carbene property of isocyanides. A possible pathway was outlined in Scheme 3.6.

The coordination of isocyanide to the metal center forms the intermediate III-A,
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Insertion of the coordinated isocyanide gives the intermediate III-B. Coordination
and insertion of the second equivalent of ArNC generate I1I-C, followed by the
coordination and insertion of the third equivalent of ArNC to form the intermediate
III-D and III-E. Isomerization of the Zr(-ONAr)2 unit affords the final product
III-16. The stronger Zr-N interactions over the Zr-C bonds provide the driving force
for the rearrangements (Scheme 3.6).

Complexes III-13a - III-16e were fully characterized by 'H, ""C and "B NMR
spectra, IR spectroscopy as well as elemental analyses. The characteristic cage
carbons were observed in a range of 91.6 to 92.8 ppm for III-13a, III-13b and
ni-13c, at about 75 ppm for I11-13¢ and III-13d, in a range of 73.0 to 76.0 ppm for
I[IM6a - IlI-16e, and at 95.2 ppm for 111-14 in their “C NMR spectra. Influenced
by the metal center, the cage carbon signals were shifted to the lower field (108.2 to
111.4 ppm) in the mono-insertion products of Ill-1Sa and III-15b. Only one very
broad peak at about -7.0 ppm was observed for complexes I1I-13a - in-13d in their
"B NMR spectra whereas two peaks at -7.2 and -8.9 ppm with a ratio of 6:4 for the
product I11-13e were found in the "B NMR spectrum of III-13c. Two resonances at
about -2.0 and -9.0 ppm with a ratio of 5:5 were observed in the "B NMR spectra of
I1I-16a, HI-16C and III-16d while three peaks at -3.0 *> -100 and -14.0 ppm with a
4:3:3 pattern were found in the "B NMR spectra of [IM6b and ni-16e The "B
NMR spectra of III-15a and III-15b exhibited two resonances at -1.0 and -6.0 ppm

with a ratio of 2:8 whereas III-14 showed two peaks at -8.9 and -11.7 ppm with a
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ratio of 4:6.

Most of the insertion products (I1I-13b, ni-13d, III-13e, 111-14, 111-1Sa, III-16a,
in-16b, 111-16d ancf III-16e) were further confirmed by single crystal X-ray
analyses. Their molecular structures were shown in Figures 3.10 -3.18, respectively.

The key structural data were summarized in Table 3.2.

Figure 3.10. Molecular Structure of [/7'-'PrNC("Bu)N'Pr)2Zr(1,2-S2C2BioH,ol

(in-13b)

Figure 3.11. Molecular Structure of [;/*-'PrNCC”u)N'Pr]2Zr( 1,2-Se2C2B,0H,0l

(I11-13d).

The C(cage)-C(cage) bond distances range from 1.629(7) to 1.728(5) A The
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largest one (1.728(5)) is found in complex Ill-1Sa because of the presence of

1

Zr-C(cage) bonding interactions. The distances of C(cage)-S/Se bonds in III-13b
(1.776(3) A), ni-13e (1.774(4) A) and III-13d (1.934(4) A) arc very close to those
observed in [(THF)3LiS2C2BpH,oU(THF)]2 (1.772(6) A),""

[Li(THF)4j(Cp"Zr(S2C2B,0H,0)2] (1.776(8) A)"' and CpMr(Se2C2B,0oH,0) (1.941(7)
A-[16

Table 3.2. Selected Bond Lengths (A) and Angles (deg.).

s / ph 4
o h & ph
S T B
/1S P =
5 - 0 mO
1IM3b.d. 1IM4 lIl-1Sa Il

compd C(D)-C(2) C(2)-X(3) CD-X(5) X(3)-M X(5)-M  X(3)-M-X(5)

I11-13b  1.692(4) 1.770(3) 1.776(3) 2.550(1) 2.561(1) 83 8(1)
I11-13d  1.679(5) 1.934(4) 1.930(4) 2.676(1) 2.688(1) 85.2(1)
I1I-13e  1.698(5) 1.774(4) 1.773(4) 2.537(1) 2 545(1) 84.8(1)
C()-C(2) C(2)-N(3) ~N(3)-N(6) N(6)-N(7) Zr-N" N(3)-Zr-N(5)
I11-14  1.657(5) 1.433(4) 1.318(4) 1.296(3) 2.391(3) 66.0(1)

C()-C(2) Zr-C(2) C()-N(5) N(4)-N(5) N(5)-N(6) Zr-N(4)/Zr-N(6)
III-I15a  1.728(5) 2.506(3) 1.449(4) 1.285(4) J292(3) 2.137/2.330(3)

C(H-C(2) C(2)-C(3) C(B)-CH CB)-N(®® N(8)-M N(6)-M-N(8)

m-16a  1.642(4) 1.510(4) 1.365(4) 1.365(3) 2.208(2) 77.8(1)
III-16b  1.648(7) 1.513(7) 1.381(7) 1.357(6) 2.244(4) 76.5(2)
IIM6d  1.652(8) 1.501(8) 1.370(7) 1.372(7) 2.1944) 79.0(2)
III-16e  1.629(7) 1.510(7) 1.364(7) 1.378(7) 2.209(4) 78.6(2)

average value of the four ZrN3 * 5°7°9) bonds.
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Complexes Eﬂ_l&’ III-16b, I1I-16d and III-16c have a common five-membered
ring constructed by two cage carbons and three incoming carbons from isocyanides.

The sum of the five interior angles on the five-membered ring is very close to 540 O,

suggestive of a planar geometry.

Figure _LJZ. Molecular Structure of [*-"PrNCrBu)N'Pr]2Hfl11,2-S2C2B,0H,0l

(ITM3e)

Figure 3.13. Molecular Structure of [;7'-'PrNC("Bu)NPr']2Zr|7':;7"-1,2-

(PhN=N-N)2-U2-C2B,oH,0} (III-14).

86



Figure 3.14. Molecular Structure of ["2-'"PrNC(Ph)NPr"j2Zr

[ 5 7:0--PhN=N-N-I2-C2B,oH,0} (in-15a)

Figure 3.15. Molecular  Structure  of  [//*-"PrNCCBuN'PrljZr {[(2,6-

Me2C6H3)NC]2C[=N-(2,6-Me2C6H3)]-1,2-C2BioH,0) (1I1I-16a)

Figure 3.16. Molecular Structure of [ ; 7A—'PrNC("Bu)N‘Pr]ZZr

{[(2-C1.6-MeC6H3)NC]2CI=N-(2-Cl-6-MeC6H3)]-1,2-C2B,0H,0} (I1I-16b).
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Figure 3.17. Molecular Structure of [/77-"PrNCrBu)N'Pr]2Hf

1[(2,6-Me2C6H3)NC]2C[=N-(2,6-Me2C6H3)]-1,2-C2B,0oH,0} (I1I-16d)

Figure 3.18. Molecular Structure of [;77-"PtNCrBu)N'Pr]2Hf

{[(2-Cl-6-MeC6H3)NC]2C[=N-(2-Cl-6-MeC6H3)]-1,2-C2Bil | Hiin-16e).

It is noted that carboryne complexes II-6a - 1I-6j do not react with alkenes and
internal alkynes even wunder forced conditions. An unexpected complex
{[//2jPrtNCrBu)lvnV]2Zr} 2 {[i-NCCu-2-0(CH2)4-1 > 2-C2BioHioh (IT1-17) was
isolated in 91% yield when II-6g was heated with excess EtC=CEt in the presence of

LiClI/CuCN in THF/toluene at reflux for 3 days (Scheme 3.7).
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Scheme 3.7. Formation of II1-17
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This reaction is reproducible without alkyne. It is believed that LiCl can form a
complex with CuCN, presumably LiCu(CN)CI, which has better solubility than LiCl
or CuCN in THF/toluene mixture. In the absence of LiCl, no reaction was observed.
CuCN is insoluble in THF/toluene. Although the reaction pathway is not clear at this
sage * a cooperative effect between metal ions maybe involved. Hydrolysis of I1I-17
with IM HCI gave 1-HO(CH2)4-1’2-C2BioHn (III-18) in 92%yield (Scheme 3.7).

Complex III-17 was characterized by various spectroscopic techniques and X-ray
analyses. This complex is very sensitive to air and moisture. It has good solubilities
in THF, DME wd pyridine and but insolubility in toluene, diethyl ether and hexane.

The distinctive quaternary carbons of NCN, CuCN and carborane were observed
at 1794 2 1223 ?> 96.1 and 81.3 ppm, respectively, in the ~C NMR spectrum.

Influenced by strong interactions of Zr-N=C-Cu, the carbon signal of CN was shifted
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to high-field compared to those observed in late transition metal complexes
{[Ti](C=CSiMe3)2} Cu[NCAu(PPh3)][BF4] (163.8 ppm),"7« (CO)SWNCCu(PPh3)3
(160.7 ppm) > "J1. (cosWCNCu(PPh3)3 (147.8 ppm),"~ and CuCN(PPh3)3 (152.3
ppm)." )—L The characteristic stretching vibration bands of B-H and C=N were
observed at 2572 cm ' and 2114 cm" as very strong peaks, respectively, in the
solid-state IR spectrum.The characteristic two cage carbons and one cagc CH
proton of in 111-18 were observed at 75.4/61.2 and 2.4 ppm in its "*C and 'H NMR
spectra, respectively. A 1:1:2:2:2:2 pattern was observed in the "B NMR spectrum of
IT1-18.

The molecular structure of III-17 is shown in Figure 3.19. It looks like that a
molecule of CuCN was inserted into the Zr-C(cage) bond. The bridge is slightly bent
with angles of C(1)-Cu(1)-C(37) = 1760(1) © > Cu()-CB7N(S) = 175.5(5)and
C(37)-N(5)-Zr(1) = 177.9(3)[ The C(37)-N(5) distance of 1.142(5) A indicates the
presence of a triple bond, which is comparable to that of 1.15(2)/& observed in
(CO)SMCNCu(PPh3)3."% The Cu(l)-C(1), Cu(1)-C(37) and Zr-N(5) distances of
1.916(3), 1.858(4) and 2.248(3) A, respectively, are comparable to the values of
Cu-C distance observed in 1,1":2,2'-[Cu(toluene)]2( 1,2-C2B,0H,0)2 (1.920(2) Ar_‘

and Zr-N distance in Cp2Zr[<7:(7-N=C(Ph)(C2B,0oH,O)](PhCN) (2.184(3) A
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Figure 3.19, Molecular Structure of {[/7"-"PrNC("Bu)NPr']12Zr}2(11 -NCCu-2-
0(CH2)4-1°2-C2BIOHIO}2 (111:17). (thermal ellipsoids drawn at the 35% probability
level). Selected bond distances (A) and angles (deg): C(1)-C(2), 1.691(4);
C(1)-Cu(1), 1.916(3); Cu(1>C(37), 1.858(4); C(37)-N(5), 1.142(5); C(2)-C(1),
1.522(5); N(5)-Zr(1), 2.248(3); C(1)-Cu(1)-C(37), 176.0(1); Cu(1)-C(37)-N(5),
175.5(5); C(37>N(5)-Zr(1), 177.9(3).

Dichlorozirconium-carboryne complex II-6k has less sterically demanding ligands
around the Zr atom. It was found that the reaction of II-6k with diphenyl acetylene in
toluene at reflux for two days afforded the mono insertion product
12-(THF2c12z:[ Cph) =Cephy)-1.2-c2B,0H,0 (111-19) in 37% isolated yield, which
was converted to alkenyl carborane 1-(PhCH=CPh)-1,2-C2BioH,i (111-20) after
hydrolysis. Similarly, the alkyl substituted carborane l\(PhCH2CH2)-1,2-C2B\oH|i
(ITT-21) can be obtained in 20% yield from the reaction of II-6k with styrene in

toluene at reflux for two days.E:H-G was not isolated in the pure form (Scheme 3.8).
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Scheme 3.8. Reactivity of Dichlorozirconium-Carboryne Complex toward Alkyne

and Alkene

Ph

Ph

Ph

cl AGHRE
I c H3'0 11120
Zi(THF)3.

- /\’/.I/. Ph

ZI(THF)2

Cl Ci
-G 11121

111-19 was confirmed by '"“C, "B NMR and IR spectra, elemental analysis and
single crystal X-ray analyses. The distinctive vinyl carbons and cage carbons were
observed at 208.9/149.4 and 100.6/91.5 ppm in the "“C NMR spectrum of III-19
The characteristic stretching vibration of B-H was observed at 2575 cm" in its IR
spectrum - The characteristic vinyl protons and cage CM in compound 111-20 were
observed at 7.03 and 3.28 ppm, respectively in the 'H NMR spectrum. The vinyl
carbons and cage carbons are shifted to a much higher-field at 135.6/134.9 and

78.2/58.0 ppm, respectively. A pattern of 1:1:2:2:2:2 was observed in the B NMR
I

spectra of III-20 and III-21. The cage CH proton and carbon of 11121 were
observed at 3.6 and 74.6/61.1 ppm inits  and "*C NMR spectra, respectively.

The molecular structure of 111-19 is shown in Figure 3.20. Complex III-19 adopts
a distorted-octahedral cloordination environment. The Zr-C(2) distance of 2.361(4) A

is very close to the coiresponding values observed in zirconocene-carborany 1



compiexes. B ana the Zr-C(18) distance of 2.231(3) A is very close to the

corresponding values found in zirconacyclopentadienes, such as 2.274(3) j\ in

(MeC5H4))2Zr[C(Ph)=C(Ph)-C(Ph)=C(Ph)]’"9a 2.230(3) A in
Cp2Zr[C(TMS)=C(Ph)-C(Ph)=C(TMS)],"" 2.281(7) A in
Cp2Zr[C(Ph)=C(C6F5)-C(C6F5)=C(Ph)l1,'2.243(4) A n

Cp2Zr[C(Phy=C-C=C(Ph ) | * "9g 2.258(5) A in Cp2Zr[C(Ph)=C(Ph)-C(Ph)=C(Ph)],"***
22142) A in  Cp2Zr([C(Bu)[| 2{=C[-(CH2)4-]C=})"9and 2.208(2) A in
Cp2Zr([C(CH3)M=C[-(CH2)2-]0})."9i The C(11)-C(18) distance of 1.327(4) A and
C(2)-C(3) distance of 1.513(5) A clearly suggest their double and single bond
characters. The C(1)-C(2) distance of 1.678(4) A is a typical value found in
o-carboranes 4® 4ib5S"'WL20 Q* the other hand, the sum of five interior angles on the
five-membered zirconacyclopentene ring is very close to 540°, suggestive of a planar

geometry. These structural features resemble those of zirconacyclopentadienes."”

Figure 3.20. Molecular Stfucture of 1,2-(THF)2CI2Zr[C(Ph)=C(Ph)]-1,2-C2B,0oH,
(111-19).



33. Summary

Reactivities of group 4 metal-carboryne complexes toward various kinds of
unsaturated molecules have been examined. The results reveal that ketone, nitrile,
carbodiimide, isocyanate, thioisocyanate and carbon disulfide can insert into the
M-C(cage) (M = Zr or Hf) bond of the M-carborync complexes with amidinato and
guanidinato ligands to give the mono-insertion products, whereas sulfur and
selenium can afford the double-insertion products, and aryl isonitrile yields
triple-insertion products. On the other hand, metal-carboryne complexes
incorporating amidinato and guanidinato ligands show no reactivity toward internal
alkyne, alkene and allene. However dichlorozirconium-carboryne complex can react

readily with alkyne or alkene to form mono-insertion products probably due to stcric

reasons.
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Chapter 4. Reaction of Cp2Zr(;i-CI)(;/-C2BioHio)Li(OEt2)2

with Alkene > Alkyne and Pyridine

4.1. Background

Zirconacyclopentenes/zirconacyclopentadienes/zirconaindenes arc very useful
reagents in various organic transformations and their chemistry has been extensively
explored. [ These complexes are commonly prepared by an oxidative coupling of
one alkyne and one alkene'*"/two alkynes'*/one alkyne and one benzyne™ "~''A" on
divalent zirconocenc Cp2Zr(Il). In view of the similar reactivity patterns between
benzyne and carboryne (1,2-dehydro-1,2-carborane),""" """ ® we initiated a research
program to study the chemistry of metal-carborync and to develop
a carborane version of zirconacyclopentene/zirconacyclopentadiene reagents. Our
previous work on [{7":(7-Me2C(C9H6)(C2B,0H,0)} ZrCI(;7'-C2BioH,0)][Li(THF)4{"
shows that the bonding interactions between Zr atom and carboryne resemble those
in the zirconocene-benzyne complex Cp2Zr(;7°-C6H4)(PMe3) (Chart 1.4)." This result
prompts us to prepare the corresponding zdrconoccne-carboryne Cp2Zr(;7"-C2BioHio).
Unexpectedly, only Cp2Zr(/i-CI)(/i-C2BioHio)Li(OEt2)2 (1-153) is isolated from the
reaction of CpzZrCla with Li*CzBioHio. Subsequent reactivity studies prove 1-153 to
be a precursor of Cp2Zr(;/"-CiBioHio)."' In this connection, we explored the
reactivities of 1-153 toward alkenes, alkynes and pyridines, which will be discussed

in this chapter.



4.2. Reaction with Aikenes

After many attempts we found that the precursor of zirconocene-carboryne

complex Cp3;Zr(/*-CI)(//-C2BioHio)Li(OEt2)2 L (1-153) is active toward

mono-substituted alkenes (Scheme 4.1). Treatment of 1-153 with 1.2 - 2.0 equiv of
RC=CH2 (Iv-1) in refluxing toluene for two days gave
1,2-[Cp2ZrCH(R)-CH2]-1,2-C2B,oH,o (R = aryl) (IV-2a - IV-2n) or
1,2-[Cp2ZrCH2-CH(R)]-1,2-C2B,0oH,0 (R = alkyl) (IV-3a, IV-3b) as yellow or purple
crystals in 59-93% isolated yields, respectively (Table 4.1). No double insertion
products were observed. An excess amount of alkenes was used to make sure the full
consumption of 1-153, facilitating the isolation of the products. Both solvents and
temperatures arc crucial to this reaction. Complex IV-2 or IV-3 was not observed if
the donor solvents such as EtzO and THF were used instead of toluene, suggesting
that the coordination of alkcne to the Zr atom is essential for the subsequent insertion.
High temperature is required as it can not only promote the dissociation of LiCl from
1-153 forming the Cp2Zr-carboryne intermediate, but may also facilitate the coupling
reaction between carboryne and the coordinated alkene via the intermediate IV-A
(Scheme 4.1). It is noted that sterically demanding alkenes such as PhC(Me)=CH2
and cyclohexene did not give the insertion product by reaction with 1-153 even after
prolonged heating in toluene due to the steric hindrance. Rather, 1-153 was
decomposed to form o-carborane and other unidentified species (Scheme 4.2).

Aryl alkenes could effectively insert into the Zr-C(cage) bond to form the
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mono-injcrtion products 1V-2a-i (entries 1 - 5, 7- 10 in Table 4.1). It was found that
the bulkiness of substituents on benzene ring has some effects on the insertion of the
alkene into the Zr-C(cage) bond. 2-Trifluoromethyl styrene did not react with 1-153
while 3- and 4- trifluoromethyl styrene reacted well with 1-153 to give the
mono-insertion products IV-2f (91%) and rV-2g (73%) in good yields even at room
temperature. TMSCH=CH?2 also generated the mono-insertion product rV-2j in good
yield (78%). CH2=CH2 and Ph2PCH=CH2 gave the mono-insertion products in much
lower yields (45 - 59%). However, "BuCH=CH2 and PhjPCHsCH~CH: afforded
another kind of insertion products IV-3a and EV-}:) in 88% and 89% yield,
respectively. Obviously, the regio-selectivity of the reactions is controlled by the
polarity of the alkene. In general, electron-donating substituents give the complexes

1V-3 whereas electron-withdrawing substituents offer complexes IV-2.

Scheme 4.1. Reaction of I-153 with Terminal Alkene

R
,C = 2
cpszrl] U-oEt2 R Cp2zz- Cpz2r,
0
tolyene
1-153 V- V-2 VA
R
R =aryl R = alkyi
c@% D>



Scheme 4.2. Reaction of 1-153 with Multi-Substituted and Alkynyl Alkenes

Ph.
Cp2Zr, .

ANV or
cp2zil | |11 oEt2

-153

szzr I ol I
65/35

Reaction of 1-153 with PhC*"CCHjCHCHz a mixture of two kinds of

insertion products  1,2-[Cp2ZiC(Ph)=CCH2CH=CH2]-1,2-C2B,oHio  (rV-6) and
1’2—(Cp2ZrCH2CHCH20CPh)—1’2—C2B|oHiD (IV-7h which alkyne insertion is

dominant based on the GC-MS analyses after hydrolysis. In fact, the hydrolysis

products K[PhCH=CCH2CH=CH2]-1,2.C2B,0H,, (Iv-8) and
1 -(CH3CHCH2C=cphy-1 ,2-C2BioH, , (IV-9) were isolated in the yield of 55% and

24%, respectively (Scheme 4.2).
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Table 4.1. Reaction of 1-153 with Alkenes.

entry alkene Product isolated
V- R =2 V-3 yie | d(o/[])
rv- Ph IV-2a - 87
Iv- 4-CH3C6H4 1V-2b - 75
IV- 2-CIC6H4 v—2C - 85
rv- 3-CIC6H4 IvV-2d - 84
v 4-CIC6H4 IV-2e - 86
v 2-CF3C6H4 . - none"
Bv  3-CF3CeH4 1V-2g - 91
rv- 4-CF3C6H4  1V-2h - 73
v 4-BrC6H4 IV-2i - 82
v 4-FC6H4 1V-2j - 81
rv- TMS IV-2k - 78
v PhzP Iv-21 - 59
V- H IV-2m - 45
Iv- 2-pyridyl IV-2n - trace
rv- "Bu . IV-3a 88
Iv- PhiPCHj : IV-3b 59

"no insertion product was formed due to the steric effect.

These zirconacyclopentane complexes are sensitive to moisture, and unstable in
hot pyridine. Most of them (IV-2b-e,g,hj,k,m, and IV-3a,b) are soluble in toluene
and polar solvents such as THF’ DME and diethyl ether but insoluble in hexane. The
complexes rV-2a,i,l, and IV-6/7 are barely soluble in toluene, diethyl ether and
hexane but are soluble in polar solvents such as THF and DME.

The above complexes were fully characterized by '“C and "B NMR spectra.
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IR and elemental analyses. The characteristic protons and carbons of Cp were
observed in the range 5.01 to 6.71 ppm and 107.4 to 117.6 pprn in their 'H and '""C
NMR spectra, respectively. Compounds IV-8 and V-9 were characterized by '"“C
and "B NMR spectra as well as HRMS. There are some dear differences in their 'H
and '""C NMR spectra. The '"H NMR spectrum of IV-8 clearly showed one singlet at
7.04 ppm, two multiplets at 5.94 and 5.26 ppm for the four vinyl protons whereas the
characteristic methyl protons of IV-9 were observed at 1.35 ppm in doublet with J =
6.8 Hz. The '"C NMR spectrum of IV-8 exhibited the distinctive vinyl carbons
ranging from 117.9 to 136.4 ppm whereas that of IV-9 showed two characteristic
carbons at 83.8 and 85.8 ppm assignable to C"C.

Complexes 1V-2a,c,i-1 and 1V-3a,b were further confirmed by single-crystal X-ray
analyses. Figures 4.1 — 4.8 show their molecular structures. Selected bond distances
and angles are summarized in Tables 4.2 and 4.3, respectively. Except for rV-2I
(Figure 4.5) in which an additional coordination bond between the Zr and P atoms
with the Zr-P distances of 2.670(1) A is observed, all other complexes adopt a
distorted-tetrahedral coordination environment. As shown in Table 42 ° the Zr-C(1)
distance of 2.502(4) A in IV-21 is much longer than those (2.389(3)-2.434(2) A)
observed in its analogues whereas the C(3)-C(4) distance of 1.323(6) A in IV-21 is
much shorter than the corresponding values (1.493(8) - 1.552(3) A) found in its
analogues. Such differences result from the additional coordination of the P to the Zr

atom. The C(3)-C(4) and C(2)-C(3) distances of ca 1.51 A clearly suggest their
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single bond characters. The C(1)-C(2) distance of ca 1.69 A s a typical value found
i <7-carborancs HIAEAx&ACH0 |~ g Zr-C(1) distances (2.389(3) - 2.502(4) A) are very
close to the corresponding values observed in zirconocene-carboranyl

w e e The Zr-C(4) distances fall in a range 2.268(8) ~ 2.401(2) b
which are  comparable to the  corresponding values found in
zirconacyclopentenes.gl].124 On the other hand, the sum of five interior angles on the
five-membered zirconacyclopentane ring falls in a range 527.6 - 529.4° (Table AB) )

which are obviously less than 540 © ° suggestive of a non-planar geometry.

Figure 4.1. Molecular Structure of 1,2-[Cp2ZrCH(Ph)-CH2]-1,2-C2B,oH,0 (FV-Za).

Figure 4.2. Molecular Structure of 1,2-[Cp2ZrCH(2"C1-C6H4)-CH2]-1,2-C2BioH,0

(Iv-20).
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Table 4.2. Selected Bond Lengths (A)

Ri
1

CP2Z:,

1. i

Compd av. av. Zr-C

Zr-Cent® (Csring) Zr-C(1) C()-C2) C()-C3B) CB>CH4 ZrCcH
IV-2a 2216 2.516(2)  2.434(2) 1.700(3) 1.5203) 1.520(3)  2.352(2)
v-2c 2212 2.513(3)  2.398(3) 1.690(5)  1.523(5) 1.547(5)  2.375(3)
IV-2j 2.209 2.503(5)  2.399(4) 1.683(6) 1.531(7)  1.532(7)  2.367(5)
rv-2k  2.228 2.524(2)  2.406(2)  1.691(3)  1.534(3) 1.552(3)  2.308(2)

Iv-21 2.220 ¢ 2.501(5) 2.502(4) 1.687(5) 1.521(6) 1.323(6) 2.357(4)

IV-2in = 2.212 2.506(3)  2.401(2) 1.689(3) 1.534(4) 1.541(4)  2.401(2)
IV-3a* 2222 2.498(10) 2.391(7) 1.679(10) 1.539(11) 1.493(8)  2.268(8)
Iv-3b  2.217 2.513(3)  2.38913) 1.700(3) 1.546(3) 1.540(4)  2.294(3)

a Cent = the centroid of Cp ring. ~ average values of two independent molecules in

the unit cell.

Figure 4.3. Molecular Structure of 1,2-[Cp2ZrCH(4-F-C6H4)-CH2]-1,2-C2B,0H,

(IV-2j).

102



Table 4.3. Selected Bond Angles (deg.).

)
\

L,
CP2{y"~ '7;—-R1

Cent-Zr- C()-Zr- Zr-C()- CH-C(2) C@Q)-C@3)- CQB)-CH-

compd Cenl c@) cQ) -C(3) c@) Zr

IV-2a 1280 742(1)  1112(1)  11472)  1127Q) 117.4Q2)
v2c 1282 78.8(1)  108.32) 1157(3)  115.703) 109.5(3)
v-2j 1287 773(2)  1094() 1153@4)  114.0(4) 111.6(3)
IV-2k 1284 783(1)  108.4(1) 11492)  114.5Q2) 111.8(1)
a1 1274 69.2(1). 112.6Q2) 112.93)  115.0(4) 130.03)
IV-2m 1284 777(1)  109.3(1)  114.6(2)  114.002) 113.8Q2)
IV-3a 1300 76.8(3)  111.04) 114.1(6)  115.5(7) 119.3(6)
IV-3b 1303 76.4(1)  110.5(1) 113.8Q2)  111.7Q2) 115.6(2)

Figure 4.4. Molecular Structure of 1,2-[Cp2ZrCH(TMS)-CH2]-1,2-C2B,0H,

(IV-2k).
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Figure 4.5. Molecular Structure of 1,2-[Cp2ZiCH(PPh2)-CH2]-1 > 2-C2BioHi

(IV-21).

Figure 4.6. Molecular Structure of 1 > 2-{Cp2ZrCH2CH2H *> 2-C2B,oHio (IV-2m).

Figure 4.7. Molecular Structure of 1,2-[Cp2ZrCH2-CH(Bu")]-1,2-C2BioH,0

(IV-3a).



Figure 4.8. Molecular Structure of 1,2-[Cp2ZrCH2-CH(CH2PPh2)]-1,2-C2B,0H,0

(IV-3.b).

4.3. Reaction with Alkynes

Reaction with Symmetrical Alkynes. Treatment of Cp2Zr(/i-C1)(/i-C2BioHio)
Li(OEt2)2 (1-153) with 1.5 - 2 equiv of RC=CR (TV-IO) in refluxing toluene gave
1,2-[Cp2ZrC(R)=C(R)]-1,2-C2B,oH,0 (IV-11) (R = Et (IV-lla), "Pr (IV-1lb), "Bu
(IV-1lc), Ph (rV-11d)) as yellow crystals in 65% - 93% isolated yields (Scheme 4.3).
No double insertion products were observed. An excess amount of alkynes was used
to make sure the full consumption of 1-153, facilitating the isolation of the products.
Both solvents and temperatures are crucial to this reaction. Complexes IV-lla-d
were not observed if-the donor solvents such as EtiO and THF were used instead of
toluene, suggesting that the coordination of alkyne to the Zr atom is essential for the
subsequent insertion. High temperature is required as it can not only promote the

dissociation of LiCl from 1-153 forming the zirconocene-carboryne intermediate, but
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may also facilitate the coupling reaction between carboryne and the coordinated
alkyne via the intermediate FV-B (Scheme 4.3). It is noted that stfdcally demanding
alkyne MejSiCE,CSiMe; did not react with 1-153 even after prolonged heating in
toluene. M PhCCPh offered a much lower yield (65%) than linear alkynes (80% -

93%). The very bulkyl icosahedral carboranyl moiety may play a role in these

|
insertion reactions because of steric reason.

Scheme 4.3. Reaction of 1-153 with Symmetrical Alkynes

X
CPZr s \
IV-B
J\ 'FE )
CPQZr\ ; -1-0Et2 R CpsZr
toluene/A 1
Ljc\
-2Et20
R
1-153 IV-10 IV-11
R Et "Pr "Bu Ph

IV-11 a b c d
yield(%) 93 80 81 65

The most characteristic vinyl carbons in the products FV-lla-d were observed at
about 195 and 144 ppm in their '""C NMR spectra, which are very comparable to the

corresponding values of (] 19ad [] 14dbm observed in Cp2Zr[C(R)=C(R)]2.°



Two distinct cage carbons were found at —92 and -90 ppm, respectively, in the ""C
NMR spectra. The unique Cp carbons at -115 ppm and protons at ~6.6 ppm as a
singlet were also observed. The "B NMR spectra exhibited different patterns, a
1:3:2:2:2 for IV-1la, a 1:2:3:4 for IV-1lb and IV-llc, and a 2:3:3:2 for IV-11d in the
range 0-11 ppm.

Reaction with Unsymmetrical Alkyncs. In a very similar manner, reaction of
1-153 with 1.5 - 2 equiv of unsymmetrical alkynes IV-12 in refluxing toluene
afforded the mono-insertion products IV-13a-m in the yields of 35% - 88%. The
results are summarized in Table 4.4. The regioselectivity of these reactions may be
best ascribed to the polarity of alkynes as phenyl is often considered as
electron-withdrawing groupEE in case of IV-12g, steric factor may also play a role
in the regioselectivity (Table 44 * entry 7). For linear alkynes such as mc—CCH3 »
both regioisomers were observed in about 1:1 ratio, resulting in an inseparable
mixture. Alkynes containing functional groups, such as rV-12d,h,I,m offered
relatively low isolated yields due to unknown side reactions, although the conversion
of 1_]53 is 100%. Terminal alkynes such as PhG=CH are not compatible with the

above reactions as they can protoiiate 1-153 to generate o-carborane.
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Table 4.4. Reaction of 1-153 with Unsymmetrical Alkynes.

Ri
P ,CI\ 2
Cp2Zr\ ll.:- QEG Cp2Zr.
Pj V  toluene
1Yy y
IV-12
M53 Iv-13
entry alkyne R I R product 1so.lated
Iv-12 IV-13 yield
1 IV-12a Ph/Me IV-13a 90
2 IV-12b Ph/Et IV-13b 88
3 wv-12C Ph,Bu v—13C 76

4 Iv-12d 2\V/*—Ph IV-13d 55
5 IV-12e 4-Tolyl/Me IV-13e 68

6 IvV-12f TMS/J " Bu IV-13f 87

7 IV-12¢g TMS/Ph IV-13¢g 50
8 IV-12h J* /Et IV-13h 46
9 IV-12i PhzPrBu IV-13i 76
10 IV-12j Ph/(CH2)3Cl1 IV-13;j 89

11 IV-12k  Ph/CH2N(CH3)i IV-13k 78
12 IV.121 Ph/CHjOCH;j IV-131 37

13 IV-Um IV-13in 35

Scheme 4.4. Reaction of 1-153 with PhnC"CCHzOCHa in the Presence of Cul

21 .,

(OER)R2

Ph

IV-14
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It is noteworthy that treatment of 1-153 with PhOCCHsOCHs (IV-121) in the
presence of Cul afforded  five-merabered ring fused  carborane
1,2—(L3_PhC=CHCH2)-1,2—C2B,OH,O (IV-14) in 31% isolated yield as colorless
crystals (Scheme 4.4). A possible reaction pathway was depicted in Scheme 4.5.
Reaction of 1-153 with 1\7-123\1% gives IV-131 ’ followed by transmetallation to Cu(I) to

afford rV-D, Intramolecular nucleophilic substitution reaction leads to the formation

of IV-14.
Scheme 4.5. A Possible Pathway for the Formation of 1V-14
Ph
X
'g’b IV-121
X .
<OE22 L o
1-153 IV-C iv-i3r
Ph Bh
2 Cul V.14
-Cp2Zr12
- - L .
Iv-D IV-E

Complexes FV-lla-d and IV-13a-m are very soluble in donor solvents, but are
insoluble in hexane. Complexes rV-llb,c and E\%Bf’ m are soluble in hot aromatic

solvents, whereas IV-lla,d and rV-13a-e,g-1 are only barely soluble. They are stable

m for a few minutes in the solid-state whereas their solutions are

moisture-sensitive.

They were fully characterized by various spectroscopic techniques and elemental



analyses. The Cp protons displayed a singlet at -6.5 ppm in their 'H NMR spectra.
Two characteristic vinyl carbons in the range 140-211 ppm and two unique cage
carbons at || 9fpm were observed in their "“C NMR spectra. The "C NMR
spectrum of IV-14 exhibited two characteristic vinyl carbons and cage carbons at
143.5/134,0 and 85.7/78.6 ppm, respectively. The vinyl proton was found at 6.19
ppm as a triplet with J = 3.0 Hz split by the adjacent CH2 in the = NMR spectrum of
IV-14. The [ [B NMR spectrum of IV-14 showed a unique pattern of 4:2:2:2 at -6.9
-10.4,-11.9 and-13.8 ppm.

Structure. Molecul” structures of IV-lla,c,d, IV-13a,c,d,f-m and rV-14 are
further confirmed by single-crystal' X-ray analyses. Figures 4.9 - 4.23 show the
representative structures. Selected bond distances and angles are summarized in
Tables 4.5 and 4.6, respectively. Except for IV-13i (Figure 4.18) in which an
additional coordination bond between the Zr and P atoms with the Zr-P distance of
2.787(3) A is observed, all other complexes adopt a distorted-tetrahedral
coordination environment. As shown in Table 4.5, the Zr-C( 1) distance of 2.507(3) A
in IV-13i is much longer than those (2.378(4) - 2.406(2) A) observed in its
analogues whereas the Zr-C(4) distance of 2.265(3) A in rV-13i is shorter than the
corresponding values (2.277(2) - 2.309(3) A) found in its analogues. Such
differences result from the additional coordination of the P to the Zr atom. The
C(3)-C(4) distance of co 1.34 A and C(2)-C(3) distance oica 1.51 A clearly suggest

their double and single bond characters. The C(1)-C(2) distance of co 1.68 Aisa
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Table 4.5. Selected Bond Lengths (A).
Rl

compd  av. av. IrC zrc Ll-c()-c(2) C@Q)-CB) CGB>CA) Zr-CE)
Zr-Cenf (Cjring)

EV-lla 2.218 2.516(2) 2.390(2) 1.680(3) 1.510(3) 1.346(3)  2.277(2)
IV-lle 2.214 2.508(3) 2.386(2) 1.688(4) 1.515(4) 1.344(3)  2.289(3)
IV-lid 2.208 2.506(3) 2.391(2) 1.680(3) 1.514(3) 1.342(3)  2.288(2)
IV-13a 2211 2.512(3) 2.384(3) 1.684(4) 1.509(4) 1.334(4)  2.298(3)
IV-13C  2.213 2.514(4) 2.376(4) 1.695(5) 1.519(6) 1.330(6)  2.296(4/
IV-13d  2.204 2.503(4) 2.385(4) 1.680(5) 1.514(5) 1.349(5)  2.303(4)
IV-13f  2.226 2.524(3) 2.382(2) 1.684(3) 1.531(3) 1.3503)  2.299(2)
IV.13g  2.232 2.519(3) 2.394(3) 1.678(3) 1.524(4) 1.353(4)  2.309(3)
IV43h 2217 2.516(3) 2.406(2) 1.689(3) 1.505(3) 1.3413)  2.291(2)
IV-13i 2.229 2.526(3) 2.507(3) 1.7214) 1.505(4) 1.332(4)  2.265(3)
IV-13j 2.209 2.507(4) 2.378(4) 1.684(5) 1.515(5) 1.337(5)  2.299(4)
iy-13k  2.209 2.5114) 2.382(3) 1.695(5) 1.512(5) 1.338(5)  2.302(4)
rv-131 2,219 2.515(3) 2.395(3) 1.689(4) 1.513(4) 1.338(4)  2.309(3)

IV-13m 2.211 2.509(4) 2.385(4) 1.684(5) 1.509(5) 1.345(5) 2.297(4)
"Cent = the centroid of Cp ring.

typical value found in o c.cvorune- //l/w&kﬂ\/l y~e Zr-C(1) distances (2.378(4)—
vy

2.507(3) A) are very close to the corresponding values observed in
zirconocene-carboranyl qmupesX/7 @ > '® |5 The Zr-C(4) distances fall in a range
2.265(3) - 2.309(3) A, which are very close to the corresponding values found in
zirconacyclopentadienes."9 On the other hand, the sum of five interior angles on the

five-membered zirconacyclopentene ring is very close to 540°, suggestive of a planar
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geometry. These structural features resemble those of zirconacyclopentadienes '

Table 4.6. Selected Bond Angles (deg).
Ri

Cent-Zr- C)-Zr- Zr-C()- CO)-C(2)- C(2)-C(3)- C@B3)-CH

compd Cent C@) cQ@) C@3) C) Zr

IV-lla 1209 759(1)  1093(1)  1136(2)  1196(2)  121.62)
V-lle 1296 761(D)  109.1()  1138Q)  11932)  1214Q2)
IV-11d 130.3 75.7(1) 109.8(1) 113.0(2) 120.3(2) 121.3(1)
IV-13a 1302 755(1)  109.62)  1136Q2)  11952)  121,7Q)
vese 1306 756Q2)  1099Q2)  1130G3)  1193@)  122.10)
Iv-13d 1302 7651 10952)  11333)  121203)  11940)
IV-13f 128.8 76.7(1) 1092(1)  113.4Q2) 119.92) 119.6(2)
IV-13g 1292 77.4()  1089@2)  1132(1)  1224Q)  117.6Q)
IV-13h 1203 745(1)  1101(0)  1132Q)  1188Q2)  1234<)
iy-13i 1281 .00  1115Q)  1113Q)  11443)  13290)
IV-13j .129.9 75.4(1) 110.2(2) 113.1(3) 119.6(3) 121.7(3)
V-3 1303 748D 1106Q)  1127G3)  11923)  12250)
rv-131 130.7 75.4(1) 109.7(2) 113.5(2) 119.7(3) 121.7(2)
fV-3in 1306 755(1)  109.62)  11413)  1189G)  122.00)
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Figure4.9. Molecular Structure of 1,2-[Cp2ZrC(Et)=C(Et)]-1,2-C2B,0oH,0 (IV-11a)

Figure 4.10, Molecular Structure of '1,2-[Cp2ZrC(Bu")=C(Bu")]-1,2-C2B,0oH,

(IV-1lc).

Figure 4.11. Molecular Structure of 1,2-[Cp2Zi€(Ph)=C(Ph)]-1,2-C2B,OH,

(IV-114d).
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Figure  4.12.  Molecular Structure of 1,2-[Cp2ZrC(Ph)=C(Me)]-1,2-C2B,0H,

(IV-13a).

Figure 4.13. Molecular Structure of 1,2-[Cp2ZrC(Ph)=C(Bu")]-1,2-C2B,OH,O

(IvV-130).

Figure 4,14. Molecular Structure of 1,2-[Cp2ZrC(Ph>=C(C”~Ph)]-1,2-C2BioHio
(IV-13d)
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Figure 4.15. Molecular Structure of 1,2-[Cp2ZrC(TMS)=C(Bu")]-1,2-C2B,0H,0

(IV-130.

Figure 4,16. Molecular Structure of 1,2-(Cp2ZrC(TMS)=C(Ph)]-1,2-C2BioH,

(IV-13g). [l

Figure4,17. Molecular Structure of 1,2-[Cp2ZrC((C=CH2)Me)=C(Et)]-1,2-C2BioHio

(iv-13h).
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Figure 4.18. Molecular Structure of 12-[Cp2ZrC(PPh2)=C(Bu”)]-1 > 2-C2BioHio

(IV-13i).

Figure 4.19. Molecular Structure of 1,2-[Cp2ZiC(Ph)=C((CH2)3C1)]-1,2-C2B,0H.(

(IV-13j).

Figure 4.20. Molecular, Structure of 1,2-[Cp2ZrC(Ph)=C(N(CH3)2)]-1,2-C2B,0H,
(Iv-13k).
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Figure 4.21. Molecular Structure of 1,2-[Cp2ZrC(Ph)=C(OCH3)]-1,2-C2B,0oH,

(IV-131).

Figure 4.22. Molecular Structure of 1’2-{Cp2ZrC(Ph)=C[(CH2)30

(tetrahydro-2-pyranyl)]}-12-C2BioHio (IV-13m).

In compound 1V-14, the C(11)-C(18)/C18)-C(19) distances of 1.329(2)/1.500(2fA
suggest double and single bond, respectively. The C(1)-C(2) distance of 1.641(2) A
is a typical value for ©c Other bonds in the newly-formed
five-membered ring are single bond with a typical value of ca 1.53 k. fhe sum of the

interior angles of this five-membered ring is close to 540°, suggestive of the planar

geometry of the ring.
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Figure 4.23. Molecular Structure of 1,3-(PhC=CHCH2)-1,2-C2B,oH,0 (rV-14).
Selected bond lengths (A) and angles (deg): C(1)-C(2) 1.641(2), C(1)-C(11) 1.510(2),
C(11)-C(18) 1.329(2), C(18)-C(19) 1.500(2), C(2)-C(19) 1.523(2), C(2)-C(1)-C(1 1)
103.7(1), C(-CAD-C(18) 110.0(1), CIN-C(18)-C(19) 116.7(1), C(18)-C(19)-C(2)
103.8(1), C(19)-C(2)-C(1) 105.7(1).

4.4. Reaction with Pyridines

We attempted to prepare the pyridine adduct of zirconocene-carboryne complex
from the reaction of Cp2ZrOu-Cl)0-C2BioHio)Li(OEt2)2 (1-153) with pyridine, what
we isolated is the a-CH activation product of pyridine,

r

Cp2Zr("2(c N)-pyridineD OT-l-CZBiOIf{(I)V-IS). We then extended this reaction to
other pyridine derivatives. The results are described in this section.

Treatment of Cp2ZrO-Cl)0/-C2BioHio)Li(OEt2)2 (1-153) with excess pyridine in
toluene at room temperature gave the C-H activation product CpZZr[ / 7A(C,N)-pyridine]
(cr-1,2-C2BioHn) (IV-15) in 90% isolated yield as off-white crystals. Similarly, when

2-bromo-pyridine and 2,4-luridme were used, the corresponding products

Cp2Zr("™M ° 6(N > CM2-bromopyridine)(a-1’2-C2BioHii) (IV-16) and
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Scheme4.6. Reaction of 1-153 with Pyridines
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Cp2Zr(7’\-l,6(N,CHZ,4-dimethylpyridine)(<7-l,2-C2B,OI_I.H) (IV-17) were obtained in
81% and 82% vyields, respectively. Under the same reaction conditions, quinoline
offered  Cp2ze:712(N, Cy-quinoline)(fir12-c2B,0HN)  (1v-18) in  85%  yield.
However, acridine led to the formation of 1,4-addition product
Cp2Zr{2-[9-(;7'-10CN)-dihydroacridme)](cT.1,2-C2B,0H,0)} (IV-19) in 75% yield.

Scheme 4.7. Reaction of 1-153 with Pyridinyl Substituted Alkynes

CP2 O
Ir
> ' - Bi/
N~ Li
(OE2)2 I
v
M53 .
%]
IV-21b

Cul
R = Bu" (IV-22). Ph (IV-23)
H30*

R = Bu" (IV-24). Ph (IV-25)
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Unexpectedly, reaction of 1-153 with 2-(1-hexynyl)pyridine gave the C-H
activation  product  Cp2Zr{"2 1 > 6(N °> CH2-(I-"BuOC)pyridine]}((7-1 ’ 2-C2Bil | H")
(rv-20) in 56% yield rather than the insertion product
1’2-[Cp2ZK:(2-pyridyl)=CBir]-1 > 2-C2BioHio (IV-22). In the same manner, treatment
of 1-153 with  3-(1-hexynyOpyridine to afford two regio-isomers of
Cp2Zr{"M > 6(N’CH3-(I-"BuOC)pyridine]K«M,2-C2BioHn) (IV-21a) and
Cp2Zr{"M ° 2(N’CH3-(I-"BuOC)pyridine]}(a-1 > 2-C2BioH") (IV-21b) in a molar
ratio of 42/58 as determined by their [H NMR spectra. These two products were
isolated by fractional crystallization from toluene in 33% yield for E‘V—ﬂa and 35%
yield for IV-21b, respectively. However, in the presence of Cul, the alkyne insertion
product was formed. Reaction of 1-153 with 1.2 equiv of 2-( 1 -hexynyl)pyridine or
2-(1-phenylacetyl)pyridine in the presence of 2.0 equiv of Cul in toluene at room
temperature generated 1V-22 or 1 ° 2{Cp2ZCQpyrdy)=CPhl ] { 2CfZB °H [ ° (IV-23)
in 74% or 77% yield, respectively. It is assumed that copper(I) can bind to the
nitrogen atom of pyridine, blocking its interactions with the zirconium atom. Thus
the alkyne can coordinate to the zirconium atom and subsequently insert into the
Zr-Ccage bond to form the insertion products 1V-22 and IV-23. After hydrolysis of
1vV-22 and 1vV-23, the corresponding alkeny [ compounds
I-[C(2-pyridy])=CBul-1,2-C2B,0oHn (IvV-24) and 1-[C(2-pyridyl)=CPh]-
1,2-C2B,oHn (IV-25) were obtained in 87% and 89% yield, respectively, by flash

column chromatography on silica gel using 4/1 hexane/ethyl acetate as eluent.
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Scheme 4.8. Reaction of 1-153 with PhCH=NPh

CP2 i
7r 7 Ph
\@ | Ph——CH=N—Ph
ZrCp2
(OEtzh
1-153 IV-26

To examine the effect of heteroatom in the activation of a-C-H bond in the above
reactions, an imine PhCH=NPh was treated with 1-153 under the same conditions. A

C=N insertion product 1,2-[Cp2ZrN(Ph)CH(Ph)]-1,2-C2B,0H,0 (IV-26) was isolated

in 62% isolated yield (Scheme 4.8). No C-H activation product was observed.

It is suggested that the zdrconocene-carboryne may serve as a key intermediate in
the above reactions. Coordination to the nitrogen atoms in heterocycles, followed by
the proton-transfer yield the final product (Scheme 4.9). This proposed pathway is
supported by the following experiments. When pyridine-i®s was used in the reaction,
CpZZr[ s 7NC)N)-pyridine-c/4(<T-C2BioHioD) (IV-1S-f/j) was obtained in 87% isolated

yield as off-white crystals (Scheme 4.6).

b

Scheme 4.9. A Possible Mechanism for a-C-H Activation of Pyridine

IV- V.15
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Complexes FV-IS - rV-23 and rV-26 were fully characterized using various
spectroscopic techniques including NMR, IR spectra and elemental analyses. The
characteristic cage C-H protons of IV-15 - IV-18 and IV-20 - IV-23 were observed
ina range 3.29 - 4.47 ppm as a broad singlet in their ~ NMR spectra. On the other
hand, in the '""C NMR spectra, the a-carbon of pyridine unit was shifted downfield
from ca 150 ppm to about 200 ppm in the products. Their "B NMR spectra showed a
pattern of 1:1:2:2:4, which is significantly different from that of their parent complex.
In the NMR spectrum of IV-1S-i/s, only the Cp protons were observed at 5.20
ppm as singlet whereas in its “"H NMR spectrum, the characteristic cagc C-D was
observed at 3.25 ppm and the corresponding four sp® C-D peaks appeared at 652 ’
693 *> 718 and 8.45 ppm, respectively. Complexes IV-15 and IV-IS-¢c"s have the

identical "B NMR spectra.
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The molecular structures of complexes of IV-15, IV-17 - rV-20, IV-21a, IV-23
and rV-26 were further confirmed by single-crystal analyses and shown in Figures
4.24 - 431, respectively. The selected bond lengths and angles were summarized in
Table 4.7. The Zr-Ccagc lengths fall in the range 2.495(3) to 2.529(6) A which are
slightly longer than the corresponding values found in Zr-carboranyl
complexes34fg,5"."8 The average Zr to the Cp ring distances are about 2.53 A that is
comparable to the corresponding values found in the zirconocene carboranyl
complexes such as 1V-lla,c,d, IV-13a,c,d,f-m. The Zr-N(pyridmyl) distances vary
from 2.125(3) to 2.402(6) A .Such a large derivation can be ascribed to the steric

effects of the pyridine unit.

Figure 4.24. Molecular Structure of Cp2Zi/7 (C,N)-pyn’dine]((T—l,2—C2BiOH1’1)

(Iv-15).
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Figure 4.25. Molecular Structure of Cp2Zr(/7"-1,6(N,C)-(2,4-dimethylpyridine)

(C7-1,2-C2B,0H,,)(IV-17).

Figure 4.26. Molecular Structure of Cp2Zr(?7"-1 ,2(N,C)-quinoline)(«7-1,2-C2BioH,

(IV-13).

Figure 4.27. Molecular Structure of Cp2Zr{2-[9-(/7-10(N)-

dihydroacridme)](<T-1,2-C2B,oH,0)} (IV-19).
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Figure 4.28. Molecular Structure of Cp2Zr{77-1,6-

[2-0-"Buc=C)pyri(iinel} (a1, 2—C2B,0H., )av-20).

Figure 4.29. Molecular . Structure of Cp2Zr{;7"-1,6(N,C)-

[ 3-(-"Buc=C)pyridine]}(<T-1,2—C2B,0Hn)av-21a).

Figure 4.30. Molecular Structure of 1,2-[Cp2ZrC(2-pyridyl)=CPh]-1,2X28,0H,

(IV-23).
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Figure 4.31. Molecular structure of 1,2-[Cp2ZrN(Ph)CH(Ph)j-1,2-C2B,oHio (IV-26).
Selected bond lengths (A) and angles (deg): C(1)-C(2) 1.687(4), C(1)-C(27) 1.537(4),
C(27).N(1) 1.455(3), Zr(1)-C(2) 2.443(3) > oZr(D-N() 2.154(2), C(2)-Zr(1)-N(1)
71:6(1).

In complex rV-26 the metal center is » /-bonded to two Cp rings, and a-bonded to
one cage carbon atom and one nitrogen atom, in a distorted-tctrahedral geometry.
The Zr-C(cage)/Zr-N( 1) distances of 2.443(3)/2.154(2) A are comparable to those

found in I1"6a,b’e,g,h > III-1- III-3 and III-5 -111-10

4.5. Summary
Reactivities of Cp2Zr(*-Cl)(*-C2BioHio)Li(OEt2)2 (1-153) toward alkenes, alkynes
and pyridines have been studied. Terminal alkenes, internal alkynes and imine

PhCH=NPh can insert into the Zr-C(cage) bond via the intermediate of

zirconocene-carboryne to form zirconacyclopentane, zirconacyclopentene and
azazirconacyclopentane complexes incorporating a carboranyl unit in good to high

yields. Interaction of Cp2Zr(/*-G1)0/-C2BioHio)Li(OEt2)2 with pyridine derivatives



affords another kind of zirconocene-carboranyl complexes via a-C-H activation of

\

pyridine unit.

An efficient and practical method was developed to prepare a new class of
zirconacyclopentanes/zirconacyclopentenes incorporating a carboranyl unit Trom the
reaction of zirconocene-carboryne precursor 1-153 with alkenes/alkynes. The
reaction can tolerate many functional groups such as,vinyl, chloro, amido, alkoxyl,
tetrahydro-2-pyranyl, diphenylphosphinyl and trifluoromethyl. The resultant
zirconacycles are potential intermediates which can be converted to a variety of

functionalized carboranes as evidenced by our preliminary results."”
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Chapter 5. Reactivity of Zirconacyclopentenes
f

Incorporating a Carborane Unit

5.1. Background

Transition metal-mediated C-C coupling reactions, as a powerful strategy
constructing useful molecules, have found many applications in organic synthesis,
mechanistic studies and the synthesis of functional materialsIt has been
documented that zirconacyclopentadienes are suitable starting materials to realize
selective cyclotrimerization of three different alkynes to form benzene derivatives.'""*
For examples, the one-pot formation of benzene derivatives from three different
alkynes in high yields (83-95%) with excellent selectivities is reported through
copper-mediated cycloaddition reaction via zirconacyclopentadienes as the
intermediates. 1272 The critical limitation of this method is that at least one

electron-withdrawing group is required for the third alkyne. Subsequently, a more
I

general method using nickel promoted three-component coupling reactions is
developed. 127 in view of the similarities between zirconacyclopentadiene and
zircon*acyclopentene bearing a carborane unit, we wondered if the three-component
reaction of carboryne with two different alkynes can be achieved using the similar
approaches mentioned above. This chapter describes our findings.

5.2. Nickel-Mediated Cycloaddition with Different Alkynes

Complex 1,2-[Cp2Zifc(Et)=C(Et)]-1,2-C2B,0oH,0 (IV-1la) does not react with

alkynes even under forced conditions.'*”' On the other hand, the nickel analogue
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1,2-[(Ph3P)2NiC(Et)=C(Et)]-1,2-C2BioH,0 is believed to be active intermediate for
the formation of benzocarborane 1,2-[C(Et)=C(Et)-C(Et)=C(Et))-1,2-C2B,0H,0 in the
reaction of (Ph3P)2Ni(;7-1,2-C2B,oH,0) with 2 equiv of EtC=CEt®" In this
connection, it is rational to suggest that transmetallation of FV-lla to Ni may lead to
an active Ni analogue which could mediate C-C coupling reactions.

We examined the reaction of V1-1la with "BuC=CBu" (V-la) in the presence of
Ni(II) species in different solvents. The results were summarized in Table 5.1.
Almost no reaction proceeded in the presence of NiCb. However, addition of 2 equiv
of PPhs resulted in the formation of the desired benzocarborane
1 > 2-[C(Et)=C(Et)-C(BiO=C(BiO]-1’2-C2Bill Hil(V-2a). © In  general, all
NiC|2(phosphines)2 can mediate the C-C coupling reactions. Toluene is much better
solvent than THF and DME. Temperature also plays an important role. The best
condition is found in entry 7’ offering the product V-2a in 89% GC yield.

Subsequently, a series of zirconacyclopentenes and alkynes were studied using the
above optimum condition. In a typical procedure, a mixture of zirconacyclopentene
(IV-11/13) (0.20 mmol), alkynes (V-1) (0.70 mmol) and NiCI2(PMe3)2 (0.21 mmol)
in 10 mL of toluene in a closed vessel was heated at 110 °C for 48 h. After removal
of the solvent, the products benzocarborane (V-2) were isolated by flash column
chromatography on silica gel using hexane as eluent. An excess amount of alkynes is
necessary in this reaction since some are cyclotrimerized to form substituted
benzenes as catalyzed by the formed Ni(0) species. ]

v
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Table 5.1. Optimization of Reaction Conditions."

}t B nsu
CPZr*s "AAEt 5/ {
\

r- [Nil
- + "Bu——=~"Bu o
V.la
IV-lla V-2a
entry Trc  Solvent [Ni] i::;la/ time/h yield/% 7
1 110 Toluene NiCl2 1/3.5 72 0
2 110 THF NiCb 1/3.5 72 6
3 110 THF NiCl2/2PPh3 1/3.5 72 85
4 110  THF NiCl12(PMe3)2 1/3.5 72 42
5 110  DME NiC12(PMe3)2 1/3.5 72 48
6 90 Toluene NiCI2(PMe3)2 13.5 48 37
7 110  Toluene NiCI2(PMe3)2  1/3.5 48 89
8 110 Toluene NiCbCdppe) 1/3.5 48 88
9 110 Toluene NiCWppp) 1/3.5 48 78
10 110 Toluene NiCI2(PPh3)2 1/3.5 48 68
11 110  Toluene NiCI2(PMe3)2 1/3.5 36 82
12 110  Toluene NiCI2(PMe3)2 1/2.0 438 86

"Reaction conditions: 0.02 mmol of [V-lla and excess alkyne V-la along with
0.02 mmol of [Ni] in 0.6 mL of toluene in a closed vessel. After the reaction was
complete *> the mixture was treated with H30+ and determined by GC-MS. /\ GC
yield.

As shown in Table 5.2, the following general trends can be drawn. Symmetrical
g

alkynes offer very high yields of cycloaddition products V-2 except for

MeOiCC —.CCOaMe (V-le, entry 5). Alkynes containing functional groups such as
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V-Im-p, V-If give low yields probably due to the coordination of heteroatom to Ni
to prevent the coordination of C=C unit (entries 6, 13-16). Unsymmetrical alkynes
produce two isomers and their ratios are largely affected by steric/electronic factors.
In general only the major isomers are isolated for polar alkynes which are consistent
with the polarity of Ph-C=C-R (entries 7-9, 14-16, and 22). Very sterically
demanding alkynes such as Me3Si-C=C-SiMe3 do not react with 1V-11/13. Terminal
alkynes can protonate rV-11/13 to give 1-[CHR'=CR"]-1,2-C2B,oHn. The reaction
with allene is very complicated.

It is noted that these benzocarboranes can also be prepared in similar yields from
one-pot reaction of 1-153 with alkyne, followed by treatment with another type of
alkyne in the presence of NiCI2(PMe3)2. Thus three-component-coupling of
carboryne with two different alkynes can be realized in one pot reactions.

The "B NMR spectra of benzocarboranes show a QSIE: pattern in a range -6.7 ppm
to -13.4 ppm. The -characteristic carbons of conjugated diene units and the
cage-carbons were all observed at about 130 ppm and 77 ppm, respectively, in their
'""C NMR spectra, which are very close to those in the reported benzocarborane

derivatives.ss» The "C NMR chemical shifts of the cage carbons in benzocarboranes
I

fall in between o-carborane'" and metal-carboryne.
The molecular structures of V-2j, V-20, V-2p and V-2u are s!«wn in Figures 5.1 -
5.4. The selected bond lengths and angles are summarized in Table 5.6. It can be seen

that these benzocarboranes have a common six-membered ring with the bond
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Table 5.2. Synthesis of Substituted Benzocarboranes Mediated by NiCI12(PMc3)2.[ ]

S .
ez ] 5+ 5.
NiCI12(PMe3)2
R3_
toluene. 110
V.
IV-11/13
entry IV-11/13 R'/R* product 1s.01ated
V-2 vield/%
IV-lla Et/Et a ”BuTBu V-2a 84
rv-iia Et/Et b "PrrPr V-2b 81
rv-iia Et/Et c Et/Et V-2¢ 78
rv-iia Et/Et d Ph/Ph V-2d 30(70)b
rv-iia Et/Et e COsMe/COjMe V-2e
rv-lla Et/Et £ "Bu/PPh2 v-2f —C
IV-lla Et/Et g Me/Ph V-2g 76
rv-lla Et/Et h Et/Ph V-2h 81
1V-lla Et/Et ”Bu/Ph V-2i 83
rv-lla Et/Et "Bu/Bu' y-2j 71(83/17)"
IV-lla Et/Et Me/Pr' V-2k 67(81/19) "
IV-lla Et/Et Me/Et V-21 33(57/43) .
1V-lla Et/Et V m CH3C=C(CH2)4/Me' V-2in 29(66/34)¢
rv-lla Et/Et (Me)2NCH2/Ph V-2n 21
rv-lla Et/Et MeOCH2/pn V-20 31
rv-lla Et/Et (CH=CH2)CH2/Ph V-2p 35(74)
IV-11d Ph/Ph Et/Et V-2d 81
8 IV-lia Ph/Ph "BuTBu V-2q 83
9 IV-13a P e "BuTBu V-2r 85

20 Iv-13C PhTBu ! ”BuTBu V-2s 81
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Table 5.2. Continued

21 v—13C PhrBu " Et/Et V-2t 80
22 IV-13¢  Ph"Bu If Me/Ph vou o 36(13)
23 IV-13j  Ph/(CH2)3C1 "-Ic Et/Et V-2v 77

° Reaction conditions: 0.20 mmol of ’V-11/13, 0.70 mmol of alkyne V-1, 0.21 mmol
ofNiCI2(PMe3)2 in 10 mL of toluene, 110 "C, 48h. After removal of the solvent, the
product was isolated by flash column chromatography on silica gel using hexane as
eluent. /\ The yield in the parentheses was obtained by extending reaction time to 5
days, ¢ No product was observed. “ A mixture of two isomers. They can not be
separated by column chromatography. Their molar ratio was measured by GC-MS
analyses. After crystallization, only V'z is isolated in 31% yield. ®The yield in the
parentheses was obtained using 2 equiv of NiCI2(PMe3)2 and 1.5 equiv of alkyne in
the reaction.

lengths of ca 1.65, 1.49, 1.34, 147 > 135, 1.49 A and the internal bond angels of ca
116, 121 ? 123, 123, 121 > 116° They have alternative long and short C-C bonds

forming a six-merabered plane.

Figure 5.1. Molecular Structure of 1 > 2-[('Bu)C=C(’Bu)-C(Et)=C(Et)]-1’2-C2B,0Hi

(V-2)).
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<

Figure 5.2. Molecular Structure of 1,2-[(Ph)C=C(CH20Me)-

C(Et)=C(Et)]-1,2-C2B,0H,0 (V-20).

Figure 5.3. Molecular Structure of 1 * 2-[(Ph)C=C(CH2-CH=CH2)-

C(Et)=C(Et)]-1,2-C2B,oH,0 (V-2p).

Figure 5.4. Molecular Structure of 1,2-[(Ph)C=C(Me)-C(Ph)=C(BiO| | -1 » 2-
C2BIOH,0(V-2U).
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5.3. Nickel/Iron-Mcdiatcd Cycloaddition

In the Ni-mediated cycloaddition reactions discussed above, the end product is Ni
metal. We thought that Ni(0) should be able to be oxidized to Ni(II) by FeCh
according to their redox potentials. With this in mind, various reaction conditions
were examined and the results were summarized in Table 5.3. It is suggested that the

poor solubility of FcCb in toluene led to the low yields of benzocarboranes in pure

toluene (entries 2-4). Additioii of THF can significantly improve the yields in the
presence of 15mol% of NiCI2(PVIe3)2 and 3 equiv of FeCh (entries 5 and 6). Almost
the same yield is achieved if the amount of NiCI2(PMe3)2 is reduced to 1 Oniol%
(entry 7). However, the yields is decreased if the amount of NiCI2(PMe3)2 is further
reduced to 5Sniol% (entry 8). The best reaction conditions are
FeCI3/NiCI2(PMe3)2/IV-1la/V-1 = 3/0.1/1/3.5 in a mixed solvent of tolueneATIF (2/1
in v/v) at 110 V. Under such a condition, both DMAD and PhC=CTMS give
products V-2¢ and V-2u in the yields of 41% and 42%, respectively (entries 14 and
1 s harp -contrast, no cycloaddition products are observed if DMAD and
PhC—C(TMS) were used as substrates in the presence of 1 equiv of NiCI2(PMe3)2
probably due to the trimerization of alkynes. On the other hand, two isomers are
obtained if PhC=CMe (V-1g) or PhC=CEt (V-lg) is used as the reactant (entries 15
and 16). The yield of V-2d is largely improved to 87% (entry 12) from 30% (Table

5.2, entry 4) which is obtained using 1 equiv of NiCI2(PMe3)2.
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Table 5.3. FeCh Promoted Ni(II) Catalyzed Cycloaddition Reactions

R' Et
Ri
Cp2Zr
v d FeCI3NICI2(PMe3)2
110 oc ‘
IV-11a VA V-2
entry  V-1/ FeCI3/Ni(II) time/h  toluene/  yield {%f
FV-lla /IV-1la THF (v/v)

1 3.5 "Bu/"Bu 0/1/1 48 toluene 89
2 35 "Bu/"Bu FeCb 9  toluene 0
3 3.5 ”Bu/”Bu 3/0.15/1 96 toluene 39
4 3.5 "Bu/"Bu 0/0.15/1 96 toluene 12

5 3.5 $u/”Bu 3/0.15/1 8 THF 87
6 3.5 "Bu/"Bu 3/0.15/1 8 2 87

7 35 ”Bu/’Bu 3/0.10/1 8 2 85

8 3.5 ”Bu/”Bu 3/0. 05/1 8 2 74
9 2 ”Bu/Tu 3/0.10/1 8 2 59

0 3.5 "Bu/"Bu 2/0.10/1 8 2 85

1 3.5 'Bu/TBu 1/0. 10/1 8 2 82

2 3.5 Ph/Ph 3/0.10/1 8 2 87

3 3.5 "Pr/Pr" 3/0.10/1 8 2 44

4 3.5 Me02C/C02Me 3/0.10/1 8 2 41

5 3.5 Me/Ph 3/0.10/1 8 2 65(76/24)'
6 3.5 Et/Ph 3/0.10/1 8 2 82(73/27)
7 3.5 Ph/TMS 3/0.10/1 8 2 4

8 3.5 Ph/H 3/0.10/1 8 2

Gleneral reaction conditions: 0.02 mmol of IV-1la, V-1, FeCb and NiCI2(PMe3)2
in 1.0 mL of mixed toluene and THF (2/1 in v/v) in a closed vessel. After the
reaction was complete, the mixture was treated with H30+ and determined by
GC-MS. b GC yield, "the ratio of two isomers.
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5.4. FeCb-Mediated Cycloaddition with Alkynes

During the course of previous studies we discovered that FeCb alone can also
mediate the cycloaddition reactions in toluene/THF solvent. The results were
summarized in Table 5.4.

No reaction was observed in pure toluene whereas benzocarborane was produced
in 24% yield in THF (entries 1 and 2). As shown in Table 5.4, at least 2 equiv of
FeCb was required for the reaction. The amount of alkynes has little effect on the
yields of the products since no trimerization of alkynes is detected. A large excess
amount of FeCU (3 equiv) does not improve the yield (entry 11). Prolonged heating
can slightly improve the yield (entry 12). Shortening the reaction time and lowering
reaction temperatures dramatically decrease the yields (entries 13 and 14).

Under the above optimized reaction conditions, various alkynes were examined.
The results were summarized in Table 5.5. Typical reaction procedures are as follows.
In the presence of 2 equiv of FeCU in a mixture solvent of toluene and THF with the

ratio of 2/1 (v/v), a mixture of zirconacyclopentene and alkync (1/2, raol/mol) was

heated to 110 "C for 48 h. The product was determined by GC-MS and isolated by
column chromatography on silica gel after standard .workup. For the symmetrical
alkynes, benzocarboranes were obtained in moderate yields (entries 1-5). It is clear
that iron complex is less reactive than the nickel one, leading to lower yields in
general. The desired benzocarborane was obtained from DMAD using FeCb as

mediator (entry 5). Only alkyne cyclotrimerization product was “observed if an
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equivmolar amount of NiCI2(PMe3)2 was used. Reaction with phc =CCH20CHS3 gave
the corresponding benzocarborane in low yield (entry 6). Reaction with

unsymmetricml alkynes offered two regioisomers (entries 7-9). Regioselectivity is

U
controlled by the polarity of akynes and the steric hindrance of the substituent.

Table 5.4. Optimization of FeCla-Promoted Cycloaddition Reactions. []

t "Bu
Cp2zr” Xy Ty o

"Bu
IV-lla V-la V-2a
entry V-la/ FeCb/ time/h toluene/ temperature/ yield/%
IV-lla IV-lla THF "C
72 toluene 0 0
48 THF 0 24
48 2 0 78
48 1 0 73
48 10 0 37
48 2 0 78
48 2 0 76
48 0 39
48 0 31
2/3 48 0 18
48 0 76
72 0 80
24 0 38
48 90 12

u Reaction conditions: 0.02 mmol of IV-lla and alkyne V-la along with FeCb in
0.6 mL of solvent in a closed vessel were heated. After the reaction was complete,
the mixture was treated with H3O+ and determined by GC-MS. * GC yield.
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Table 5.5. FeCls i'lomoted Cycloaddition Reactions.

Iv-11

Entry IV-11
IV-lla

1 IV-Illa
I rv-lla
I rv-lla
> rv-lla
i IV-lla
- IV-lla
\ IV-lla
JIV-11la
0 rv-lla
1 IV-lla
2 1IV-llb
3 IV-lla
4 IV-lla

R'/R*

Et/Et

Et/Et

Et/Et

Et/Et

EtEt

Et/Et

Et/Et

Et/Et

Et/Et

Et/Et

Et/Et

"PrrPr

Et/Et

Et/Et

8"

=
Hex

V-1

V-la
V-1b
V-lc
V-id
V-le
V-lo
V-l

V-1k
V-Ip
V-Iq
V-Ir
V-1b
V-Is

V-If

FeCla

toluene/THF (2/1)

110°C.48h

"Byi]  Bu
"PrrPr
Et/Et
Ph/Ph
COzMe/COaMe
MeOCH;j/Ph
Me/lV
Me/Et
Ph/Et
"Bu/TMS
Ph/TMS
"Pr/"Pr
Ph/H

PhzP/Bu"

product

V-2

V-2a

V-2b
V-2c
V-2d
V-2e
V-2o0
V-2k
V-21
V-2h
V-2w
V-2x
V-2y
none

none

isolated
yield% 7

47(78)
39(66)
30(60)
43(66)
20(40)

(15)
34(547
45(747
41(75”
53(74)
59(82)

44(71)

o Reaction conditions: 0.20 mmol of 1V-12, 0.40 mmol V-1, and 0.40 mmol of
FeCls in 10 mL of mixed solvent of toluene/THF (2/1 in v/v) in a closed vessel at
110 "C for 48h. After removal of the solvent, the products V-2 were isolated by
flash column chromatography on silica gel. ~ The yields in the parentheses were
obtained by GC-MS. Two isomers were obtained in a ratio of 66/34 and 52/48
for entries 7 and 8, respectively. “ V-2h > as major product was observed by

GC-MS." No products were obtained.
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The molecular structures of V-2~ and V-2x arc shown in Figures 5.5 and 56 °’
respectively. Selected bond lengths and angles are summarized in Table 56 > which

are similar to those observed in other benzocarboranes.

CII3)

Figure 5.5, Molecular Structure of 1,2-[(TMS)C=C("Bu)-C(Et)=C(Et)]-1,2-C2B,0H,

(V-2w).

&15)

Figure 5,6. Molecular Structure of 1,2-[(TMS)C=C(Ph)-C(Et)=C(Et)]-1,2-C2B,oHi

(V-2x).
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In summary, we have developed an efficient method for preparation of various

benziocarborane derivatives with different substituents by [2+2+2] protocol. Both
electronic and steric factors play an important role in the formation of the
regioselective benzocarboranes.

5.5. Reaction Mechanism

An early attempt to prepare nickelacyclopentene from the reaction of 1V-1la with
%

NiCI2(PMe3)2  failed. @~ We  found, however, that a new  product,
1- [CH(CH:CHZ):C(Et)]-l,z-CZB,OHn CV-3) was formed in this reaction. A possible
pathway for the formation of V-3 was proposed and depicted in Scheme 5.1. After
transmetallation, the resultant nickelacyclopentene complex (V-A) underigoes y9-H
elimination to give V-B which is isomerized to form the intermediate V-C. Reductive
elimination affords the product V-3. This reaction offers a strong evidence for the
transmetallation to Ni(II).

To avoid the fi-H elimination and stabilize the intermediate, complex 1V-1ld and
NiCI2(dppe) were used as  reactant. Nickelacyclopentene complex

1,2-[((lppe)NiC(Ph):C(Ph)]-l,2-CZBiOHiO (V-4) was isolated as light brown crystals

in 69% yield by reaction of IV-11d with NICI2(dppe) in toluene at reflux for 24 h.

(Scheme 5.2).
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Complex V-4 was fully characterized by NMR, IR spectra and elemental analysis.
The characteristic vinyl carbons and cage carbons were observed at 164.5/147.3 ppm
and 90.4/74.7 ppm, respectively, in its "“C NMR spectrum. The characteristic
phosphines were observed at -53.9 and 44.6 ppm in its *'P NMR spectrum. Its IR
spectrum exhibited the vibration frequencies of B-H and Ni-C=C at 2563 and 1595

cm", respectively.

Scheme 5.1. Reaction of1V-1la with NiCI2(PMe3)2

Et \|
A\
CBZZr\)}/ Et H V/ Et
. toluene
NiC2(PMe3)2 reflux. 24h
(Me3P)Ni
I AN
V-A V-C
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Scheme S.2. Formation of Nickelacyclopentene Incorporating a Carboranyl Unit

Ph Ph
Cp2Zr (dppe)Ni
. toluene . .
NiCl2(dppe) reflux CpjZrCJj
24h
Iv-11d V-4
Kt

Figure 5.7. Molecular Structure of 1,2-[(dppe)NiC(Ph)=C(Ph)]-1,2-C2B,0oH,0 (V-4).
Selected bond lengths (A) and angles (deg): C(1)-C(2) 1.672(5), C(I1)-C(11)
1.489(5), C(11)-C(18) 1.347(5), C(2)-Ni(l) 1.950(4), C(18)-Ni(l) 1.963(4),
C(2)-Ni(1)-C(18) 86.4(1).

The molecular structure of V-4 was further confirmed by single-crystal X-ray
diffraction. Its molecular structure and essentially planar configuration about Ni atom
is illustrated in Figure 5.7, whose structure shoWs one toluene of solvation. This
further supports the previous hypothesis.* The bond distances of Ni-Cvmyi and
Ni-Ccage (1.963(4) A and 1.950(4) A) are close to the corresponding values of the

Nvi-c distances of 1.888(4) A and 1.875(4) A in (Cy3P)2Ni(l,2.C6H4),"*® and the



1.884(5) A and 1.966(5) A in [{[Z-CH.CHCo-csuAN)-1,!-
C2BioHiol | Ni}3073-CD)][Li(DME)3].9Bhrther reaction ofV-4 with. "BuOCBu” gave

the cycloaddition product V-2q in high yield (85%).

Based on these experimental results and those of earlier reports @ a possible
mechanism is proposed as depicted in Scheme 5.3. Transmetallation of
zkconacyclopentene to nickel gives a nickelacyclopentene intermediate (V-F),
followed by the alkyne insertion to form V-G. Reductive elimination affords the final
benzocarborane (V-2).

Scheme 5.3. Proposed Mechanism for the Formation of Benzocarborane

0Et2
cpzzrﬁ \_P/D_ livia

WG
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5.6. Copper-Mediated Coupling Reactions

Coupling reactions between sp™ carbon centers such as alkenyl-aiyl coupling
reactions have been very attractive for organic synthesis since alkenylmctals can be
readily prepared from alkynes.""® There are several reports on the intermolecular
coupling of metallacyclopentadienes with dihalo aromatic compounds to form fused
aromatic rings (Scheme 5.4).'M''Zirconacyclopentenes incorporating a carboranyl
unit have been easily prepared from reaction of zirconocene-carboryne precursor
with alkynes in hjgh yields with high selectivities.” ® In this section wc describe a
copper-mediated intermolecular coupling of zirconacyclopentenes incorporating a

carboranyl unit with dihalo aromatic rings to prepare fused naphthalocarboranyl

derivatives.

Scheme 5.4. Preparation of Naphthalene via Metal-Mediated Coupling Reaction

’ Cu(l)

Scheme 5.5. Preparation of Naphthalocarboranes

Ri
CuCI/HMPA,
# K ~ A THF. A
Iv-ila Ri=R2=H v-sa X = |. V-6a Ri =r2 = Et,
wv-11p R =r2="Pr  _ v-spx = Br. V-6b Ri =r2="Pr
v-3c R=PhR = V-6¢ Ri = Ph. r2 ="Bu

Treatment of IV-1la,b or rV-13c¢ with one equiv o-diiodobenzene (V-5a) in the
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presence of 2 equiv of CuCl and excessive HMPA in refluxing THF afforded the
corresponding naphthalocarboranes [(R")C=C(R')C6H4j-1,2-C2BioH,0 (V-6a, R'=
R2 = Et; V-6b, R' = "2="Pr; V-6¢, R' = "Bu’ = Ph) as colorless crystals in high
yields. Under the same reaction conditions, reaction of IV-lla with
o-broraoiodobenzene also gave the product V-6a in 83% yield (Scheme 5.5).

In a similar manner, interaction of IV-1la with 1,2,4,5-tetraiodobenzene (V-7)

yielded two " carborane cages fused anthracene

[(Et)C=C(Et)C6H2(Et)C=C(Et)I-(1,2-C2B,0H,0)2 (V-8) (Scheme 5.6).

Scheme 5.6. Preparation of Carborane Cage Fused Anthracene

Cp2Zr
CuCI/HMPA
+ THF, A

IV-1la

Compounds V-6a - ¢ and V-8 were fully characterized by 'H, "c, "b MR

spectra and HRMS. The characteristic cage carbons were observed in a range of 71.4
v

to 75.1 ppm in their “C NMR spectra. V-6a - c displayed a pattern of 2:2:6 at about
-6.5, 9.0 and 11.4 ppm in their ''"B NMR spectra while V-8 exhibited a 3:2:5 pattern.
Compounds V-6a and V-8 were further confirmed by single-crystal X-ray analyses.
Their molecular structures are shown in Figures 5.8 and 5.9. Selected bond lengths
and angles are summjh”d in Table 5.7. They have a common six-membercd ring

fused with the cage. Th”um of the six interior angles is very close to 720°. There

are alternative long and short bond lengths of the ring resulted from the conjugated

/
diene unit of C(3)C(4)C(5)C(6).
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Figure 5.8. Molecular Structure of 1,2-[(Et)C=C(Et)C6H4]-1,2-C2B,0H,0 (V-6a).

~0(22)

Figure  5.9. Molecular  Structure of  1,2-[(Et)C=C(Et)C6H2(Et)C=C(El))-

(1,2-C2B,0H,0)2(V-3).
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Table 5.8. Selocted Conditions for Preparation of V-1la

Et
Et\ ‘Et
IR
RT
entry [Cu] solvent yield
1 CuCl toluene 0
2 CuBr toluene trace
3 Cul toluene 0
4 CuCb toluene 16
5 CUSO4 toluene 0
6 CU(OT02 toluene 8
7 CU(0T02 THF
8 CU(0T02 DME
9 Cu(0T02 Et20
10 CU(0T02 hexane

"Reaction conditions: The mixture of EV—Ha (8.9
mg, 0.02 mmol) and [Cu[( 0.02 mmol) in a solvent
(0.6 mL) was stirred at room temperature for 24
hours, then treated with 1 M aqueous HCl and
determined by GC-MS. * GC yield.

In the preparation of V'&, we found a trace amount of carborane cage fused
cyclobutenc 1,2—[(Et)C:C(Et))—1,2—CZB,OH,0 (V-9a) on the basis of GC-MS analyses.
Various reaction conditions were then examined to improve the yield. The results
were summarized in Table 5.8. It can be seen that Cu(Il) salts are generally much
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more effective than Cu(I) salts and Cu(0Tf)2 is the most active one. Solvents arc also
crucial for this reaction. Toluene and EtaO offer the best result. In the following

experiments, toluene is used as the solvent and Cu(0Tf)2 is employed as the coupling

reagent.

Table 5.9. Cu(0Tf)2 Mediated Preparation of Carborane Fused Cyclobutenes.

Ri
CpzZx, »

entry R'/R' v /13 V-9 yield (%)
Et/Et V- V-9a 63
TrrPr Iv- V-9b 55
”Bu/"Bu rv- V-llc 65
Ph/Ph IV- V-9d 81
Ph/Me IV 3a V-9c 65
Ph/"Bu IV 3c V-9f 78
TMS/"Bu v 3f V-9¢g 88

8 TMS/Ph IV 3g V-%h 42(71/

9 Ph/(CH2)3C1 IV 3j V-9i 89

10 Ph/CHMOCH, IV 3l V-9j 24

Reaction condition: a mixture of rV-11/J3 and Cu(0Tf)2 in 1:1 molar
ratio in toluene was stirred at room temperature for 24 hu}?ﬂ 2 equiv of
Cu(0Tf)2. The 71% yield was obtained using 1 equiv of Cu(OT02 for 10
days.
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Many zirconacyclopentene complexes are compatible for this reaction. The results
were summarized in tabic 5.9. Substituents have some effects on the yields. Alkyi
(entries 1-6), TMS (entries 7 and 8) and chloro (entry 9) substituents offer good to
high yields. MeO substituent gave a low yield of V-9j (entry 10). However, under the
same reaction conditions, IV-13g bearing steric demanding TMS and Ph groups can
not yield the expected product V-9h whereas it can be obtained in 42% yield using 2
equiv of Cu(OTO02 or in 71% yield by prolonging the reaction time to 10 days (entry
8). It is noted that the increasing amount of Cu(0Tf)2 can enhance the reaction rate
and improve the yield, and the prolonged reaction can also increase the yields.

The molecular structure of V-9d was determined by X-ray analysis and shown in
Figure 5.10. The two single bonds of C(1)-C(11) and C(2)-C(18) are almost equal in
length. The distance of C(1)-C(2) gets shorter than that observed in its parent

complex. The structural parameters arc comparable to those found in

1 2(Ph)C=C(Me)H * 2-C2B | oHo085¢

Figure 5.J0O, Molecular Structure of 1,2.[(Ph)C=C(Ph)J-1,2.C2B,oHio (V-9d).
Elected bond lengths (A) and angles (deg): C(l)-C(2) I 612(2) > CO-C)
1.544(2), C(2).C(18) 1.539(2), C(ID-C(18) 1.365(2), C(11)-C(1)-C(2)
831) > CEC(U)-C(18)  94.5(1),  C()-C(2)-C(18)  85.5(1),
C(2)-C(18)-C(1 1)94.7(1).
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5.7. Hydrolysis and lodination

Hydrolysis of zirconacyclopentcne incorporating a carboranyl unit using 1 M
aqueous HCI solution or water (for rV-13f and 1V-13g) generated alkenyl carboranes
1-[CH(R1)=C(R2)[] -1,2-C2BioHVION-10 ) in 20-77% yields. The pure products
V-10 were obtained by flash column chromatography on silica gel. In some cases,
the minor isomers V-10* were also obtained. The ratio of the isomers was determined
by GC-MS analyses. The results were summarized in Table 5.10. In the case of
PhOCCHzOCHSs, beside the rcgio-isomers of V-100 and V4Oo ?’ ’ a new product
1—[CH2.=C=C(Ph)1—1 ,2-C2B,oHu (V-100-A) was obtained as colorless crystals in
14% isolated yield (Scheme 5.7). These products were characterized by '"C and
"B NMR spectra and HRMS analyses.

The unique cage C-H and vinyl =C-H protons for most products (entries 1-11 * 13,
15, 16) were found in the range 3.19 to 4.25 ppm as a broad singlet and 5.70 to 7.27
ppm as a triplet, respectively, in their 'H NMR spectra. The chemical shifts are

affected by the electronic properties of the substituents.

The characteristic of cage and vinyl carbons were observed in the range 58.4 to
79.5 ppm and 120 to 150 ppm, respectively, in their "C NMR spectra. Their "B
NMR spectra displayed a 1:1:2:4:2 pattern for V-10a - ¢’ >g’Kj>m>pga 1:1:2:2:2:2

pattern for V-10d,e,e*,f,g',h,h\i,i* k,0 and a 2:4:2:2 pattern forV-101,n.
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entry

Table 5.10. Hydrolysis of Zirconacyclopentene Complexes.

CpzZx,

R'/R'

Et/Et

"PrrPr
”Bu/"Bu
Ph/Ph
Ph/Me
Ph/Et
PhTBu
Ph/~A— *Ph
4-tolyl/Me
TMS/"Bu
TMS/Ph

> /Et
Ph/(CH2)3CI
Ph/N(CH3)2
Ph/CHaOMe

Ri

P!

IvV-11/13

v

IV-lla
IV-11b
IV-llc

IvV-11d
IV-13a
IV-13b
v—13C
IvV-13d
IV-13e
IvV-13f
1V-13¢g
IV-13h
IV-13j

IV-13k
IV-131

rv-13m

HEO

product
V-10

V-10a
V-10b
V-10¢
V-10d
V-10e
V-10f
V-10g
V-10h
V-10i
V-10j
V-10k
V-101
V-10m
V-10n
V-100
V-10p
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Ri

V-10

ratio of
V-10/V-10’

90/10
89/11
94/6
61/39
81/19
>99
>99
>99

91/9
89/11i
90/10
>99

isolated
yield (%)
V-10

75
77
76
34
58
59
65
44
51
71
33
21

W
=}

73
65
25
20

O W O O ©O O o o



Scheme 5.7. Reaction of 1-153 with PhC=CCH20CH3

1)

Ph
V-1p

(OEt,), 2)H30"
MS53 v=100 V-100* V10-A

The unique terminal protons and quaternary carbon of allene in V-IO-A were
found at 5.18 and 208.1ppm in its 'H and "C NMR spectra, respectively. The
structure of V-I0-A was further confirmed by X-ray analyses as shown in Figure
5.11. The C(h)-C(18) and C(18)-C(19) bond lengths of 1.296(3) A and 1.305(4) A
are clearly shorter than that of the characteristic C=C double bond {ca 1.34 A ) And
the C(11)-C(18)-C(19) angle of 179.1(4)° indicates a linear geometry. The sum of
angles around C(11) atom are 360°. These data suggest that there is one allene part in

this molecule.

Figure 5.11. Molecular Structure of 1-[CH2=C=C(Ph)]-(1,2-C2B,0H,,) (V-IO-A).
Selected bond lengths (A) and angles (deg): C(I)-C(2) 1.645(3), C(1)-C(I1)
1.510(3) » cacas) 1.296(3), C(18)-C(19) 1.305(4), C()-C(12) 1.492(3).
C(h-c(n-c(12) 1117.7(2), C@12)-CAD-C(18) 122.1(2), C@M-CUD)-C(18)
120.2(2), C(11)-C(18)-C(19) 179.1(4).
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Scheme 5.8. lodination of IV-lla
Et Et

-Et

IV-1la V-1la

Interaction of IV-lla with excess 12 (newly sublimed) in the presence of CuCl

»

generated a monosubstituted carborane 1-[CI(Et)=C(Et)]-1°2-C2Bil | H{V-11a) in
71% isolated yield (Scheme 5.8). In the absence of CuCl, V-1la was isolated in 61%
yield. In both cases, the disubstituted species 1-I-2-[CI(Et)=C(Et)J-1,2-C2BioH,0
(V-11b) was not observed. This result is veiy different from that of
zirconacyclopentadienes, in which the diiodo species is the major product in the
presence of CuCl.'"" Therefore, it is rational to suggest that after transmetallation,
only Cu-Cvyyi bond is reactive toward I2 whereas Cu-Ccage bond is inert probably
because of steric resongt' > * [l The cage C-H proton in V-lla was laiigely
downfield shifted to 5.41 ppm, indicative of an interaction between this acidic proton

and iodo group.

5.8. Reaction with Nitrile and Isonitrile
Interaction of IV-lla with PhCN in the presence of CuCl did not yield any

insertion product even under forced reaction conditions, but rather gave V-9a in low
ft

yield. In the absence of CuCl, a PhCN-coordinated complex
1,2-[Cp2Zr(NCPh)C(Et)=C(Et)]-1,2-C2B,0H,0  (v-12) was isolated at room
temperature, which IS stable in refluxing toluene. On the other hand, more reactive

2,6-(CH3)2C6H3NC can readily insert into the Zr-Cvmyi bond to form an insertion



product 1,2-[(2',6'-Me2C6H3N=)CC(Et)=C(Et)]-1,2-C2B,0oH,0 (V-14) in refluxing
toluene in the .absence of CuCl. At room temperature, the isonitrile-coordmated
complex 1,2-[Cp2Zr(CNC6H3-2',6'-Me2)C(Et)=C(Et)]-1,2-C2B,oH,0 (V-13) was
isolated, which was converted to V-14 upon heating in toluene in the presence of
another equiv of isonitrile (Scheme 59).*}\A In the presence of CuCl, however, both
V-9a and V-14 were isolated from the reaction mixture under the same reaction
conditions. The reaction pathway may be similar to that proposed for the reaction of
zirconacyclopentadiene with isocyanides in the presence of CuCl.

Complexes V-12 and V-13 were characterized by '""C and "B NMR spectra,
IR spectroscopy and elemental analyses. Compound V-14 was characterized by 'H,
'""C and "B NMR spectra and HRMS. Complexes V-12 and V-13 were sensitive to
air and moisture, and soluble in THF, DME and hot toluene, but less soluble in
toluene and diethyl ether, insoluble in hexane.

Scheme 5.9. Reaction of EV—H’& with Nitrile and Isonitrile

PhCN ! /‘
toluene \ [

CpaZr_ . 12

IV-11a _ )\\/NC N pt

toluene S H .
V-14

V-13
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Figure 5.12. Molecular Structure of 1,2-[Cp2Zr(NCPh)C(Et)=C(Et)]-1,2-C2B,0oH,0
(V-12). Selected bond lengths (A) and angles (deg): C(1)-C(2) 1.672(3), C(1)-C(11)
1.505(4), C(11)-C(14) 1.344(4), Zr-C(2) 2.453(2), Zr-C(14) 2.367(3), Zr-N(1)
2.352(2), N(1)-C(27) 1.140(4), C(2)-Zr-C( 14)71.7(1).

Figure 5,13. Molecular Structure of 1,2-[Cp2Zr(CNC6H3-2',6'-Me2)C(Et)=C(Et)]
-12-C28BiOH,0 (V-13). Selected bond lengths (A) and angles (deg): C(1)-C(2)
1.672(2), C(1)-C(11) 1.498(2), C(11)-C(14) 1.342(2), Zr-C(2) 2.453(2), Zr-C(14)
2.379(1), Zr-C(27) 2.384(2), CQ7)-N() 1.147(2), C(2)-Zr-C(14) 71.3(1).

The crystals of V-12 and V-13 suitable for X-ray analyses were grown in toluene.
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The molecular structures of V-12 and V-13 are shown in Figures 5.12 and 5.13. They
have a common part IV-1la without any significant difference. The most difference
of two molecules is the coordination of nitrogen or carbon atom from nitrile or
isonitrile to the metal center. In two molecules, the C(27)-N(I) bond length of nitrile
or isonitrile is very close to each other with about 1.14 A, indicative of the character

of triple bond.

5.9. Summary

Various kinds of benzocarboranes were prepared by indirect [2+2+2] cycloaddition
of carboryne and two different alkynes. In the presence of CuCl and HMPA,
zirconacyclpopentene complexes reacted with or/Zio-dihalobenzene reagents to
generate naphthalocarborane derivatives. Using 1,2,4,5-tetraiodobenzcne, two
carborane cage fused anthracene could be prepared. A series of carboranc fused
cyclobutenes, as an analogue of benzocyclobutadiene, were prepared from
zirconacyclopentene complexes by intramolecular coupling reaction after

transmetallation of Zr to Cu(Il).
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Chapter 6. Reactivity of Zirconacyclopentanes

Incorporating a Carborane Unit

Recently, our group reported three-component [2+2+2] cycloaddition of
Ni-carborync with alkcne and alkyne to prepare of dihydrobenzocarborane."
However, only activated alkencs are compatible with this reaction. We eamt from
previous work that zirconacyclopentane incorporating a carborane unit does not react
with alkenes and alkynes. Transmctallation of Zr to Ni(I[), may enhance the
reactivities of the resultant nickelacyclopentane.''Thus an indirect three
component [2+2+2] cycloaddition of carboiyne, alkenc and alkync may be achieved.
The details are disclosed in this chapter.

6.1. Nickel-Mediated Cycloaddition with Alkynes

Using the optimized condition for the reaction of zirconacyclopentene complexes
with alkynes mediated by Ni(II) species, reaction of zirconacyclopentane complexes
IV-2a/3a with alkynes R'C"CR” (Vi la, R' = R*=Et; VI-lb, R' = ="Pr; VI-Ic,

= R2 = ”Bu; VI-1d, Ri = R2 = Ph; Vl-le, R | =Ph, R* = Me; VI-1f, R [ =Ph, R'=
Et; VI-1g, R' = Ph, 12 = "Bu; VI-lh, R* = Ph, R* = CHsOMc¢ ) in the presence of
NiCI12(PMe3)2 yielded dihydrobenzocarboranes
1,2-[(R")C=C(R")CH(Ph)CH2]-1,2-C2B,oH,0 (VI-2a, R' = =Et; VI-2b,R' = =
"Bu; VI2C > R = Ph, R2 = "Bu) ’ 1 ’ 2-[(R))C=C(R2)CH2CH("Bu)|| -1 *» 2-C2BioHio
(VI-3a, Ri = R2 = Et; VI-3b, R' = R*="Pr; VI-3¢, R' = R*="Bu; VI-3d, R' = R" =
Ph; VI-3e, Ri = Ph, R* = Me; VI-3f > R' = Ph, = "Bu; VI-3g, R' = Ph, R* =
CH20OCH3), and 1,2-((R")C=C(R')CH2CH("BU)]-1,2-C2B,0H,0 (VI-3¢e', R [ =Me,
=Ph; VI-3r, R' = "Bu, R2 = Ph; VI-3g,, R' = CH20CH3, — Ph) (Scheme O.1).

The results were summarized in Table 6.1, In general, the yields of VI-2 (< 32%) are
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much lower than those of V1-3 probably due to the stcric effccts (entries 1-7). Both
electronic and stcric factors afiect the ratio of two isomers formed in the reaction of

those unsymmetrical alkyncs (entries 8-10).

Scheme 6.1. Preparation of Dihydrobenzocarborane Derivatives

Ph
CrzZ{ J\
' o, NCReMED
(a) Ri k toluene
IV-2a VI
Cp2Zr
NHECR(PMe3)2
(b) toluene
IV-3a

VI-3
As the alkynes are much more rcactive than alkenes, one-pot tandem reaction can
be realized by reaction of 1-153 with excess alkene, followed by the addition of
alkyne and NiCI2(PMc3)2 (Scheme 6.2). This provides a very convenient and

efficient method to prepare dihydrobenzocarborane.

Scheme 6.2. One-Pot Preparation of Dihydrobenzocarborane Derivatives

Ph

. '0Et2 R Ri "
CpzZr Li- (1) \ =/ toluene

# (2)Ri
NiCR2(PMe3)2
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Table 6,1. Synthesis of Dihydrobenzocarborancs.

entry rv-2a/3a VI- product
VI-2/3 yield/%

IV-2a Et/Et VI-2a 29

IV-2a "Bu/"Bu VI-2b 32

IV-2a Ph/Et VI 2¢

IV-3a Et/Et VI-3a 66

IV 3a ”Prm VI 3b 63

IV 3a "BurBu VI 3¢ 70

IV 3a Ph/Ph VI 3d 75
8 IV 3a Ph/Me VI 3e/VI 3e'  70(50/50f
9 IV 3a Ph/’Bu VI 3f/VL3r 68 (65/35)'
10 IV 3a Ph/CHzOMe VI 3g/VI-3g, 46(71/29)'

Reaction conditions: 0.20 mmol of IV-2a/3a, 0.60 mmol of alkyne
VI-1, 0.21 mmol of NiCI2(PMe3)2 in 8 mL of toluene, 110 'C, 48h.
After removal of the solvent > the product was isolated by flash
column chromatography on silica gel using hexanc as elucnt. ~ GC

yield. “ The ratio of two isomers in the parentheses determined" by

GC-MS.

6.2. Copper-Mediated Coupling Reaction

Similar to zirconacyclopentene complexes, in the presence of CuCl/HMPA,
zirconacyclopentane complexes (IV-2a, IV-2g and 1V-3a) can react with
diiodobenzene lo give the corresponding dihydronaphthalocarboranc derivatives
1, 2-[(F2)CH-CH(I')C6H4]-1, 2-c2BIOH,0 (VI-4a, R" = Ph, = H; VI-4b, =
3-CF3C6H4, R2 = H; vi—4C, R' = H, r2 = BiT) but in low yields (< 30%) (Scheme

6.3).
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In the presence of I equiv of Cu(0Tf)2, zirconacyclopentane complexes (IV-2a

and EVS@) can be converted to the corresponding cyclobutanc derivatives 1,2-

®cHcH212—C2B,0H,0 (V1-5a, R = Ph; VI-5b, R = Bu") in low yields (< 44%)

(Scheme 6.4).

Scheme 6.3. Preparation of Dihydronaphthalocarborane

Cp2Zr,
\

(a)

Cp2Zr Bu'
A

(b)

IV-3a

V-6a

V-6a

CuCI/HMPA,
THF. A
Vl-4a Ri =Ph
VMb Ri = 3-CF3C6H4
Bul.ln
CuCI/HMPA,
THF. A

Vl-ac

Scheme 6.4. Preparation of Carboranc Cage Fused Cyclobutane

CpzZr, »

Cp2Zr,

IV-3a
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Compounds VI-4a-c¢c and VI-5a,b were characterized by "“C and "B NMR
spectra as well as HRMS. The unique cage carbons of carboraiie were observed in
the range 70 to 78 ppm for VI-4a-c, while the cage carbons of carborane in VFa ’ b
were observed at about 74 and 82 ppm in their "C NMR spectra. VI-4a and V@Zb
showed a pattern of 1:1:4:2:2 in the range -3.4 to 11.7 ppm while VI-4¢ exhibited a
1:2:1:1:1:4 pattern at -3.7, -4.9, -8.6 * -9.6,-10.2,-11.7 ppm in their "B NMR spectra.
A pattern of 3:7 for VI-5a at -5.0 and -10.5 ppm and a 1:2:7 pattern for VI-5b at -4.5,
-5.2 and -10.8 ppm were observed in their "B NMR spectra.

The molccular structures of compounds VI-4a, VI-4c and VI-5a were further

confirmed by single crystal X-ray analyses and shown in Figures 6 1 - 6.3.

Figure 6.1. Molecular Structure of 1,2-[CH2-CH(Ph)C6H41-1,2-C2B,oH,0 (VI-4a).
Selected bond lengths (A) and angles (deg) (average of two independent molecules
in the unit cell): C(1)-C(2) 1.632(6), C(1)-C(11) 1.522(5), C(11)-C(12) 1.459(6),
C(12)-C(19) 1.521(7), C(19)-C(24) 1 AN > <ams 1.504(6), C(11)-C(1)-C(2)
116.8(3), C(D-c(D-Cc(12) 117.2(4), C(11)-C(12)-C(19) 118.7(5),
C(12)-C(19)-C(24) 121.4(5), C(19)-C(24)-C(2) 121.1(4), C(24)-C(2)-C(D) 116.7(3).



Figure 6.2. Molecular Structure of l > S-rBuCH-CHjCfiH+U-CsBioH") (VI-4c).
Selected bond lengths (A) and angles (deg): C(1)-C(2) 1.653(3), C(I1)-C(ll)
1.537(3) » canc2) 1.531(4), C(12)-C(13) 1.s00ca>. C(13)-C(18) 1.393(4) >
C(2)-C(18) 1.496(3), C(11)-C(1)-C(2) 116.9(2), C(1)-C(1 1)-C(12) 111.6(2),
C(11)-C(12)-C(13) 115.3(2), C(12)-C(13)-C(18) 122.2(2), C(13)-C(18).C(2)
120.4(2) > cuscrcn 116.62).

Figure 6.3. Molecular Structure of [ > 2{CH2CHPhH, 2-C2BoHm (VI-Sa).
Selected bond lengths (A) and angles (deg): C(1)-C(2) 1.618(2), C(D-C11)
1.532(2), C(2)-C(12) 1.568(2), C(D-C(12) 1.582(2), C(11)-C(1)-C(2) 90.0(1),
C(1)-C(11)-C(12)91.3(1), C(1 )-C(2)-C( 12) 88.6(1 ) y C(2)-C(12)-C(11)90.0( 1).

6.3. Summary

Dihydrobenzocarborane derivatives can be efficiently prepared from the reaction
of zirconacyclopentane with alkynes mediated by NiCh(PM3)2 involving
transmetallation, insertion of alkyne and reductive elimination processes. FeCl* can

not mediate such reactions. Dihydronaphlhalocarborane and carboranc fused

cyclobutane can also be prepared but in low yields.
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Chapter 7. Conclusions

In this thesis, we describe (1) the synthesis, structural characterization and
reactivity of neutral group 4 metal-carboryne complexes, (2) reaction chemistry of
Cp2Zr(/~-C1)0/-C2BmHio)Li(OEt2)2, a precursor of zirconocenc-carboryne, and (3)
reaction chemistry of zirconacyclopcntcnes and zirconacyclopentancs incorporating a
carboranyl unit.

A series of group 4 metal-carboryne complexes is prepared by treatment of
LiaCzBioHio with (L)2ZrCI2 (L = monoanionic ligands). They are fully characterized
by various spectroscopic techniques including 'H, "“C, "B NMR and IR
spectroscopy as well as elemental analyses. Most arc further confirmed by X-ray
analyses. In general, salt metathesis is a good method for the synthesis of this type of
complexes by reaction of organo-group-4-metal dichlonde with LizCijBioHio or
treatment of (//*-C2BioHio)ZrCI2(THF)3 with anionic ligands. However, both steric
and electronic factors of the ligands have significant efTcct on the types of resultant
complexes (neutral versus ionic complexes). The bonding interactions between Zr
and 0-C2B10H10 arc best described as a resonance hybrid of both Zr-C a and Zr-C it
bonding forms.

Group 4 metal-carboryne complexes can react with unsaturated molecules to give
various kinds of insertion products. The results reveal that ketone ’ nitrilc
carbodiimide, isocyanate, thioisocyanate and carbon disulfide give the
mono-insertion products, whereas sulfur and selenium afford the double-insertion
products. Aryl isonitrilc yields triple-insertion products. The mctal-carborync
complexes bearing amidinato or guanidinato ligands show no reactivity toward

internal alkynes, alkenes and allenes.



On the other hand, Cp2Zr(;i-Cl)(/-C2B|oHio)Li(OEt2)2 reacts readily with alkcne,
alkync and pyridines. Terminal alkcncs, various internal alkynes and iminc
PhCH=NPh can insert into the Zr-C(cage) bond of zirconocenc-carboryne complexes
to form zirconacyclopentanc, zirconacyclopentenc and azazirconacyclopentane
complexes incorporating a carboranyl unit in good to high yield. Interaction of
Cp2Zr(/i-CI)Oi-C2BjoH,0)Li(OEt2)2 and pyridines affords a new kind of carboranyl
zirconocene complexes via C-H activation of pyridine.

A new class of benzocarboranes is prepared by indirect [2+2+2] cycloaddition of
carborync and two different alkynes via zirconacyclopcntcne intermediate. Such a
cycloaddition can be promoted by 1 equiv of NiChCPhMesh or excess FcCh or a
catalytic amount of NiCI2(PMe3)2 in the presence of 2 equiv of FeCh. These
approaches significantly widen the reaction scope of [2+2+2] cycloaddition reaction
of carboryne with alkynes.

In the presence of CuCl and HMPA, zirconacyclopentene complexes react with
or//7o-dihalobenzene reagents to generate naphthalocarborane derivatives. Using
1,2,4,5-tetraiodobenzene as starting material, two carborane cage fused anthracene
can be prepared. A series of carborane fused cyclobutcncs, as an analogue of
benzocyclobutenc, is also prepared from =zirconacyclopentenc complexes, via
intramolecular coupling reaction after transmetallation of Zr to Cu(II).

The reactivity of zirconacyclopentane incorporating a carborane unit toward
alkynes and o-diiodobenzene in the presence of Ni(Il1) or Cu(Il) is investigated.
Several dihydrobenzocarborane derivatives arc efficiently prepared from the reaction
ofﬂrconacyclopentane with alkynes mediated by Ni(Il), which involves
transmetallation, insertion of alkyne and reductive elimination processes.

Similarly, dihydronaphthalocarborane and carboranc cage fused cyclobutane are

169



also prepared from zirconacyclopentane via ioeraction with or//7o0-diiodobcnzene
promoted by Cu(I) and intramolecular coupling reaction mediated by Cu(Il),
respectively.

The results obtained from this work can not only cnhaiice our basic understanding
of chemical properties of metal-carboryne complexes, but also offer new

methodologies for the preparation of carboranc derivatives which can not be

synthesized by conventional methods.
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Chapter 8. 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 vveije refluxed over sodium
benzophenone ketyl for severa" days and freshly distilled prior to use.

Cp2Zr(//-C1)(//-C2B,0H,0)Li(OEt2)2," PhN;?” Cp'Zr[CyNC(Me)NCy X1 : ," the

>

"

alkynes of PhCCOCPh > 9« PhCCCHs,| | » (4-methylphenyl)propync, "4

T™MSOCBu™ X  TMsocpn?lll]  phspocBu""[] [IPhoC(CH2)3CI"[]

PhOCCH2N(CH3)2, i39s ) PhOCCH20Me?39h

9f

PhCEC(CH2)30(tetrahydro—2—pyranyl)’"9iJ PhOCCH2CH=CH2’ L] 9k and

"BUCAC'BU'"" were prepared according to the literature. All alkynes were freshly
distilled from CaH: prior to use. MeLi (1.6 M in diethyl ether), "BuLi (1.6 M in
hexane), PhLi (1.8 M in dibutyl ether), 1,3-diisopropylcarbodiimide and
1,3-dicyclohexylcarbodiimide (DCC) were purchased from Aldrich and used without
further purification. Other chemicals were purchased from either Aldrich or Acros
Chemical Co. and used as received unless otherwise specified. Infrared spectra (IR)
were obtained from KIJ3r pellets prepared in the glovebox on a Perkm-Elmer 1600
Fourier transform spectrometer. The '"“C, ""B and M'P NMR spectra were recorded
on a Bruker DPX 300 spectrometer at 300° 75, 96 and 121 MHz, or on a Varian
Inova 400 spectrometer at 400 > 100 > 128 and 162 MHz, respectively. All chemical

shifts were reported in 8units with references to the residual protons and carbons of

the deuterated solvents for proton and carbon chemical shifts, to external BFs.OEt||

(0,00 ppm) for boron chemical shifts, and to external 85% H3PO4 (0.00 ppnj) for
phosphorous chemical shifts. Mass spectra were recorded on Thermo Finnigan MAT

95 XL spectrometry. Elemental analyses were performed by Shanghai Institute of
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Organic Chemistry, CAS, China.

Preparation of Cp*(;/"-CyNC(Me)NCy|Zr(i/*-C2BioH,0) (11-4). To a stirring
solution of 0-C2B10HI2 (144 mg, 1.00 mmol) in tolune/diethyl ether (39 mL, 10/1 in
v/v) at 0[] vaas slowly added "BuLi (1.3 mL, 2.08 mmol, 1.6 M in hexane )’ and the
mixture was stirred at room temperature for 1 h. The resulting LizC"BioHio
suspension ~ was  then cooled to -30°C, to which was  added
Cp'Zr[CyNC(Me)NCy]CI2 (495 mg, 1.00 mmol). The reaction mixture was then
stirred for 12 h at room temperature, giving a pale orange suspension. After filtration,
the yellow filtrate cake was extracted with hot toluene to give a yellow solution of
I1-4 which was concentrated to about 10 mL. Complex II-4 was isolated as orange
crystals after this solution stood at room temperature overnight (295 mg, 51%). 'H
NMR (benzene-i4) + d 2.97 (m, 2H, Cy), 2.14 (m, 2H, Cy), 1.79 (s, 15H,[] 5(0/3)3),
1.61 (m, 6H, Cy), 1.46 (s, 3H, C//3), 1.22 (m, 12H, Cy). NMR (benzene-"6):
S 166.2 (NCN), 124.9 (C5(CH3)5) > 980 (cage C), 57.8 (NCH), 35.3, 34.5” 26.0, 25.7,
13.1, 12.3 (CH2 and CH3). "B NMR (benzene-"4): $-0.8 (d,J= 162 Hz, 2B), -2.3 d°
J= 170 Hz, 2B), -7.9 (d, 130 Hz, 4B), -15.0 (d’J= 140 Hz, 2B). IR (KBr, cm '):
172582 (BH). Anal. Calcd for CzsHsoBioNjZr (11-4): C, 52.93; H, 8.54; N, 4.75.
Found: C, 52.86; H, 8.66; N, 4.59.

Preparation of ICYNQCHj*"NCyhZrCh A 100 mL Schlenk flask was
charged with 1,3-dicyclohexylcarbodiimide (DCC) (0.82 g, 4.00 mmol), diethyl ether
(30 mL), and a stir bar. To this solution was added MeLi (2.5 mL, 4.20 mmol, 1.6 M
in diethyl ether) dropwise via syringe at room temperature. The solution was stirred
for 30 min and then added dropwise via pipette to a white suspension of ZrCI4(THF)2
(0.75 g, 2GO mmol) in diethyl ether (10 mL). An immediate color change to light

yellow was observed. The resulting solution was then stirred overnight and filtered to
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remove LiCl. Evaporation of the solvent yielded a light yellow solid.
Recrystallization from hexane/diethyl ether (3/1 in v/v) at -30 °C afforded II-5a as a
light yellow microcrystalline solid (0.66 g, 1.10 mmol, yield 55%). 'H NMR (300
MHz, benzene-itf) + d 3.01-3.26 (m, 4H, C//), 1.73-2.10 (m, 24H, c//2), 1.52 (s, 6H,
0/3) > 1.50-1.60 (m, 4H), 1.16-1.21 (m, 12H) {CH2 of CeH,,). "C{'H} NMR (100
MHz, benzene-c4): ~ 178.2 (NGN), 57.4 (NCH), 35.0, 26.2, 25.8 (fflz), 10.7 (CH3).
These data are in well agreement with those reported in the literature.

Preparation of (CyNC(Ph)NCyl2ZrCl2 (II-5b). This complex was prepared as
light yellow crystals from DCC (0.82 g, 4.00 mmol), PhLi (2.2 mL, 1.8M in diethyl
ether) and ZrCI4(THF)2 (0.75 g °> 200 mmol) using the same procedures as above for
II-5a: yield 0.73 g (50%). NMR (300 MHz, benzene-t*): S 7 07-7.25 (m, 10H,
phenyl H), 3.05-3.12 (m, 4H, NC//), 2.30-2.41 (m, 8H), 2.07-2.18 (m > 8H), 1.73-1.77
(m, 8H), 1.47-1.50 (m, 4H), 1.16-1.25 (m, 4H), 0.94-1.16 (m, 8H) (Co”,,). "C{'H}
NMR (100 MHz, benzene-"6): S 180.0 (NCN), 131.3, 129.5, 129.0, 126.1 (phenyl C),
58.4 (NCH), 35.4, 25.9, 25.7 (C*H,,). IR (KBr, cm-"): v 2919, 2851, 1629, 1428 >
1354, 1206, 1092,1058, 984, 897, 769, 702, 662, 528, 494 > 440. Anal. Calcd for

C38H54CI2N4Zr (II-5b): C, 62.61; H, 7.47; N, 7.69. Found: C, 62.12; H, 7.08’ N,

7.88.

Preparation of [CyNC("Bu)NCy|2ZrCI2(II-5¢). This complex was prepared as
light yellow crystals from DCC (0.82 g, 4.00 mmol), "BuLi (2.5 mL, 1.6M in hexane)
and ZrCl4(THF)2 (0.75 g, 2.00 mmol) using the same procedures as above for II-5a:
yield 1.03 g (75%). "H NMR (300 MHz, bezene/Vg) © S 3.25 (m, 4H, NC//), 2.22 (m,
12H),,1.94 (m, 8H), 1.78 (m, 8H), 1.54 (brs, 4H), 1.45 (m, 4H), 1.29 (m, 12H) (C//2),
0.80 (t'[] 72 Hz, 68, CH3).  NMR (100 MHz, bames)) © S 181.3 (NCN),

57.3, 35.3, 29.3, 26.3, 25.8, 24.4’ 23.0° 13.7 {CeUu and C4H9). IR (KBr, era]): v
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2927 * 1636, 1459, 1086, 1018. Anal. Calcd for C34H62CI2N4Zr (11-5¢): C, 59.27;
H, 9.07; N, 8.13. Found: C, 59.30; H, 9.04; N, 8.01.

Preparation of [CyNC(Ph)NCy]2TiC|2 (IT-5d). This complex was prepared as
purple crystals from DCC (0.82 g, 4.00 mmol), PhLi (2.2 mL, 1.8M in diethyl ether)
and TiCl4(THF)2 (0.67 g, 2.00 mmol) using the same procedures as above for Il-5a:
yield 0.69 g (50%). 'H NMR (300 MHz, benzene-"/g): d 7.41 (m, 4H), 7.05 (m > 6H)
(phenyl H), 3.29 (m, 4H, NO/) » 286 (m, 4H), 2.10 (m, 12H), 1.73 (m, 8H), 1.41 (m,
4H) ° 125 (m, 4H), 1.14 (m, 4H) > 099 (m, 8H) NMR (75 MHz,
benzene-/\/6) ¢ d 1770 (NCN), 130.5° 129.7, 129.3, 128.9, 126.8, 125.6 (phenyl C)’
62.3, 60.5 (NCH), 353 * 344 33.3 (CsH,,). IR (KBr, cm '): v 2926, 1627, 1438,

1378, 1219, 1075, 778 * 698 * 512, 462. These data are in agreement with the

literature."”

Preparation of I'PrNC(CH3)NPr*2ZrCI2 (II-5¢). This complex was prepared as
light yellow crystals from 'PrNCNPr' (0.50 g, 4.00 mmol), MeLi (2.5 mL, 1.6M in
diethyl ether) and ZrCUCTHF)(0.75 g, 2.00 mmol) using the same procedures as
above for II-5a: yield 0.55 g (66%). 'H NMR (300 MHz, benzene-"6): 5 3.31 (m, 4H,
No/) » 137 (s,6H, C//j), 1.29 (d,]=6.6 Hz, 24H, CH3). " [ ] [ HNMR (100 MHz,
benzene-"/tf): d 178.3 (CMC), 48.6 (NCH), 24.5, 10.5 (CH3). IR (KBr, cm '): v 2912’
2972 > 1643, 1434, 1340 > 1206, 1132’ 1018, 810, 615° 554, 420. Anal. Calcd for
C,6H34Ci2N4Zr (II-5¢): C, 43.22; 1J, 7.71; N, 12.60, Found: C, 42.70; H, 7.86; N,
12.59. ¢

Preparation of ('PrNC(Ph)NPr'12ZrCI2 (11-50 This complex was prepared as
yellow crystals from 'PrNCNPr' (0.50 g, 4.00 mmol), PhLi (2.2 mL, 1.8M in diethyl
ether) and ZrCUCTHF)! (0.75 g, 2.00 mmol) using the same procedures as above for

11-5a: yield 0.57 g (50%).  NMR (300 MHz, benzene-Jg) = 5 7.16 (m, IOH, Phenyl
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/1), 3.40 (m, 4H, NC//), 147 (d,J= 6.6 Hz, 24H, c//3). NMR (100 MHz,
benzene-c/e): d 1783 (CMCQ), 131.1, 129.4> 129.0 126.1 (phenyl Q, 49.9 (NCH)’
24.8 (CH3). IR(KBr,cm '): v2959, 1629’ 1448’ 1414, 1340, 1219,1139, 1011,769,
702, 487’ 427. Anal. Calcd for C26H38CI2N4Zr (II—Sf) . C, 54.91; H, 6.83; N, 9.85.

t
Found: C, 5479 ° H, 6.83° N, 9.75.

Preparation of ['PrNCfBiONIVI1iZrCh (II-5g) This complex was prepared as
yellow crystals from 'PrNCNPr” (0.50 g, 4.00 mmol), "BuLi (2.5 mL, 1.6M in hexane)
and ZrCI4(THF)2 (0.75 g, 2.00 mmol) using the same procedures as above for I1-5a:
yield 0.73 g (69%). 'H NMR (300 MHz, hcnz/snc-de): S 3.53 (m, 4H, NC//), 2.03 ¢°
J= 7.8 Hz, 4H, CH2), 139 (d,y = 6.3 Hz, 24H, ¢//3), 1.16 (m, 4H, CH2I 1.35 (m,
4H, CH2), 0.76 (t,J = 7.2 Hz, 6H, ¢//3). NMR (100 MHz, bawrec/ © ). 6
181.2 (NCN), 48.4 (NCH), 29.1, 249 > 245, 23.1, 13.7. IR (KBr, cm '): v 2968, 2930,
2872, 1644° 1466, 1426 > 1349 > 1210, 1134, 1089 > 1057 ’> &l. Anal. Calcd for
C22H46CI2N4Zr (I1-5g): C, 49.97; H, 8.77; N, 10.60. Found: C, 49.78; H, 8.72; N,
10.57.

Preparation of I'PrNC(N("Pr)2)NPr'12Zra2 (II-5h). This complex was prepared
as yellow crystals from 'PrNCNPr' (0.50 g, 4.00 mmol), ("Pr2)NLi prepared from
"BuLi (2.5ralL *> 1.6Min hexane) and "PrjNH (0.41g, 4.00 mmol) and ZrCUaHF*
(0.75 g, 2.00 mmol) using the same procedures as above for II-5a: yield 0.78 g
(65%). ] NMMR (300 MHz, benzeneA/g) - d3.66 (m, 4H, NC//), 2.75 (t,J = 7.2 Hz,
8H, c//2), 1.52 (d, J = 6.3 Hz, 24H, C/Zj), 1.30 (m, 8H, CH2)’0.70 (t,J = 7.2 Hz,

i 12H, CNj).[ | C{1H}NMR (75 MHz, benzene-**): S 173.3 (NCN), 51.0 (NCH), 47.8
(NCH2), 24.7 > 21.8, 11.3 ('Pr and “Pr). IR (KBr, cm '): v 2968 > 2930, 2873, 1605,
1487 1414, 1313 > 1213, 1181, 1132’ 1074 > 795 748. Anal. Calcd for C26H56CI2N6Zr

(II-5h): C, 50.79; H, 9.18; N, 13.67. Found: C, 50.41; H, 8.68; N, 13.70.
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Preparation of ['PrNC("Bu)NPr*I12TiCh (II-5i). This complex was prepared as
purple crystals from 'PrNCNPr (0.50 g, 4.00 mmol), "BuLi (2.5 mL, 1.6M in hexane)
and TiCI4(THF)2 (0.75 g, 2.00 mmol) using the same procedures as above for H-5a:
yield 0.81 g (83%). 'H NMR (300 MHz, berzenet/”\) © §3.66 (brs, 4H, NC//), 2.02 ¢ °
J =7.5 Hz, 4H, C//2), 152 (brs, 24H, CH3), 141 (m, 4H, C/12), 116 (m, 4H, c//[] °
0.77 (t, J = 7.2 Hz, 6H, C//j). NMR (100 MHz, benzene-c®): b 178.6
(NCNCH), 51.2 (NCHX 28.6, 243 * 232, 13.7 (‘propyl and "butyl Q. IR (KBr, cm"):
v2964, 2924, 2867 * 1643, 1498, 1459, 1412, 1381, 1346, 1203, 1131 > &8 > 54 * 4.
Anal. CaTed for C22HAGCNATI (I51) ° C, 54.44; H, 9.55; N * 1154 Found: C, 54.01;
H, 9.06; N, 11.44.

Preparation of I'PrNCfBiONPr'lzHfCh (11-5j>. This complex was prepared as
colorless crystals from 'PrNCNP? (0.50 g, 4.00 mmol), "BuLi (2.5 mL, 1.6M in
hexane) and HfCI4(THF)2 (0.93 g > 200 mmol) using the same procedures as above
for I1-5a: yield 0.80 g (65%). NMR (300 MHz, benzene-y"): b 3.74 (m, 4H,
NO/) > 208 (t, y= 8.1 Hz, 4H, ¢//2), 140 (d, J = 6.3 Hz, 24H, ¢//3), 135 (m, 4H,
C//2), 1.17 (m, 4H, C//2), 0.79 (t,J = 7.2 Hz, 6H, C//j). NMR (75 MHz,
bezenee) = S 180.6 (NCAMD, 48.1 (NCH), 29.0° 24.9, 23.2, 13.7 (wo-propyl and
Awr/n-butyl Q. IR (KBr, cm '): v 2966, 2926 2870 * 1643, [ 487, 1465, 1429’ 1381 °
1347’ 1219, 1188, 1138, 840. Anal. Calcd for C22H46CI2N4Hf (II-5j): C *> 4289, H?
7.53; N, 9.09. Found: C, 43.04; H, 7.38; N, 8.63.

Preparation of (i7"-C2BioH,0)ZrCI2(THF)3 (II-6k). To a white suspension of
ZICUC[HF) - (3.78 g, 10.00 mmol) in tolueneA'HF (30 mL, 10/1 in v/v) was slowly

added a toluene (30 mL) solution of Li*CzBioHio at 0 O [@repared from the reaction

of 0-C2B,0H,2 (1.44 g, 10.00 mm>>|>"ith "BuLi (12.5 mL, 20.00 mmol, 1.6 M in

hexane) at room temperature in diethyl ether (30 mL)]. The reaction mixture was
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then stirred at room temperature for 3 days. After filtration, the precipitate was
washed with hot toluene (3 x 10 mL). The combined solutions were concentrated to
about 30 mL. Complex II-6k was obtained as colorless crystals after this solution
stood at room temperature overnight (4.60 g, 88%). 'H NMR (benzene-"/g): S 3.57
(brs, 12H, ¢//2), 1.37 (brs, 12H, CH2). "C{'H} NMR (amme-"° ) : S 78.2 (cage Q,
68.2 (OCH2), 25.6 (CH2). "B{'H} NMR (benzene-"-): 3 -1.0 (4B), -7.4 (4B), -15.4
(2B). IR (KBr, cm '): 1/ 2569 (BH). Anal. Calcd for CuHjXbOjBioZr (11-6k): C,
32.30; H ? 658 Found: C, 31.90; H, 6.53.

Preparation of l i/Z-CyNQCHajNCyhZrli/Z-CzBioHio) (II-6a). To a stirring
solution of 0-C2B10HI2 (0.72 g, 5.00 mmol) in diethyl ether (30 mL) at 0°C was
slowly added '"“uLi (6.3 mL, 10.00 mmol, 1.6 M in hcxane), and the mixture was
stirred at room temperature for 1 h. After removal of the solvent in vacuum, the
residue was suspended in toluene (30 mL), to which was slowly added a toluene
solution (20 mL) of (/7"-CyNC(CH3)NCy)2ZrCI2 (2.90 g, 5.00 mmol) at 0[] The
reaction mixture was then stirred at room temperature for 24 h. After filtration, the
precipitate was washed with hot toluene (3x5 mL). Removal of the solvent fa” a
crude product. Recrystallization from diethyl ether/hexane (30 mL, 10/ in v/v) at
room temperature afforded Il-6a as yellow crystals (3.08 g, 91%). 'H NMR
(benzene—i/ﬁ) + $3.00 (m, 4H, NO/) » 171 (m, 28H, CH2), 1.52 (s, 6H, ¢//3), 1.17 (m,
120, CH2). "C{iH} NMR (benzeneitf)  ~177.6 (NCN), 103.9 (cage Q, 57.9 (NCH),
34.8, 26.0, 25.6, 12.3 (H2 and GH3) NMR (benzeneg) = S -0.7 (4B), -7.1
(4B), -14.8 (2B). IR (KBr, cm'): v 2569 (BH). Anal. Calcd for C30H60B,0N4Zr
(I1-6a): C, 53.29; H, 8.94; N, 8.29. Found: C, 53.65; H, 9.18; N, 7.92.

Complex II-6a was also prepared by reaction of complex II-6k (260 mg, 0.50

mmol) with 2 equiv of [CyNC(CH3)NCylLi * prepared in situ from CyN=C=NCy
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(206 mg, 1.00 mmol) and MeLi (0.6 mL, 1.00 mmol, 1.6 M in hcxanc) in toluene (10
mL), at room temperature followed by the same procedure reported above: yield 280
mg (83%).

Preparation of Ti7'-CyNC(Ph)NCyl2Zr(i/*-C2BioH,0>(THF) (II-6b). This
complex was prepared as yellow crystals from LiiCaBioHio [prepared in situ from
0O-C2B,0H,2 (0.72 g, 5.00 mmol) and "BuLi (6.3 mL, 10.00 mmol, 1.6 M in hexane)],
and [/7°-CyNC(Ph)NCy]2ZrCI2 (3.64 g, 5.00 mmol) in toluene (50 mL) using the
same procedure reported for I1-6a: yield 3.71 g (85%). NMR (benzene—Jg) AT
(m, IOH * C6//5), 3.68 (m, 4H, THF), 3.10 (m, 4H, NO/), 2.10 (m, 8H), 1.90 (m, 8H),
1.60 (m, 8H) {CeHu), 1.53 (m, 4H, THF), 1.36 (m, 4H), 1.08 (m, 4H), 0.94 (m, 8H)
{CeHu). NMR (benzene-c/*): § 179.3 (NCN), 132.3° 129.5, 1290 * 1287,
1265 > 1260 (CfiHs), 105.7 (cage C), 73.8 (THF), 59.1, 35.1, 25.9, 25.4> 25.3 (CcH,,
+ THF). "B{'"H} NMR (benzene-"-): d -1.4 (4B), -6.7 (4B), -13.8 (2B). IR (KBr,
cm '): 1/2562 (BH). Anal. Calcd for C44H72B,0N40Zr (II-6b): C, 60.58; H> 8.32° N,
6.42. Found: C, 60.33; H, 8.67; N, 6.29..

Preparation of (i7"-CyNC(Bu")NCyl2Zr(i7"-C2B,0oH,0) (II-6¢). This complcx was
prepared as yellow crystals from LbCaBioHio [prepared in situ from 0-C2B10HI12
(0.72 g, 5.00 mmol) and "BuLi (6.3 mL, 10.00 mmol, 1.6 M in hexane)], and
[ ; /2—CyNC(Bu”)NCyD 27Zr(R.45 g’ 5.00 mmol) in toluene (50 mL) using the same
procedure reported for I1-6a: yield-3.31 g (87%). 'H NMR (bcnzene-"6): » 3.27 (m,
4H, NC//), 2.18 (m, 4H, c//2), 1.81 (m, 24H, c//2), 1.53 (m, 4H, c//2), 1.45 (m, 4H,
c//2), 1.26 (m, 16H, 0/2)’ 0.80 (t’J= 7.2 Hz, 6H, c//3). NMR (benzene-t"):
6 182.0 (NCN), 104.2 (cage Q, 57.8 (NCH), 35.3, 350 * 294, 26.3, 26.2> 254 ° 232,
13.6 ((H2 ana CHB). NMR (benzene ) ° &-0.1 (4B), -6.5 (4B), -14.2 (2B).

IR (KBr, cm '): v 2564 (BH). Anal. Calcd for C36H72B,0N4Zr (II-6¢): C, 56.87; H,
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9.54; N, 7.37. Found: C, 56.74; H, 9.06; N, 7.28.

Preparation of (i7"-CyNC(Ph)NCyl2Ti(i7°-C2B,0H,0) (11-6(1). This complex was
prepared as purple crystals from LiaCzBioHio [prepared in situ from 0-C2B10H12 (0.72
g, 5.00 mmol) and "BuLi (6.3 mL, 10.00 mmol, 1.6 M in hexanc)], and
["2-CyNC(Ph)NCy]2TiCI2 (3.43 g, 5.00 mmol) in toluene (40 mL) using the same
procedure reported for II-6a: yield 2.73 g (72%). 'H NMR (benzenc-f4): 7.28 (m,
2H), 7.08 (m, 8H), 3.48 (m, 4H, NO/) > 204 (m, 4H), 1.90 (m, 4H), 1.59 (m, 16H),
1.37 (m > 4H), 0.99 (m, 12H) (Cy). NMR (benzenc-c/e) « S 177.6 (NCN)’
132.0, 129.9, 128.9, 127.3’ 127.0 (phenyl C) * 1070 (cage Q, 61.4 (NCH), 34.8, 347 >
26.2, 25.5 (CH2). "B{'H} NMR /hfiv/'nc-deY S -2.4 (4B), -7.2 (4B), -14.9 (2B). IR
(KBr, cm '): i/2568 (BH). Anal. Calcd for C40H64N4BioTi (I1-6d): C, 63.47; H, 8.52;
N, 7.40. Found: C, 63.50; H, 8.60; N, 7.19. -

Preparation of (»/'-'PrNC(Me)NPr'12Zr(7"-C2B,0H,0)(THF) (II-6e). This

complex was prepared as yellow crystals from LisCsBioHio [prepared in situ from

1

0-C2B10H12 (0.72 g, 5.00 mmol) ancTBuLi (6.3 mL, 10.00 mmol, 1.6 M in hexane)],
and [;7"-'PINC(Me)NPr']2Zr€12 (2.22 g, 5.00 mmol) in toluene (30 mL) using the
same procedure reported for II-6a: yield 2.06 g (70%). 'H NMR (benzenc-i/6): " 3.68
(m, 4H, THF), 3.49 (m, 4H, NO/) * 146 (s, 6H, ¢//3), 1.37 (m, 4H, THF), 1.13@d ]
=6.3 Hz, 12H, ¢//3), 1.00 (d, ] = 6.6 Hz, 12H, C//3).""C{'H} NMR (benzene- 0): S
177.3 (NCN), 104.2 (cage Q, 71.6 (THF), 48.9 (NCH), 25.1, 24.5, 242 > 129 ('Pr +
THF). "B{,H} NMR (benzene}}ﬂZ)KS-lA (4B) > 69 (4B),-13.8 (2B). IR (KBr, cm'):
v 2556 (BH). Anal. Calcd for Ci8H52N4B,0Zr (II-6e¢ - THF): C, 41.91; H, 8.60; N,
10.86. Found: C, 42.21; H, 8.82; N, 10.67.

Preparation  of Ii7"-'PrNC(Ph)NPr'12Zr(j7"-C2BioH,0)(THF)  (11-60. This

complex was prepared as yellow crystals from LiaCzBioHio [prepared in situ from
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0-c2B,0Hi2 (0.72 g, 5.00 mmol) and "BuLi (6.3 mL, 10.00 mmol, 1.6 M in hexane)],
and ["2-PrNC(Me)NPr']2ZrCI12 (2.85 g > 500 mmol) in toluene (30 mL) using the
same procedure reported for I1-6a: yield 3.24 g (91%). [ H NMR (benzene-"): S 7.29
(m > 2H), 7.17 (m > 8H) (phenyl H), 4.06 (m, 4H > THF), 3.56 (m, 4H, NO/)’ 1.54 (m,
4H, THF), 1.23 (d,J = 6.6 Hz, 12H, c//3), 1.22 (4, 1 = 6.3 Hz, 121, c//3).

NMR (benzene-c4): S 178.7 (NCN), 133.0, 129.3> 129.1, 128.7, 126.2, 125.8 (phenyl
O, 104.6 (cage Q, 72.7 (THF), 50.5 (NCH), 25.2’ 24.8 ('Pr + THF). "B{'H} NMR
(benzene-i/6): S -0.7 (4B), -6.5 (4B), -13.9 (2B). IR (KBr, cm '): w2567 (BH). Anal.

Calcd for CssHssN-OBioZr (II—6f) : C, 53.97; H, 7.93; N, 7.87. Found: C, 53.66; H,

7.93; N, 7.62.
Ih
Preparation of (i7"-'PrNC(Bu")NPi*2Zr(i7"-C2B,0oH,0) (II-6g): This complex was
} -

prepared as light yellow crystals from LisC*BioHio [prepared in situ from 0-C2B10H12
(0.72 g, 5.00 mmol) and '"“uLi (6.3 mL, 10.00 mmol, 1.6 M in hexane)], and
[7°-'"PrINC(Bu")NPr']2ZrC12 (2.64 g, 5.00 mmol) in toluene (30 mL) using the same
procedure reported for I1-6a: yield 2.79 g (93%). 'H NMR (benzene-t"): 3.47 (m *> 4H,
NO/) » 201 (t,7=8.1 Hz, ¢//2), 1.32 (m, 4H, c//2), 1.19 (d,] =6.6 Hz, 12H, c//3),
113 (d, J = 6.3 Hz, 120, c//3), 1.11 m > 41> ¢//2),0.77 > 1= 7.2 Hz, 6H, c"3).
'""C{'H} NMR (benzene-"6): <5181.7 (NCN), 103.8 (cage Q, 48.7 (NCH), 29.1, 26.2,
25.2°24.9° 233 * 136 (2 and (HY) "B{'H} NMR (benzene-c4): S -0.4 (4B), 68
(4B), -14.4 (2B). IR (KBr, cm-'): 2561 (BH). Anal. Calcd for C24H56N4BioZr
(IT-6g): C, 48.04; H, 9.41; N, 9.34. Found: C, 47.73; H, 9.00; N, 9.28.

Preparation of [i7"-'PrNC(NPr"2)NPr'12Zr(i7°-C2BioH,0) (II-6h). "BuLi (6.3 mL,
10.00 mmol, 1.6 M in hexane) was slowly added to a solution of Tr2NH (1.01 g,
10.00 mmol) in diethyl ether (20 mL) at 0 °C, and the mixture was stirred at room

temperature for 2 h. To this solution was slowly added a diethyl ether (15 mL)
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solution of 'PrN=C=NPr' (1.26 g, 10.00 mmol) at 0 °C. The mixture was then stirred
at room temperature for 2 h. The resulting solution was slowly added to a suspension

of II-6k (2.60 g, 5.00 mmol) in toluene (20 mL) at 0°C, and the mixture was stirred
o :

at room temperature overnight. After filtration, removal of the solvents gave a white

solid. Recrystallization from diethyl ether/fi*ane (2/1) afforded II-6h as colorlcss

crystals (2.78 g, 81%). '"H NMR (benzene-"4): 15 3.56 (m, 4H, NC//(CH3)2), 2.71 (t,]
=7.6 Hz, 8H, N(C//2CH2CH3)2) > 133 (d,J=6.4 Hz, 12H, CHj), 1.28 (d,J=6.4 Hz,

12H * CHj), 1.25 (m, 8H, ¢//2), 0.66 (> J = 7.2 Hz, 12H, ¢//3). "C{'H} NMR

(benzene—t/6) © S 171.6 (NCN), 101.0 (cage Q, 51.3, 48.2, (NCH2CH2CH3 and
NcH(CHS3)2) 7 249, 24.1° 213 * 114 (propyl C). "B{'H} NMR (benzene-i/o) + ~ -1.2
(4B), -7.8 (4B) ’ -152 (2B). IR (KBr, cm '): 1/ 2565 (BH). Anal. Calcd for

C28H66B,0N6Zr (11-6h): C, 49.01; H, 9.69; N, 12.25. Found: C, 48.66; H, 9.21; N,

12.37.

Complex n-6h was also prepared as colorless crystals from LisCsBioHio [prepared
in situ from 0-C2B10H12 (0.72 g, 5.00 mmol) and"BuLi (6.3 mL, 10.00 mmol *> 16 M
in hexane)], andL«“-'PrNC(NPr"2)NPr']2ZrCI2 (3.64 g, 5.00 mmol) in toluene (50 mL)
using the same procedure reported for II-6a: yield 3.71 g (87%).

Preparation of |i/*-'PrNC(Bu")NPr'12Ti(i7"-C2B,oH,0) (II-6i). This complex was
prepared as purple crystals from LisCsBioHio (prepared in situ from 0-C2B10H12 (0.72
g, 5.00 mmol) and "BuLi (6.3 mL, 10.00 mmol, 1.6 M in hexane)], and
["2-'PrNC(BiONPr*2Tia2 (2.43 g, 5.00 mmol) in toluene (30 mL) using the same
procedure reported for I1-6a: yield 2.64 g (95%). I HNMR (benzenede) © 3.77 (m, 4H,
NO/) » 209 (m, ¢//2), 1.39 (m, 4H, ¢//2), 1.20 (d,1=6.0 Hz, 12H, ¢//3), 1.16 (d, ]
=6.6 Hz, 12H; ¢"3)’ 1.13 (m, 4H, ¢//2), 0.79 ¢’ 1= 7.2 Hz, 6H, ¢//3). "C{'H}

NMR (benzene-i4): d 179.1 (NCN), 105.9 (cage Q, 51.2 (NCH), 28.7’ 274 * 248,
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24.5, 23.4> 13.6 (CHz and CH3). "B{'H} NMR (benzene-t/6): S -2.7 (4B), -7.5 (4B),
-15.2 (2B). IR (KBr, cm '): v2559 (BH). Anal. Calcd for C24H56N4B,oTi (11-61) C,
51.78; H, 10.14; N, 10.06. Found: C, 52 24; H, 10.64; N, 10.06.

Preparation of Ii7"-"PrNC(Bu")NPr'12Hf(;7"-C2B,oH,0) (II-6j). This complex was
prepared as colorless crystals from LisCsBioHio [prepared in situ from 0-C2B10HI2
(0.72 g, 5.00 mmol) and "BuLi (6.3 mL, 10.00 mmol, 1.6 M in hcxanc)], and
] "2-"PrNC(BiONPr'[ | 2KEO8g ° 500 mmol) in tbluene (40 mL) using the same
procedure reported for II-6a: yield 2.85 g (83%). 'H NMR (benzene-""): 3.67 (m, 4H,
NC//), 2.05 (t,J = 7.8 Hz, ¢//2), 1.34 (m, s > ¢//2), 1.20 (d, J = 6.3 Hz, '12H, CH3):
1.16 (d, J = 6.3 Hz, 120, ¢//3), 1.11 (m> 41, c//2),0.78 ¢ J = 7.2 Hz, 6H > ¢//3).
"C{'H} NMR (benzene-"/6): <5 181.4 (NCN), 116.0 (cage Q, 48.5 (NCH), 29 1, 26,6’
25.1, 24.8, 23.3, 13.6 (CH2 and CH3). "B{'H} NMR (benzcne-i/s) - S -08 (2B), 07
(2B), -7.5 (4B), -15.2 (2B). IR (KBr, cm'): v 2559 (BH). Anal. Calcd for
C24H56N4B,0Hf(11-6j): C, 41.94; H *> 82I; N, 8.15. Found: C, 41.87; H, 8.30; N, 7.98.

Preparation of 1(i7'-C2B,oHi0)2Zr('BuO)(THF)I[Zr(OBu%(THF)31 (11-61). To a
suspension of II~6k (520 mg, 1.00 mmol) in diethyl ether (30 mL) was added 'BuOK
(224 mg, 2.00 mmol) at 0°C, and the mixture was stirred at room temperature for 24
h. After filtration and removal of solvent, the residue was crystallized from diethyl
ether/hexane (20 mL, 3/1 in v/v) to give 11-61 as colorless crystals (335 mg, 64%). 'H
NMR (benzene-c/g) = S 3.72 (brs, 16H, THF), 1.67 (brs, 16H, THF) * 135 (s, 9H, B!') ?
1.14 (s, 27H, Bu). NMR (benzene-"-): d 93.3 (cage C), 77.1 (THF), 73.3
(oc(cHu3)3), 32.8 (C(CH3)3) > 320 (THF), 25.6 "B{'"H} NMR
(bernzenef) * S -1.9 (4B), -8.0 (4B), -11.9 (2B). IR (KBr, cm"): v'2556 (BH). Anal.
Calcd for C34H84B2007 sZrj (11-61 - 0.5THF): C, 40.37; H, 8.37. Found: C, 40.36; H,

8.39.



Preparation of |o:cT:ff-{'BuC(0)=CHC('Bu)(0)C2B,oH,0} jZrC"'-
's8UcocrcoBU ) (rar)2 (II-6m). This complex was prepared as colorless crystals
from II-6k (520 mg, 1.00 mmol) and ('BuCOCHCO'Bu)Na, prepared from the
reaction of BuCOCHaCO'Bu (370 mg, 2.00 mmol) with NaH (48 mg, 2.00 mmol) in
diethyl ether (15 mL) at rqom temperature, using the same procedure reported for
11-61: yield 424 mg (57%). 'H NMR (benzene-i*): ~ 5.95 (s, IH, CH\ 5.36 (s, IH,
CH), 3.72 (m, 8H, THF), 1.51 (s, 3H. Bu'), 1.45 (s, 3H, Bu'), 1.32 (m, 8H, THEF),
1.24 (s, 9H, Bu'), 1.07 (s *> 18H, Bu'), 1.05 (s, 3H, Bu'). '""C{'H} NMR (benzene-c/g): b
203.1 (C=0), 165.1 (C"0), 103.7 (0-C('Bu)=CH), 100.8 , 97.1 (cage Q, 95.8
(CH=C('Bu)0Zr), 92.6 (z20-C(Bu)(C2BoHo)X 70.8 (THF), 42.0° 41.0° 36.7, 3128,
28.5,27.9, 25.6, 25.2, 24.5 (THF, Bu'). "B{IH} NMR (benzcne-¢/6):,<5 -3.3 (2B), -6.5
(3B), -9.90 (2B), -11.9 (3B). IR (KBr, cm'): 2567 (BH). Anal. Calcd for
CjgHseBioOsZr (II-6m - THF): C, 50.04; H > 840. Found: C, 50.35; H, 8.24.

Preparation of l 172-CyNC(PIONCyI2Zr|o:(i- {(PhhC(0>C2BioHion (HI-1). To a
stirring suspension of II-6b (174 mg, 0.20 mmol) in toluene (10 mL) at room
temperature was added benzophenone (36 mg, 0.20 mmol) > and the mixture was

stirred at room temperature for 48 h. A clear colorless solution formed. After removal

of the solvent in vacuum to 3 mL, the residue was stood overnight to yield III-1 as
colorless crystals (200 mg, 95%). 'H NMR (pyridine-c/s): b 8.31 (m, 4H), 7.65 m ’
6H), 7.55 (m, 2H), 7.49 (m, 4H), 7.42 (m, 7.31 (m, 2H) (phenyl H), 3.63 (THF),
2.13 (m,3H), 1.97 (m,6H) > 1.85 (m, 3H), 1.61 (m, 12H), 1.38 (m, 4H), 1.15 (m, 6H),
1.05 (m, 6H), 0.96 (m, 4H) (Cy). NMR (pyn'dine—A/j) .+ S 182.5 (NCN), 129.3°
128.7° 128.3, 128.0° 127.2> 1269 ’ 126.8, 126.6, 1>s.o. 125.1, 122.3 (phenyl Q,
107.7 > 1003 (cage C), 91.6 (C-0), 67.1 (THF), 57.8 (NCH), 349 > 251, 25.0, 24 8

(CHz). "B{'H} NMR (yidnec/D) : §-2.1 4B), -7.5 @) IR (KBr, em '): 72563



(BH). Anal. Calcd for C6iH90B,0N403Zr (111-1): C, 64.79; H, 7.59; N, 5.70. Found: C,
64.95; H, 7.12; N, 5.69.

Preparation of i72-CyNC(Ph>NCyl2Zr|<j:0-{HCH2>HC(0>C2BioHio}1 (III-2).
To a stirring suspension of II-6b (174 mg, 0.20 mmol) in toluene (10 mL) at room
temperature was added cyclohcxanone (20 mg, 0.20 mmol), and the mixture was
stirred at room temperature for 48 h. A clear colorless solution formed. After removal
of the solvent in vacuum to 3 mL ’ the residue was stood overnight to yield III-2 as
colorless crystals (156 mg, 87%). 'H NMR (pyn'dineA/s) «  7.56 (m, 4H), 7.50 (m,
4H), 7,42 (m, 2H) (phenyl //), 3.36 (m, 2H, NO/ ) * 299 (m, 2H > NO/) * 242 (m * 2H,
c//2), 1.99 (m, 4H, c¢//2), 1.72 (m, 24H, c¢//2), 1.46 (m, 6H, ¢//2), 1.06 (m *> 14H,
c/12). NMR (pyridine-"/s): d 181.2 (NCN), 132.1° 129.2, 128.3, 128.0, 127.4,
126.9° 125.9, 122.3 (phenyl C), 106.1, 100.7 (cage Q, 84.9 (C-0), 57.1 (NCH), 39.5 *
34.9, 34.4, 25.3, 25.0, 22.6, 13.1 (CH2). "B{'H} NMR (pyridine-"/s) < S-55 (6B),
-10.0 (4B). IR (KBr, cm '): v2570 (BH). Anal. Calcd for C46H74B,0N40Zr (I11-2): C,
61.50; H, 8.30; N, 6.24. Found: C, 60.98; H, 8.36; N, 6.03.

Preparation of [i;"-CyNC(Me)NCyl2Zrla:o-{(N=C(Me)C2B,0oH,0}| (III-3). This
complex was prepared as yellow crystals from n-6a (270 mg, 0.40 mmol) and
acctonitrile (16 mg, 0.40 mmol) in toluene (20 mL) using th& same procedure
reported for III-1: yield 117 mg (37%). NMR (benzene—t/e) . complicated due to
the decomposition of the product in solution. NMR (benzene-c/e): d 179.6,
172.6 (NCN), 96.2, 85.0 (cage Q, 65.9 (NTH), 57.1, 56.8 > 546, 36.3° 35.8” 35.1,
266 > 264, 26.0, 15.5, 13:6 > 104 (CH2 and CH3). "B{'H} NMR (benzene-"6): most
decomposed to o-carborane. IR (KBr, cm X' ~ 2577 (BH). Anal. Calcd for
C36H73B,oN50Zr(I11-3 + EtjO): C, 54.64; H, 9.30; N, 8.85. Found: C, 54.23; H, 9.26;

N, 8.61. “
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Preparation of (i?’\-CyNC(Ph)Ncy|ZZr(a:o—{(N:C(Ph)CZB,oH,o}l (111-4). This

complex was prepared as yellow crystals from II-6b (261 mg, 0.30 ramol) and
\Y

benzonitrile (62 mg, 0.60 mmol) in toluene (20 mL) using the same procedure
reported for ITI-1: yield 230 mg (85%). NMR (bcnzene—A/e) - $8.35 (m, 2H), 7.31
(m, 4H), 7.10 (m, 8H), 6.67 ¢> {/= 8.0 Hz, IH) (phenyl H), 3.31 (m, 4H, NOo/) * 201
(m, 8H, c//2), 1.75 (m, 8H), 1.59 (m, 8H), 1.37 (m, 4n) > 1.00 (m, 12H). «//2).

NMR (benzene-"/ﬁ) - S 181.2 (NCN), 1353, m.l, 1324 > 1320, 131.1°
129.9, 1294 7 129.0° 128.6, 126.9 (phenyl C), 105.2, 100.1 (cage Q, 58.2 (NCH),
356  260,25.7 (CH2). "B{'H} NMR (benzene-c4): S -2.3 (3B) > 58 (3B), -8.8 (4B).
IR (KBr, cm-i): 2572 (BH). Anal. Calcd for C47H69B,0N5Zr (III-4): C, 62.49; H?
7.70; N *> 775. Found: C, 62.88; H, 7.46; N, 7.40.

Preparation of Ii7"-CyNC(Me)NCyl2Zr((T:<T-{(N=C(Ph)C2B,oHio}l (111-5). This
complex was prepared as yellow crystals from~II-6a (270 mg, 0.40 mmol) and
benzonitrile (51 mg, 0.50 mmol) in toluene (20 mL) using the same procedure
reported for ITI-1: yield 237 mg (76%).  NMR (benzene-c/s) - S 8.21 (m, 2H) * 7.02

(m, 3H) (phenyl //), 3.31 (m, 4H, NCH), 1.87 (m, 8H, ¢//2) » 1® (s, 6H, c//3), 1.65
I

(m, 8H), 1.55 (m, 8H), 1.29 (in, SH), 1.12 (m, 6H) «//2). "C{'H} NMR
(benzene-"/6) © d 179.4 (NCN), 172.3 (CN), 135.4, 131.0 > 1298, 128.1 (phenyl Q,
104.1° 99.2 (cage C), 56.9 (NCH), 35.1, 26.0, 13.8 (CH2). NMR
(benzene-"/ﬁ) . <$-1.5 (3B), -5.0 (3B), -8.9 (4B). IR (KBr, cm '): v2585 (BH). Anal.
Calcd for C37H65BI0ON5& (I11-5): C, 57.03; H, 8.41; N * 899. Found: C, 56.91; H,
8.20; N, 9.01.

Preparation of (j7*-CyNC(Ph)NCyl2Zrlo:o-{ICyNC(=NCy)C2BioHio}l (111-6).
This complex was prepared as a colorless solid from II-6b (174 mg, 0.20 mmol) and

N,N'-<iicyclohexylcaibodiimide (42 mg, 0.20 mmol) in toluene (10 mL) using the



same procedure reported for I1I-1: yield 195 mg (97%). 'H NMR (pyridine—‘r/s) . S
7.89 (m > 2H), 7.73 (m, 2H), 7.61 (m, 6H) (phenyl H), 4.54 (m *> 2H,N0/) * 4.25 (m,
2H, NC//), 3.79 (m, 2H, NO/) » 338 (m, 6H), 3.03 (m, 2H), 2.81 (m, 2H), 2.55 (m,
2H), 2.21 (m, 2H), 2.07 (m, 8H), 1.76 (m, 18H), 1.58 (m, 14H) > 111 (m > 8H), 0.48
(m, 2H) «//2). "C{iH} NMR (pyridine-cs) + S 182.1, 177.6 (NCN), 149.9, 132.9,
131.6> 129.4, 128.9, 128.7, 128.6, 128.2, 128.0 *> 126.1, 126.0 °> 1223 (phenyl Q,
100.1,81.6 (cage C), 59.2, 58.1, 57.5, 574 *> 554 > 539 (NCH), 374 ° 357, 35.5, 35.1,
34.4,337:33.0°32.6, v2.  »8 w4 25.0-257. 26 > Sxs  25.3, 251249,
24.7, 23.7 (CH2). "B{iH} NMR (pyrldlne-c/s) - S-1.7 (3B), -6.5 (7B). IR (KBr, cm '):
V 2569 (BH). Anal. Calcd for CjsHseBioNsZr (III-6): C, 63.18; H, 8.61; N, 8.35.
Found: C, 63.23; H, 8.67; N, 7.91.

Preparation of [j7"-CyNC(Ph)NCyl2Zr[a:0-{rPrNC(=N'Pr)C2B,oH,0}1 (111-7).
This complex was pi;pparcd as colorless crystals from II-6b (174 mg, 0.20 mmol)
and N.N'-diisopropylcaibodiimide (25 mg > 020 mmol) in toluene (10 mL) using the
same procedure reported for III-1: yield 176 mg (95%). 'H NMR (pyridjne-c/s) .S
7.73 (m, 2H), 7.67 (m, 4H) * 752 (m, 4H) (phenyl H), 4.82 (m, 2H, NC//), 3.77 (m,
2H, THF), 3.35 (m, 2H, NC//), 2.99 (m, 2H, NC//), 2.45 (m, 2H), 2.15 (m, 2H), 2.05
(m, 8H), 1.95 (d,J = 6.0 Hz, 3H, C/fj), 1.88 (d,«/=6.0 Hz, 3H, ¢//3), 1.79 (m, 12H,
c/12), 1.63 (m, 2H, THF), 1.45 (m, 6H, c//2), 1.23 (d,y=6.0 Hz, 3H, C//3), 1.20 (,
J = 6.0 Hz, 3H, c//3), 1.09 (m, 4u>c//2), 0.96 (m, 6H, c//2). N M R
(pyn'dine)/%\) .S 181.8, 180.0, 178.9 (NCN), 149.8, 132.7, 131.8, 129.4° 129.3 128.8’
1285 ° 1283, 126.5, 126.2, 1259 ° 1257, 122.9, 122.7° (phenyl Q, 99.8, 80.7 (cage
Q, 59.1 ? 580,573 > (NCH), 46.3 > 44.6,36.7, 350 > 348, 34.7, 344 > 259, 253 °> 251 °
24.9° 24.8, 24.3, 22.6, 21.6 (CH2 and ¢//3). "BAH} NMR (pyridines) - S -2.1 (3B),

-6.7 (7B). IR (KBr, cm'"): v2582 (BH). Anal. Calcd for C49H82B,0N6005Zr (I11-7 +
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0.5 THF): C, 61.14; H 8.59; N, 8.73. Found: C, 61.28; H, 8.92; N, 8.38.

Preparation of IJ7/-'PrNCrBu)NPr'12Hfla:<j-{('PrNC(=NPr')C2BioHio}1 (III-8).
This complex was prepared as a colorless solid from II-6j (206mg, 0.30 mmol) and
N,N'-diisopropylcart)odiimide (76 mg, 0.60 mmol) in toluene (20 mL) using the same
procedure reported for IT1-1: yield 223 mg (91%). NMR (benzenc-A/e) © S491 (m,
IH), 4.39 (m, IH), 4.22 (m, IH) 3.69 (m, 2H), 3.54 (m * IH) (NO/) * 209 (m, 4H)’
1.83 (d,J =8.4 Hz,3H, ¢//3), 1.58 (d, 7= 8.4 Hz, 6H, ¢//3), 1.40 (d’J = 8.4 Hz, 3H,
c//3), 1.35 (4.1 = 8.4 Hz, 3H, c//3), 1.31 (m, 8H), 1.25 (m, 9oH) «//2 and c//3),
1.17 (d,y= 8.4 Hz,3H, 0/3) > 106 (d,J = 8.4 Hz, 3H, ¢//3),0.90 (d,J = 8.4 Hz, 3H,
c/13), 0.86 (d,J=8.4 Hz, 3H, c//3), 0.83 (m > 6H, c//3). NMR (benzene-"/e)*
8 183.8, 181.6, 151.6 (NCN), 106.7° 81.6 (cage O, 49.0, 48.2, 47.7 > 473" 46.7
(NCH), 29.2, 29.0 > 287, 27.2, 27.1, 25.9, 25.4* 25.3, 25.0, 24.7> 246 ° 243 236’
23.5, 234 ° 219, 13.6 (CH2 and O‘@. NMR (benz’ne-c4): d -tm (3B), -7.0
(3B), -10.0 (3B), -11.5 (IB). IR (KBr, cm '): v 2580, 2550 (BH). Anal. Calcd for
C3iH70BioN6Hf (111-8): C, 45.77; H, 8.67; N, 10.33. Found: C, 45.77; H, 8.57; N,
10.16.

Preparation of 1i7"-CyNC(Me)NCyl2Zrla:<T-{[PhN(CO)C2B,oH,0}1 (111-9). This
complex was prepared as colorless crystals from II-6a (135 mg, 0.20 mmol) and
PhNCO (24 mg, 0.20 mmol) in toluene (10 mL) using the same procedure reported
for ITI-1: yield 148 mg (93%).  NMR (pyridine’¥s) + S 7.43 (m, 2H) > 733 (m, 2H),
7.25 (m, IH) (phenyl H)> 4.10 (m, 2H, NCH), 3.59 (m, 2H, THF), 2.91 (m, 2H,
NO/) » 230 (s, 3H), 2.27 (s, 3H) (C//3), 1.99 (m, 2H), 1.76 (m, 18H), 1.59 (m, 4H),
143 (m, 2H), 1.27 (m, 14H), 0.92 (m, 2H) «//2). "C{[] HINMR (pyridinets) + S
183.5, 180.6 * 171.8 (NCN and CO), 143.7° 1280 * 1274, 125.7 (phenyl Q, 88.6,81.6

(cage O, 57.9, 56.0 (NCH), 35.5, 340 > 328, 31.0, 25.7, 24.9, 15.1’ 13.5 (HR and



CHa). iiB{1H} NMR (pyridjne-t/s) + S -2.7 (4B), -6.9 (6B). IR (KBr, cm™): v 2596,
2564 (BH). Anal. Caled for CSYHFISBIONSOZR (111-9): C, 55.81; H ’ 8.23; N, 8.80.
Found: C, 55.79; H, 8.29; N, 8.43.

Preparation of I)7/-CyNC(Ph)NCyl2ZrI<T:a-{fBuNC(=S)C2B,oH,0}1 (111-10).
This complex was prepared as yellow crystals from n-6b (174 mg, 0.20 mmol) and
"BuNCS (46 mg, 0.40 mmol) in toluene (10 mL) using the same procedure reported
for ITI-1 but recrystallization from a mixed solvent of hexane and ether in 1/2 (v/v):
yield 144 mg (79%). 'H NMR (benzene-"e): 3 7.77 (d,J=7.5 Hz, IH), 7.30 (m, IH),
7.12 (m, 7H) (phenyl //), 4.83 (m, 1H), 4.24 (m, ™) > 401 (m, IH), 3.30 (m, IH)
(NC//), 2.91 (m, IH), 2.64 (m *> IH), 2.06 (m, 2H), 1.86 (m, 8H), 1.69 (m, 18H), 1.44
(m, 6H) ©//2), 1.04 (t, J = 7.2 Hz, 3H, c//3), 1.01 (m *> 4H), 0.90 (m, 6H) (CHj)).

NMR (benzene-i/6): d 204.4> 186.1 * 1802 (NCN and CS), 133.0, 1309 °’
1302 2 130.1, 129.8, 1289 * 1265, 126.4, 126.3 (phenyl Q, 95.4, 92.3 (cage C), 60.3,
591, 58.2, 58.1, 50.4 (NCH and NCH2), 44.3, 38.0, 36.9, 36.1, 35.8, 35.4, 35.3, 34.1,
33.8, 31.7, 31.5, 26.7, 26.5, 26.2° 25.8, 25.5” 25.3, 252 * 214, 196 ’* 145, 13.1 (CHj
and GH3) "B[H} NMR (benzeneve) = § -2.5 (4B), 68 (BB). IR (KBr, cm*): v2563
(BH). Anal. Calcd for C45H73B,0N5SZr (ITI-10): C, 59.04; H, 8.04; N, 7.65. Found: C,

59.07; H, 7.98; N, 7.82.

Preparation of (G7°-PrNC(Bu'")NPr'12HfI<T:a-{["BuNC(=S)C2B,oH,0}1 (III-11).
This complex was prepared as a light yellow solid from I1-6j (206 mg, 0.30 mmol)
and "BuNCS (69 mg, 0.60 mmol) in toluene (10 mL) using the sam<e procedure
reported for II1-1: yield 209 mg (87%).  NMR (benzene-""): 3 4.65 (m, 2H, NCH),
3.58 (q.J = 6.0, 4H, c//2),2.10 (q,J = 7.2° 4H, //2), 1.61 (m, 2H, CH, 1.41 (m,
6H), 1.18 (m > 19H), 0.98 (m > 6H), 0.87 (m, 12H) (//2 and CH3). NMR

(benzen&/\/ﬁ) .+ $2053 * 1878, 183.0 (NCN and CS), 102.7, 91.5 (cage Q, 510 * 495,
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48.2, 479 ° 476 (NCH and NCHZ) > 306, 29.7, 29.5, 28.2, 27.2, 26.8, 266 > 251, 25.0,
24.5, 243 ° 240, 23.6, 23.4, 233 ° 212, 143 * 136, 13.5 (CHj and CH]). "B{'H}
NMR (benzenet/6) * d -3.3 (3B), -7.0 (4B), -8.7 (2B), -12.8 (IB). IR (KBr, cm "): I
2594, 2564 (BH). Anal. Caled for C45H”B|oN5SZr (III-11): C, 59.04; H, 8.04; N,
7.65. Found: C, 59.07; H, 7.98; N * 78

Preparation of |i7"-"PrNC(Bu")NPr'12HfI<T:a-{|SC(=S)C2B,oHio}1 (111-12). This
complex was prepared as light purple crystals from II-6j (206 mg, 0.30 mmol) and
2 (76 mg, 100 mmol) in toluene (20 mL) in a closed flask at 110 'C for 3 days.
Workup was using the same procedure reported for ITI-1: yield 137 mg (60%). 'H
NMR (benzene-c4): d 2.07 (m * 4H,c//2), 1.33 (m, 4H *> C/.), 122 > (/= 6.4> 12H,
c//3), 1.16 (m, 6H, c//2), 1.04 (brs, 10H, ¢//2), 0.79 (t,J = 7.2, 6H, c¢//3). "C{'H}
NMR (erzme bl ) © d 185.2 (CS), 110.5,99.5 (cage Q, 48.6 (NCH), 28.9° 28.1, 25.0,
24.7° 23.4, 13.5 (H2 anda GH) NMR (benzeneifi) * 3 -1.2 (IB), -3.4 (2B),
-6.7 (4B), -8.7 (3B). IR (KBr, cm '): 1/2564 (BH). Anal. Calcd forf jsHseBioN-SzHf
(II1-12): C, 39.33; H * 739, N, 7.34. Found: C, 39.53; H" 7.40; N, 6.87.

Preparation of |i7"-'PrNC(Me)NPr'12Zrl1,2-S2C2BioH,o0l (IIM3a). This complex
was prepared as a light yellow solid from n-6e (1.2 g, 2.00 mmol) and sulfur (132
mg, 4.10 mmol) in toluene (20 mL) using the same procedure reported for III-1:
yield 940 mg (81%).  NMR (benzene-c4): d 3.30 (m, 4H *> NO/), 1.37 (s, 6H, c¢//3),
1.12 (d, J = 6.0’ Hz, 24H, c//3). NMR (benzene-c/e): S 180.8 (NCN), 92.8
(cage O, 49.0 (NCH), 24.7, 12.2 (CH3). "B{'H} NMR (benzene-c4): S -7.7 (10B).
IR (KBr, cm-i): v2573 (BH). Anal. Caled for CigHnBioKSzZr (III-13a): C, 37.27,;
H, 7.65; N, 9.66. Found: C, 37.56; H > 792; N, 9.40.

Preparation of (j7*-'PrNCrBu)NPr'12ZrIU-S2C2B,0H,0l  (in-13b). This

complex was prepared as a light yellow solid from II-6g (120 mg, 0.20 mmol) and
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sulfur (13 mg, 0.40 mmol) in toluene (10 mL) using the same procedure reported for
IIM: yield 117 mg (88%). NMR (benzene-Ve) + S 3.44 (m, 4H, N0/ ) » 201 (t,7 =
7.8 Hz, 4H, c//2), 1.25 (m, 4H), (d, ) =66 Hz, 241, c//3), 1.13 (m, 4H, c//2),
0.75 (t,V = 6.9 Hz, 6H, c//3). NMR (benzene-c/e): S 183.1 (NCN), 91.6
(cage Q, 48.5 (NCH), 29.0° 26.5, 25.2, 23.2, 13.6 (F2 and H3) "B[H} NMR
(benzene-c4): d -7.3 (10B). IR (KBr, cm"): 2646, 2566 (BH). Anal. Calcd for
C24H56BioN4S27r (111-13b): C, 43.40; H, 8.50; N, 8.44. Found: C *> 43.15; H, 8.24; N,
8.48.

Preparation of (>77-PrNC("Bu)NPr'12HfI1,2-S2C2B,oH,0ol  (111-13¢). This
complex was prepared as a light yellow solid from 11-6] (206 mg, 0.30 mmol) and
sulfur (22 mg, 0.70 mmol) in toluene (15 mL) using the same procedure reported for
IT1-1: yield 214 mg (95%). '"H NMR (benzene-"6): b 3.61 (m, 4H, NO/), 2.01 (t,J =
8.1 Hz’ 4H, C//2), 1.20 (m, 4H), 1.18 (d, 7 = 6.3 Hz, 24H, C//3), 1.11 (m, 4H, C//2),
0.75 (t, y = 7.2 Hz, 6H, c//3). NMR (benzeneg) = b 183.8 (NCN), 92.6
(cage O, 49.6 (NeN)CH2), 48.8 (NCH), 292 * 253, 23.2, 13.6 (CH. and CHB3).
"B{'H} NMR (benzene—i/6) ¢ d-72 (6B), -8.9 (4B). IR (KBr, cm '): 2573 (BH).
Anal. Calcd for C24H56B,0N4S2Hf (I11-13¢): C, 38.36; H, 7.51; N, 7.46. Found: C,

38.41; H, 7.59; N, 7.25.

Preparation of [ly'-CyNC{fMeINCyhZrll-1-SeiCzBioHiol (III-13d). This
complex was prepared as a yellow solid from II-6a (202 mg > 030 mmol) and
selenium (48 mg, 0.60 mmol) in toluene (15 mL) using the same procedure reported
for I1I-1: yield 198 mg (79%). 'H NMR (benzenee) = §3.02 (m, 4H, NCH), 1.72 (m,
20H, C//2), 1.53 (m, 4H, c//2), 1.47 (s, 6H, c//3), 1.43 (m, 2H), 1.13 (m * 14H) //2).

NMR (bazne’3'6) * S 180.1 (NCN), 75.0 (cage C), 57.8 (NCH), 35.4, 25.9,

25.7, 12.3 (CHz and G‘@ NMR (benzene-t/e): d -6.5 (10B). IR (KBr, cm '):



V 2567 (BH). Anal. Calcd for CaoH"oBioNgSesZr (111-13(1): C, 43.20; H, 7.25; N,
6.72. Found: C, 43.18; H, 7.24; N > 642

Preparation of 1i7"-'"PrNCrBu)NPr'12Zr(1,2-Se2C2B,0oH,0ol  (III-13e). This
complex was prepared as a yellow solid from II-6g (180 mg, 0.30 mmol) and
selenium (48 mg, 0.60 mmol) in toluene (15 mL) using the same procedure reported
for ITM: yield 184 mg (81%). 'H NMR (benzene-c/g): 63.45 (m, 4H, NC//), 1.98 (4,

7.8 Hz, 40> C/[/2), 1.20 (m, 4H), 1.18 (d, J = 6.6 Hz, 24H, ¢//3), 1.11 (m, 4H,
0/2) > 075 (t,J = 7.2 Hz, 6H > C/3). "C{'H} NMR (benzene-"6): S 183.5 (NCN),
74.9 (cage Q, 48.8 (NCH), 29.0, 26.1, 25.4, 23.1, 13.6 (CH . and G‘@ "B{'H}
NMR (benzene-c/6): S -6.1 (10B). IR (KBr, cm '): 172591, 2563 (BH). Anal. Calcd for
C24H56BioN4Se2Zr (111-Oe): C, 38.36; H, 7.51;N, 7.46. Found: C, 38.41; H, 7.59; N,
7.25.

Preparation of [i7"-'PrNC("Bu)NPr'12Zr(i7":i77-1,2-(PhN=N-N)2-U-C2BioH,0}
(I1I-14). This complex was prepared as yellow crystals from II-6g¢ (300 mg’ 0.50
mmol) and PhNs (119 mg, 1.00 mmol) in toluene (20 mL) using the same procedure
reported for I1I-1: yield 400 mg (95%). NMR (benzene/\/g) © d7.63(d,J =176 Hz

4H), 7.17 (dd,y=7.6 and 8.2 Hz, 4H), 6.97 (dd, J= 7.6 Hz, 2H) (phenyl H), 3.79 (m,

2H), 3.70 (m, IH), 3.34 (m, IH) (NC//), 2.15 (m, 4H), 1.48 (m, 2H), 1.40 (d,J = 6.4
Hz, 6H), 1.27 (m, 2H, ¢//2), 1.16 (m, 2H, ¢//2), 1.13 (d,J=6.8 Hz, 6H), 1.09(d’J
=6.8 Hz, 6H), 1.06 (m, 2H, 0/2), 0.78 (m, 12H). NMR (benzene-"6): d
183.6, 179.2 (NCN), 1480 > 129.0, 126.5’ 120.3 (phenyl C), 95.2 (cage Q, 49.5, 48.1
(NCH), 29.6, 28.8” 27.0, 25.9, 24.0° 23.7 > 235,23.4,22.4> 13.7° 13.6 (CH2 and O‘&
"B{iH} NMR (benzene—i/e) . ESQ (4B), -11.7 (6B). IR (KBr, cm '): v2594 (BH).
Anal. Calcd for C36H66B,0N,0Zr (III-14): C, 51.58; H, 7.94; N * 16.71. Found: C,

51.43; H, 8.06; N, 16.32.
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Preparation ot (7"-CyNC("Bu)NCyl2Zr(i7"0-1-PhN=N-N-U-C2B,0H,0}
(I11-1Sa). This complex was prepared as yellow crystals from II-6¢ (380 mg, 0.50
mmol) and PhNa (179 mg, 1.50 mmol) in toluene (20 mL) using the same procedure
reported for I1I-1: yield 320 mg (76%). NMR (benzcne—t/\) ¢ 78.13 (d,7= 7.6 Hz,
2H), 7.19 (dd,y=7.6 and 8.0 Hz, 2H), 6.92 (dd, J= 7.6 Hz,IH) (phenyl H) > 344 (m,
4H, NC//), 2.68 (m, IH), 2.26 (m, 4H), 2.10 (m, IH), 1.84 (m, 16H), 1.60(m, 10H),
1.40 (m, 4H), 1.28 (m, 10H), 1.18 (m, 6H), 1.04 (m, 21, c//2),0.85 (t, 7= 7.2 Hz,
6H). [|3c{ > NMR (benzene-ﬂ6) .S 181.1, 180.0 (NCN), 1436 > 1292 ’ 1275, 1229
(phenyl Q, 111.2, 108.2 (cage C), 583 * 574, 57.2, 56.8 (NCH), 37.5, 36.8, 36.5,
350 > m O > x33.6, 299 28.9, x5 26.6,26.2, >5.1 - 35.0. 259 - 257 - 25.4.
253 23.6, 232 (CH2 and CHB) "B[H} NMR (benzene-""): 5-0.9 (2B), -6.0 (BB).
IR (KBr, cm '): v2580 (BH). Anal. Calcd for C42H77B,oN7Zr (I1I-15a) C, 57.36; H,
8.83; N, 11.15. Found: C, 57.61; H, 8.79; N, 11.32.

Preparation oL |i7"-'PrNC(Ph)NPr'12Zr(i7"0-1-PhN=N-N-1,2-C2B,0H,0}
(ITI-15b). This complex was prepared as yellow crystals from II-6f (357 mg, 0.50
mmol) and PhNj (179 mg, 1.50 mmol) in toluene (20 mL) using the same procedure
reported for I1I-1: yield 338 mg (89%). '"H NMR (benzeneA/g) < S826(d,J=8.1 Hz
IH), 7.66 (bre, IH), 7.38 (m, 15H) (phenyl H), 3.56 (m, H) > 345 (m, IH) *> 329 (m,
2H), (NCH), 2.11 (s * 0/3 of toluene), 1.41 (m, 3H), 1.29 (m, 3H), 1.13 (d,J= 5.4 Hz,
12H, 0/3) » 0,66 (m, 6H). NMR (benzenee) + A 179.6, 177.9 (NCN), 1434,
137.8 > 1325, 131.4, 129.5, 129.3” 129.2, 128.5, 127.5, 126.2, 125.6, 122.6 (phenyl
C), 1114 ° 1085 (cage Q, 49.8 (NCH), 26.1 » 254, 25.0, 23.0, 21.4 (CH3). "B{ [ H}
NMR (benzene-ds): S-1.0 (2B), -6.2 (8B). IR (KBr, cm '): v2555 (BH). Anal. Caled
for C4iH6iBioN7Zr (IIMSb + toLene): C* 57.85; H, 7.22; N, 11.52. Found: C, 57.98;

H, 7.27; N, 11.40. /
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Preparation ot |i;»-'PrNC("Bu)NPr'12Zr{|N(2,6-Me2C6H3)CI2C(=N(2,6-
Me2C6H3)-1,2-C2BioHio} (III-16a). This complex was prepared as brown crystals
from I1I-6g (180 mg, 0.30 mmol) and 2,6-dimethylphenylisonitrilc (131 mg, 1.00
mmol) in toluene (20 mL) using the same procedure reported for III-1 but reacting
for 3 days: yield 281 mg (94%). 'H NMR (benzenc—c/e) © b6.94 (m, 5H), 6.85 (m, 4H)
(phenyl H), 3.71 (m, 4H, NCH), 2.59 (s, 6H, C{/\) 2.54 (s, 6H, C/Zj), 2.13 (m, 4H,
c/12), 2.10 (s, 6H, C//j), 1.35 (m, 4H, CHj), 1.18 (m, 4H), 1.11 (d’J =6.8 Hz, 12H,
c//3),0.95 (4,7 =68 1z, 121, c//3),0.80 (t,J = 7.2 Hz, 6H, 04 ). ~N M R
(benzene-c/6) ¢ S 1823 (NCN), 147.9, 147.2, 146.6 (C=N and C=C-N), 1405 > 1353 °
134.4> 128.5, 127.3, 127.1, 125.9, 124.7° 124.2, 122.9 (phenyl Q, 75.3” 73.5” (cage
O, 48.2 (NCH), 349 ° 294 ° 291, 27.2, 25.6, 24.8, 24.4, 23.6, 22.2, 21.9, 19.0, 13.7
@ and G "B{1H} NMR (enmnec®) = $-1.5 (5B), -9.4(5B). IR (KBr, om '): I
2623, 2571 (BH). Anal. Calcd for CsiHgaBioNTZr an-16a): C, 61.65; H, 8.42; N,
9.87. Found: C, 61.26; H, 8.61; N > 94l.

Preparation of [i7"-'PrNC("Bu)NPr'12Zr {(N(2-CI-6-MeC6H3)CI2C(=N(2-CI-6-
MeC6H3)-1,2-C2BioHio} (III-16b). This complex was prepared as brown crystals
from II-6g (180 mg, 0.30 mmol) and 2-chloro-6-methylphenylisonitrile (151 mg,
1.00 mmol) in toluene (20 mL) using the same procedure reported for III-16a: yield
171 mg (81%). 'H NMR (benzene-"/e): 3 7.16 (m, 2H), 6.98 (m, IH), 6.85 (m, 2H),
6.72(m, TH), 6.65 (m, 2H), 6.49 (m, TH) (phenyl H), 3.88 (m, M) > 359 (m, IH),
3.50 (m, 2H) (NC//), 2.56 (ra, 6H, C//j), 2.15 (m, 2H, ¢//2), 2.10 (s, 3H > C//i), 1.98
(m, 2H, c//2), 1.18 (m > 26H), 0.81 (m, 12H) «//2 and c//3). "C{'H} NMR
(benzene-"/e): d 183.3, 183.1 * 183.0° 182.3, 182.2, 181.5 (NCN), 149.2, 149.0 > 1485,
146.4, 145.8, 145.6, 145.5, 145.2, 145.0¢ (ON and C=C-N), 141.9, 1416 *> 1413,

13.0. 138.0, 1388, 138.4. 137.0. 136.7. 1353’ 134.2. 133.3, 133.2, 133.0° 132.8°
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132.7. 131.2, 130.5. 13030 129.7, 120.s5.128.8128.6, 127.1, 126.9, 1>5.7. 125.s.
126.3, 125.5, 125.2, 125.0, 124.6> 124.4, 123.4 (phenyl Q, 74.8, 73.3 (cage Q, 67.8
(THF), 65.9 (diethyl ether), 48.8, 48.6,48.5,48.3 * 48.2 (NCH), 29.5, 29.4, 29.1, 28.5,
25.8 (THF), 25.0, 24.8, 24.7° 24.6, 243 ° 242, 23.6’ 23.0, 22.2, 22.0,21.7, 21.6,21,5,
19.1, 19.0 15.6 (diethyl ether), 143 ° 13.7 (CH2 and G‘@ "B{'H} NMR
(benzene-c/e): S-30 (4B), -10.1 (3B), -14.0 (3B). IR (KBr, cm'): v 2623, 2565
(BH). Anal. Caled for CAsHbABioChNjZr (ITI-16b): C, 54.66; H, 7.07; N, 9 29 Found:
C, 54.83; H, 7.18; N, 8.98.

Preparation of l 72-CyNC(Me>NCy|2Zr{{N(2, 6-Me2C6H3)CI2C<=N(2, 6-
Me2C6H3)-1,2-C2BioHio} (III-16¢). This complex was prepared as brown crystals
from II-6a (203 mg, 0.30 mmol) and 2,6-dimethylphenylisonitrile (131 mg, 1.00
mmol) in toluene (20 mL) using the same procedure reported for III-16a: yield 263
mg (82%). 'H NMR (benzene—c/e) - 5696 (m, 2H), 6.93 (m, 3H), 6.82 (m, 4H)
(phenyl H), 3.05 (m’ 4H, No/) > 265 (s, 6H, C//3), 2.50 (s, 6H, C//3), 2.12 (s, 6H,
C//3), 1.66 (m, 8H, C//2), 1.58 (s, 6H, C//3), 1.49 (m, 12H), 1.33 (m, 4H), 1.11 (m,
16H) «//2). NMR (benzene-ifi) - d 177.9 (NCN), 147.9, 147.6° 147.0, 146.7
(C=N and C=C-N), 140.6, 135.3, 133.9, 1284 > 1273* 1270 ° 1257, 123.9, 1229
(phenyl Q, 75.3, 73.6 (cage Q, 57.7 (NCH), 340 *> 332 * 264, 26.3, 25.8, 255 > 222,
210 189’ 153 (H2 and GHD) "B{'H} NMR (benzenece) : S -2.3 (5B), -9.5 (B).
IR (KBr, cm"): v 2622, 2575 (BH). Anal. Calcd for CsjHsyBioNbZr (in-16¢): C,
64.00; H, 8.20; N, 9.17. Found: C, 63.96; H, 8.28; N, 8.84.

Preparation ot [i7-'PrNC("Bu)NPr'12Hf{IN(2,6-Me2C6H3)C]2C(=N(2,6-
MczCeHa)-!,2-C2BIOHIO} (I11-16d). This complex was prepared as brown crystals
from II-6J (228 mg, 0.30 mmol) and 2,6-dimethylphenylisonitrile (131 mg, 1.00

mmol) in toluene (20 mL) using the same procedure reported for III-16a: yield 301



mg (93%). 'H NMR (bmm}@i) - $6.96 (m, 4H), 6.87 (m, 5H), (phenyl H), 3.81 (m,
4H, NC//), 2.60 (s, 6H, C//j), 2.56 (s, 6H, c//3), 2,12 (s, 6H, CH3), 2.10 (I,J = 8.0
Hz, c//2), 130 (m, 4H), 1.12 (m, 4H) «//2), 1.10(d,7=5.4 Hz, 12H, c//3),0.92 (d,

J =6.6 Hz, 12H, ¢//3), 0.80 (t,J=7.2 Hz, 6H, c//3). NMR (benzene-"6): S
182.1 (NCN), 148.1, 148.0, 147.1, 146.6, (C=N and C=C-N), 140.2, 136.0, 135.3,
128.5, 1273 ° 1272, 1259 * 1255, 124.0, 122.9 (phenyl Q, 76.0> 73.2 (cage C), 47.9
(NCH), 34.9° 29.7, 29.3* 27.2, 25.6, 248 * 244, 236 °> 222, 22.0, 20.9° 19.1" 13.7
@R anda GH) "B{'H} NMR (benzenecig) © S -2.0 (5B), -9.2 (5B). IR (KBr, cm '):
v2627, 2572 (BH). Anal. Calcd for CsiHgjBioNTHf (I1I-16d): C, 56.67; H, 7.74; N’
9.07. Found: C, 56.65; H, 7.80; N, 8.84.

Preparation of [i7"-'PrNC("Bu)NPr'12Hf{IN(2-CI-6-MeC6H3)C|2C(=N(2-CI-6-
MeC6H3)-1,2-C2BioHio} (III-16¢). This complex was prepared as brown crystals
from I1-6j (228 mg, 0.30 mmol) and 2-chloro-6-methylphenylisonitrile (151 mg,
1.00 mmol) in toluene (20 mL) using the same procedure reported for Eﬂ—l&t yield
191 mg (85%). ITH NMR (benzene—i/e) - §7.13 (m, IH), 708 (m, 2H), 6.92 (m, 2H),
6.66 (m, IH), 6.65 (m, 2H), 6.50 (m, TH) (phenyl H), 3.63 (m, 4H, NC//), 2.59 (m,
6H, C//j), 2.10 (s, 3H, C//i), 1.99 (m, 2H, CH2), 1.18 (m, 28H), 0.81 (m, 12H) (/12

and c//3). NMR (benzemw”): S 183.0, 182.9, 182.7, 182.6, 182.1, 182.0,

\

181.5 (NCN), 1499 > 1498 > 1494’ 146.7, 146.6, 146.5, 146.2, 145.8, 145.7, 145.5,
145.1, 145.0 (C=N and C=C-N), 141.7° 141.2, 1399 > 139.0° 137.8’ 137.7 > 1363,
135.1, 133.9, 133.7 > 1324 130.5, 130.4> 1297 > 129.5, 129.3, 1289 > 1288 * 1287,
1285 ? 1276, 127.0, 1268 *> 1265, 126.3, 126.1, 125.9, 125.6, 125.2, 125.1, 12428,
124.6, 1245 > 1244, 123.4 (phenyl C), 75.4, 73.0 (cage Q, 48.1 *> 480’ 47.8 (NCH),

20.8 0.4, .3, 25.0, 24.7.24.3 - 23.6, 235 21.9-21.7 > 21.6, 25 21.4, 21.3 - 19.2,

19.0° 13.6 (H2 and CH3) "B{'H} NMR (benzene-c4): S -3.0 (4B), -10.5 (3B),-14.0
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(3B) IR (KBr, cm'): v 2627, 2567 (BH). Anal. Calcd for CsaHsaBioCbNbOHf
(ITI-16e + THF): C, 51.44; H, 6.81;N, 8.07. Found: C, 51.55; H, 6.96; N, 8.57.
Preparation of {1i72-«PrNCrBu)NPr*hZr}2 {|I-NCCu-2-0(CH2>4-1 > 2~C2BioHioh
(ITT-17). This complex was prepared as light brown crystals from II-6g (300 mg,
0.50 mmol), LiCl (22 mg, 0.50 mmol)and CuCN,(45 mg, 0.50 mmol) in toluene (20
mL)/THF (1 mL) using th” same procedure reportcdfor ni-1: yield 347 mg (91%).
"H NMR (pyridine-i/s) + d 4.12 (brs, 2H, OCA) * 3.71 (m, 8H, NO/) * 267 (m, 6H,

c//2),2.40 (m, 12H, CHi\ 1.61 (m, 10H), 1.42 (m, 6H’ C//2), 1.28 (4, J = Hz, 48H,

CH3), 1.23 (m, 4H, c¢//2), 0.93 (t,J = 7.2 Hz > 12H). NMR (@yide-"* ) © 6
179.4 (NCN), 122.3 (NCCu), 96.1, 81.3 (cage Q, 80.1 (OCH2), 47.1, 47.0 (NCH),
41.2, 33.8” 31.0 *> 288, 27.4, 25.5, 24.6’ 24.1, 22.6, 22.5, 22.1, 13.1 (CH2 and O‘@

NMR (pyn'dine-i/s) « d-3.1 2B), -7.1 (8B). IR (KBr, cm '): 1' 2572 (BH),
2114 (CN). Anal. Calcd for CssHusBzoCuzNioOjZrz (I11-17): C, 45.73; H, 8.47; N,
9.19. Found: C, 46.13; H, 8.33; N, 8.85.

Preparation of 1-HO(CH2)4(1,2-C2B,0H,0) (111-18). Complex 111-17 (152 mg,
0.10 mmol) was treated with IN aqueous HCI (5 mL), and the resulting solution was
extracted with diethyl ether three times (3 x5 mL), the organic phase was combined
and dried over anhydrous NazSCV After removal of the solvent under vacuum, the
residue was subjected to flash column chromatography using 3:2 hexane/diethyl
ether as eluent to yield the product II1-18 as a colorless oil (20 mg, 92%). NMR
(benzene—c/e) L A3.10 (4, 6.0 Hz, 2H, ¢//2), 2.41 (brs, IH, cage CH), 1.56 (m, 2H),
1.08 (m, 2H), 0.96 (m, 2H) «//2), 065 (brs, IH, OH). NMR (enzene-""/6): 5
75.4, 61.2 (cage C), 61.6 (OCH2), 37.7, 30.1’ 25.7 (CH2). "B{'H} NMR
(benzene-t/ﬁ) . S-2.6 (IB), -6.0 (IB), -9.6 (2B), -11.8 (2B),-12.9 (2B),-13.5 (2B). IR

(KBr, cm '): v2591 (BH). HRMS: m/z calcd for [C6H20"B,6'°B40 - H]+: 215.2434.



Found: 215.2428.

Preparation of 1,2-[(THF)2CI2ZrC(Ph)=C(Ph)I-1,2-C2B,oH,0 (111-19). To a
suspension of (;7°-C2B,0H,0)ZrCI2(THF)3 (11-6k, 260 mg, 0.50 mmol) in toluene (20
mL) was added diphenylacetylene (178 mg, 1.00 mmol) at room temperature. The
mixture was heated to reflux for 48 h. The hot brown reaction mixture was filtrated
and washed with 5 mL of hot toluene. After removal of the solvent in vacuum,
recrystallization from toluene (5 mL) gave 111-19 as brown crystals in 37% yield
(116 mg, 0.18 mmol). '"HNMR (400 MHz, benzene</<<G): § 7.18 (d, 8.4 Hz, 2H),
7.12 (dJ= 8.4 Hz, 2H), 6.92 (m, 4H), 6.81 (dd > J = 7.6 Hz, IH) > 667 (dd, J = 7.6
Hz °> ), (phenyl //), 3.73 (s, 8H), 1.11 (s, 8H), (THF). NMR (100 MHz,
benzene ) © d XIRO > m (olefinic Q, 1394 ° 1381, 130.3, 129.2, 128.3, 1275 ° \
127.2, 126.0, (phenyl C), 100.6,91.5 (cage Q, 76.6, 253 > (THF). "B{'H} NMR (96
MHz, benzene-"tf): 6 -1.1 (IB), -4.8 (3B), -7.8 (3B) * -105 (3B). IR (KBr, cm "): v
2970, 2883 * 2575, 1478 > 1449, 1262, 1058, 997,912, 825, 701, 560, 494. Anal. Calcd
for C24H36B,0CI1202Zr (IIM9): C, 45.99; H *> 579. Found: C, 46.07; H * 56l.

Preparation of I-[HC(Ph)=C(Ph)|-1,2-C2BioH,, 011-20). A diethyl ether (20 mL)

suspension of III-19 (63 mg, 0.10 mmol) was treated with aqueous HCI solution (IM,
)

10 mL) at room temperature. The org”ic layer was separated and the aqueous
solution was extracted with ethyl ether (10 mL x 2). The organic portions were
combined and dried over anhydrous N82804. After filtration and removal of the
solvent, the residue was subjected to flash column chromatograph on silica gel using
hexane as elute to give II1-20 as a colorless solid (29 mg, 90%). [ HNMR (400 MHz,
CDCI3) : S 7.43 (m, 3H) * 7.14 (m, 5H), 7.03 (s, IH), 6.78 (m * 2H) (phenyl and olifmic

H), 3.28 (brs, IH, cage CN). NMR (100 MHz, CDCI3): § 135.6> 134.9

/-
(olQfinic O, 134.5, 133.7 * 1296, 129.4, 129.3, 129.1, 128.3, 128.2 (phenyl Q, 78.2,
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58.0 (cage Q. NMR (96 MHz, CDCI3): S -3.6 (IB), -4.2 (IB), -8.7 (2B),
-10.2 (2B), -12.4 (2B), -13.8 (2B). HRMS: m/z caled for C | & | B | @@+ (I11-20):
322.2719. Found: 322.2707. .
Preparation of 1-Ph(CH2)2(1,2-C2BioHii) (III-21). The reaction mixture of
("-C2BioHio)ZrCI2(THF)3 (II-6k, 260 mg, 0.50 mmol) and styrene (78 mg, 0.75
mmol) in toluene was heated to reflux for 48 hours. After treatment with an aqueous
HCI solution (IM, 10 mL), the organic phase was separated and the aqueous phase
was extracted with diethyl ether three times (3 x 10 mL). The organic portions were
combined and dried over NasSO!| After removal of the solvent under vacuum, the

residue was purified by flash column chromatography using hexane as eluent to yield

the product 111-21 B3 colorless oil (25 mg, 20%). 'H NMR (CDCI3): S 7.30 (m, 3H),
7.13 (d, 7.2 Hz, 2H) (phenyl H), 3.60 (s, IH * cage CH), 2.80 (m, 2H), 2.51 (m,
2H), (C//2). NMR (CDCI3): 5 138.7 * 12838, 128.1, 126.8 (phenyl Q, 746 °
61.1 (cage O, 398 * 353 (CH2). "B{'H} NMR (CDCI3): 3 -2.6 (IB), -6.0 (IB), -9.6
(2B), -11.9 (2B), -12.4 (2B), -13.4 (2B). These data are in agreement with the
literature?4i

Preparation of 1,2-ICp2ZrCH(Ph)CH2]-1,2-C2BioH,0 (rV-2a). To a toluene
solution (20 mL) of M 53 (554 mg, 1.00 mmol) was added styrene (IV-la) (208 mg,
2.00 mmol), and the reaction mixture was heated to reflux for 48 h. After removal of
the precipitate (LiCl), the clear solution was concentrated to about 5 mL, from which

IV-2a was isolated as black crystals after standing at room temperature overnight

/ u

(405 mg, 87%). '"H NMR (400 MHz, pyridine-is) + <5 7.39 (t,J = 7.6 Hz, 2H), 7.02 (1,
J =17.6 Hz, TH), 6.50 (d, J = 7.6 Hz, 2H) (phenyl), 6.56 (s, SH, C5//5), 5.60 (s, 5H °
Cs//5 ) * 367 (m, 1H, ¢//2),3.56 (iJ= 13.6 Hz, IH, CM), 3.06 13.6 and 5.6

Hz, IH, ¢//2). "C{iH} NMR (100 MHz, pyridine-Js) * d 140.3, 131.7 * 117.5 (phenyl).
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115.1, 114.0 (Cp), 94.8, 90.8 (cage Q, 65.9 (CH), 40.6 (CHz). NMR (128
MHz, pyridine-is) + <5 -1.4 (IB), -2.9 (IB), -6.3 (5B) * 98 (3B). IR (KBr, cm '): v
2567 (BH). Anal. Calcd for CsiHaoBioZr (IV-2a): C, 51.58; H, 5.63. Found: C, 51.82;

H, 6.01.

Preparation of 1,2-[Cp2ZrCH(4-Me-C6H4)CHxI-1,2-C2B,0oH,0 (IV-2b). This
J

complex was prepared as black crystals from 1-153 (554 mg, 1.00 mmol) and
4-methylstyrene (FV-1b) (236 mg *> 200 mmol) using the same procedures reported
for IV-2a: yield 359 mg (75%). '"H NMR (400 MHz, benzenet/6) + S 6.83 (d,J = 7.2
Hz, 2H), 5.82 (d,y=7.2 Hz, 2H), (phenyl), 5.78 (s, 5H, C5//5), 5.01 (s, 5H, C5//5 )’
3.32 (m, IH > CH2X 3.15 (t, 13.6 Hz, IH, C//), 2.95 (m, IH, ¢//2), 2.10 (s, 3H,
c//3). NMR (100 MHz, henzene—de) ;5 1382°.1322 ° 1320 ° 119.1 (phenyl),
115.3, 114.1 (Cp), 94.3> 90.4 (cage C), 66.5 (CH), 41.9 (CH2), 20.6 (CH3). "B{'H}
NMR (128 MHz, benzene-de): 8 -0.66 (IB), -4.0 (IB), -5.6 (5B), -8.7 (3B). IR (KBr,
cm-*): V 2567 (BH). Anal. Calcd for CjiHsoBioZr (IV-2b): C, 52.35; H, 6.28. Found:
C, 52.53; H, 6.44.

Preparation of 1,2-ICp2ZrCH(2-CI-C6H4)CH21-1,2-C2BioH,0 (IV-2¢). This
complex was prepared as purple crystals from 1-153 (554 mg, 1.00 mmol) and
2-chlorostyrene (IV-1lc) (277 mg, 2.00 mmol) using the same procedures reported for
B von yield 378 mg (75%).  NMR (400 MHz, benzeneve) * §7.00 {dJ= 8.0 Hz,
IH), 6.98 (m, 2H), 6.56 (m, 2H) (aromatic H), 5.99 (s, 5H, C5//5), 5.53 (s, 51 > C5/5)’
3.85 (t,J=8.8 Hz, IH, CH), 3.02 @ (/= 8.4 and 15.0 Hz, IH, ¢//2), 2.84 (dd,]J =
8.4 and 15.0 Hz, 1H, CH2). NMR (100 MHz, benzene-t"): 0 149.2, 129.9,

129.1, 1273 * 126.0, 123.2 (aromatic Q, 117.6, 116.7 (Cp), 838 *> 845 (cage C), 58.0
/I

(CH), 44.4 (CH2). "B{1H} NMR (96 MHz, benzene”: S 0.45 (IB), -5.4 (2B), -6.4

(3B), -7.8 (2B), -9.6 (2B). IR (KBr, cm'"): v 2566 (BH). Anal. Calcd for



C2i 759H29Boczr (IV-2C + 0.25toluene ): C, 49.74; H, 5.57. Found: C, 49:85; H, 5.64.

Preparation of 17-1Cp2ZrCH(3-CI-C6H4)-CH21-U-C2B,0oH,0 aV-2d). This
complex was prepared as purple crystals from 1-153 (554 mg, 1.00 mmol) and
3-chlorostyrene (IV-1d) (277 mg, 2.00 mmol) using the same procedures reported for
IV-2a: yield 440 mg (84%). 'H NMR (400 MHz, benzene-""): d 6.75 (m, 2H), 5.95
(s, IH), 5.87 (d, J = 7.6 Hz, 2H) (aromatic H), 5.78 (s, 5H), 5.12 (s, 5H) (C5//5 ),
3.45 (dd,y=6.0 and 12.0 Hz, TH, ¢//2),3.05 (t,J= 12.0 Hz, TH, CH), 2.77 (dd,J =

6.0 and 12.0 Hz, IH, c//2). NMR (100 MHz, benzene”: S 145.8, 1367 °

)
131.9, 121.9 * 120.0 * 118.3((aromatic C), 116.1, 115.1 (Cp), 922 > 879 (cage C), 63.6

(CH), 41.8 (CH2). "B{IH} NMR (96 MHz, benzene-"'6): d -0.3 (IB), -5.0 (3B), -7.0
(3B), -10.2 (3B). IR (KBr, cm"): v 2568 (BH). Anal. Calcd for C21 TsHjpBioClZr
(IV-2d): C, 47.83; H, 5.42. Found: C, 4807, H, 5.68.

Preparation of 1,2-ICp2ZrCH(4-CI-C6H4)CH21-1,2-C2B,oH,0 (IV-2e). This
complex was prepared as purple crystals from 1-153 (554 mg, 1.00 mmol) and
4-chlorostyrene (FV-le) (277 mg, 2.00 mmol) using the same procedures reported for
IV-2a: yield 430 mg (86%). 'H NMR (400 MHz, benzene—i/e) < ~7.00(d,J = 8.4 Hz,
2H), 5.79 (d, J = 8.4 Hz, 2H) (aromatic //> >= (s, 5H), 5.16 (s, SH) (C5//5 ) >
(dd,J = 8.4 and 12.8 Hz, IH, ¢//2),3.05 (t,7= 12.8 Hz,lH, CH), 2.74 (dd, J = 8.4
and 12.8 Hz, IH, c//2). NMR (100 MHz, benzene—’\/e) ¢ S 1429 0 1298, 127.4,
123.4 (aromatic Q, 116.6’ 115.5 (Cp), 91.2, 86.6 (cage C), 62.6 (CH), 42.4 (CH2).
nB{iH} NMR (128 MHz, benzene-M) . S0.27 (IB), -5.0 (2B), -6.6 (3B),-10.3 (4B).
IR (KBr, cm]): v 2574 (BH). Anal. Calcd for C20H27B,0ClZr (IV-2¢): C, 47.83; H,
5.42. Found: C, 48.23; H, 5.11.

Preparation of I»2»[Cp2ZrCH(3 OVCftHOCHIil-1""CzBioHio (IV-2g). This

complex was prepared as a pale white solid from 1-153 (554 mg, 1.00 mmol) and



3-CF3-styrene (IV-1g) (344 mg, 2.00 mmol) using the same procedures reported for
IV-2a: yield 490 mg (91%). 'H NMR (400 MHz, benzenec4) = §6.92 (m > 2H), 6.25
(s, IH), 6.24(d,J= 8.8 Hz, 2H) (aromatic//), 5.79 (s, 5H, C5//5), 5.16 (s, 5H, C5//5 )»
3.70 (dd,y=6.0 and 12.8 Hz, TH, ¢//2). 3.13 (1,7= 128 Hz, H, /), 2B (dd,7=
6.0 and 12.8 Hz, IH, CHi). NMR (75 MHz, benzene-"/s): 5 146.0, 130.4,
129.3, 126.1, 118.2 (aromatic Q, 116.8, 115.9 (Cp), 90.8, 86.0 (cage Q, 61.9 (CH),
42.2 (CH2). NMR (96 MHz, benzene**s) © d 0.7 (IB), -2.0 (IB), -4.8 (2B),
-6.4 (3B), -8.7 (IB), -10.1 (2B). IR (KBr, cm '): v 2566 (BH). Anal. Calcd for
C24 5H3,B,0F3Zr (IV-2g + 0.5toluene): C, 50.58; H, 5.37. Found: C, 50.52; H, 5.43.
Preparation of 1’2>ICp2ZrCH(4-CF3-C6H4>CH2I-1 > 2-C2BioHio (IV-2h). This
complex was prepared as a pale white solid from 1-153 (554 mg, 1.00 mmol) and
4-CF3-styrene (FV-lh) (344 mg, 2.00 mmol) using the same procedures reported for
IV-2a: yield 391 mg (73%). 'H NMR (400 MHz, benzene-ts) = S /11 €@’ .J= 8.0 Hz,
2H), 5.94 (d, J = 8.0 Hz, 2H) (aromatic H), 5.75 (s, 5H), 5.15 (s, 5H) (C5//5), 3.76
(dd,J=5.6 and 12.4 Hz, IH, ¢//2),3.11 (t > J= 12.4 Hz, IH, CH), 2.71 (dd,J=5.6
and 12.4 Hz, 1H, CH2). NMR (75 MHz, benzene-c4): 0 149.3° 129.3, 126.4
122.3 (aromatic Q, 116.9, 116.0 (Cp), 90.6 * 85.8 (cage Q, 62.2 (CH), 42.1 (CH2).
"B{IH} NMR (96 MHz, bamnee) = ' S 0.6 (IB), -4.7 (3B), -6.4 (3B), -8.8 (IB),
-10.1 (2B). IR (KBr, cm-"): v 2573 (BH). Anal. Calcd for C2iH27BioF3Zr (IV-2h): C,

47.08; H, 5.08. Found: C, 46.42; H, 4.94.

Preparation of U-ICp2ZrCH(4-Br-C6H4)CH21-1,2-C2B,oH,0 (IV-2i). This
complex was prepared as purple crystals from 1-153 (554 mg, 1.00 mmol) and
4-Br-styrene (FV-1i) (366 mg, 2.00 mmol) using the same procedures reported for
IV-2a: yield 364 mg (82%).  NMR (400 MHz, pyn'dineJ\/s) - §7.48(d,J =84 Hz,

2H), 6.67 (d,V = 8.4 Hz, 2H) (aromatic H), 6.71 (s, 5H, €5°5), 6.00 (s, SH” C5//5 )
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4.12 (dd,y=6.0 and 12.8 Hz, IH, C//2), 3.68 (d,J= 12.8 Hz, IH, CH), 2.96 (dd,] =
12.8 Hz’ and 60 > 1, CH2). NMR (100 MHz, pyridinecys) = S 143.1, 132.4,
123.6, 114.4 (aromatic Q, 116.8, 115.9 (Cp), 91.6, 86.9 (cage Q, 62.2 (CH), 41.7
(CH2). "B{iH} NMR (128 MHz, pyridine”s) + <5 -0.6 (2B), -2.5 (IB), -5.5 (4B), -9.2
(3B). IR (KBr, cm]): v2571 (BH). Anal. Caled for C20H27BioBrZr (IV-2i): C, 43.94;
H, 4.98. Found: C, 44.40; H, 5.30.

Preparation of U-[Cp2ZrCH(4-F-C6H4)CH21-U-C2B,oHio (IV-2j). This
complex was prepared as purple crystals from 1-153 (554 mg, 1.00 mmol) and
4-fluorostyrene (IV-1j) (244 mg, 2.00 mmol) using the same procedures reported for
IV-2a: yield 393 mg (81%). '"H NMR (400 MHz, benzene-c/g): S 6.71 (t,J = 8.5 Hz,
2H1), 5.82 (d, J = 8.5 Hz, 2H) (aromatic H), 5.75 (s, 5H), 5.17 (s, 5H) (C5//5 ), 3.63
@ ’ 7=6.4 and 12.8 Hz, IH, ¢//2),3.07 @« (/= 12.8 Hz, IH, CH), 2.79 (dd,J= 12.8
Hz, and 6.4° IH, C//2). NMR (75 MHz, benzene-"e): 6 1403 ° 1293 * 1256,
1235 > 1234 ° 1163 (aromatic Q, 116.5, 115.5 (Cp), 86.7 (cage Q, 62.5 (CH), 42.8
(CH2). NMR (128 MHz, benzene-*4): S 0.4 (IB), -5.0 (3B), -6.4 (4B), 9.1
(IB), -10.3 (2B). IR (KBr, cm '): v 2569 (BH). Anal. Calcd for CaoHzvBioFZr (IV-2j):
C, 49.45; H, 5.60. Found: C, 49.73; H, 5.56.

Preparation of 1"[Cp2ZrCH(TMS)CH21-1,2-C2B,oH,0 (IV-2k). This complex
was prepared as light brown crystals from 1-153 (554 mg, 1.00 mmol) and
TMSCH=CH2 (IV-1k) (200 mg, 2.00 mmol) using the same procedures reported for
IV-2a: yield 364 mg (78%).  NMR (400 MHz, bezne)J) - <5 5.83 (s, SH, C5//5),
5.81 (s, 5H, CsHs),3.33  (dd * <7=5.1 and 14.1 Hz, IH, ¢//2),3.05 (t,y= 14.1 Hz, 1 °
C//), 2.65 (dd,J= 5.1 and 14.1 Hz, IH, a/2). NMR (100 MHz, benzene—c4) .
d 116.0, 115.3 (Cp), 89.7, 88.4 (cage Q, 64.7 (CH2), 42.9 (CH), 0.28 (TMS).

NMR (128 MHz, benzenell{) : d -0.0 (IB), -5.6 (4B), -7.8 (2B), -9.6 (IB), -11.4 (2B).
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IR (KBr1, cm]): v 2561 (BH). Anal. Calcd for CMiB~S'iZr  (IV-2k): C, 44.02; H,
6.95. Found: C, 43.82; H, 6.85.

Preparation of 1,2-(Cp2ZrCH(PPh2)CH2I-1,2-C2BioHio (IV-2I). This complex
was prepared as black crystals from 1-153 (554 mg, 1.00 mmol) and
diphenylvinylphosphine (IV-II) (424 mg, 2.00 mmol) using the same procedures
reported for rV-2a: yield 405 mg (59%). NMR (400 MHz, pyn'dine-/\/s) « $7.95 (m,
4H), 7.41 (m, 6H) (phenyl), 6.03 (s, 5H, C5//5), 5.82 (s, 5H, C5//5 ) ><= (m, IH,
c/2), 2.68 (m, 1H, CH), 2.21 (m, 1H, CH2). "C{'H} NMR (100 MHz, pyridinets) *
3 137.1, 133.4, 1318 > 1304’ 129.3 (phenyl), 107.9’ 107.4 (Cp), 101.1,95.3 (cage Q,
41.7 (CH2), 23.3 (CH). "B{'H} NMR (128 MHz, pyridmec5) + S-1.7 (IB), 5.8 (4B),

-7.3 (2B), -9.4 (2B), -11.3 (IB). IR (KBr, cm"): v 2561 (BH). Anal. Calcd for

C26H33B,0PZr (IV-21): C, 54.23; H, 5.78. Found: C, 53.87; H, 5.92.

Preparation of 1"[CpzZrCHiCHiJ-1,2-C2BioHio (IV-2m). This complex was
prepared as light brown crystals from 1-153 (554 rag, 1.00 mmol) and excess
ethylene (gas) (FV-lm) using the same procedures reported for rV-2a, but the
reaction mixture was stirred for 3 d at room temperature: yield 176 mg (45%). 'H
NMR (400 MHz, benzene-c4): Ssm» (s, 10H, C5//5), 2.76 (t, J=72 Hz, 2H, C//2),
0.82 (t,y= 7.2 Hz, 2H, CH2). NMR (100 MHz, benzene—c4) -5 ]]55 (Cp),
90.2° 88.1 (cage Q, 44.6, 41.1 (CH2). "B{'H} NMR (128 MHz, benzenec/\) . 804
(IB), -5.6 (4B), -7.2 (IB), -8.8 (4B). IR (KBr, an ) : v 2561 (BH). Anal. Calcd for
C,4H24BioZr av-2111): C, 42.93; H, 6.18. Found: C, 42.86; H, 6.17.

Preparation of 1,2-(Cp2ZrCH2CH(Bu")I-U-C2B,0oHio (IV-3a). To a toluene
solution (20 mL) of 1-153 (554 mg, 1.00 mmol) was added I-hexene (IV-lo) (168
mg, 2.00 mmol), and the reaction mixture was heated to reflux for 48 h. After

removal of the precipitate (LiCl) by filtration, the clear solution was concentrated to
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about 5 mL, from which rV-3a was isolated as light yetlow crystals after standing at

room temperature overnight (367 mg, 82%). NMR (300 MHz, benzene-t4): 8 5.19
r

(s, SH, C5//5), 5.76 (s, SH, C5//5), 3.03 (m, IH, C//2), 2.12 (t, J = 125 Hz, 1H, Of),
1.78 (m, IH, CH2X 1.28 (m, 3H, C//2), 1.12 (m, 2H, C//2), 0.95 ¢°> J= 7.0 Hz, H’
C/13), 043 (dd, J= 50 and 125 Hz, 1H, CH2). NMR (100 MHz,
benzeneH@Z) -5 115.8, 115.6 (Cp), 93.9° 91.2 (cage C), 54.2, 51.2, 42.5, 306 > 230,
14.4 (BiO. "B{iH} NMR (128 MHz, benzche-Ve) = d -0.4 (IB), -4.5 (IB), -5.8 (2B),
-8.0 (3B), -10.0 (IB), -12.3 (2B). IR (KBr, cm'): v 2549 (BH). Calcd for
CigHjoBioZr (IV-3a): C, 48.28; H, 7.20. Found: C, 48.46; H, 7.21.

Preparation of U-|Cp2ZrCH(CH2PPh2)CH21-1,2-C2B,oH,0 aV-3b). This
complex was prepared as pale white crystals from 1-153 (554 mg, 1.00 mmol) and
allyldiphenylphosphine (TV-lp) (271 mg, 1.20 mmol) using the same procedures
reported for IV-2a: yield 350 mg (59%t 'H NMR (400 MHz, benzene’\/e) + S$7.63 (m,
2H), 7.42 (m, 2H), 7.17 (m, 3H), 7.10 (m, 3H) (phenyl), 5.76 (s * 5H), 5.60 (s, SH)
(C5//5 ) > > (m, IH, CH2), 2.78 (m, IH, CM), 2.41(t,y= 12.8 Hz, IH, CM), 2.07 (m,
IH, CH21 0.16 (m, TH, C/2). | 3C{IH} NMR (100 MHz, benzeneod) = S 140.9, 138.3°
1345 2 1320 * 1298, 128.8, 128.2 (phenyl), 1157 > 1154 (Cp), 936 °> 908 (cage Q,
56.2 (CH), 48.0, 43.2 (CH2). "B{'H} NMR (128 MHz, benzenecg) - S -0.1 (IB), -5.5
(3B), -7.9 (3B), -11.9 (3B). IR (KBr, cm"): v 2560 (BH). Anal. Calcd for
C27H35B,0PZr (IV-3b): C, 54.89; H, 5.98. Found: C, 54.80; H, 6.37.

Preparation of 1,2-ICp2ZrC(Ph)=CCH2CH=CH21-1,2-C2B,0oH,0 (IV-6) and

U-(Cp2ZrCH2CHCtt20CPh)-1,2-C2B,0oHio (IV-7). Complexes IV-6 and rV-7
m

were prepared as a yellow solid mixture (65/35) from 1-153 (554 mg, 1.00 mmol)
and PhCXCH2CH=CH2 (170 mg, 1.20 mmol) using the same procedures reported

for rV-2a: yield 415 mg (82%). Th” were not separable by crystallization. NMR



(400 MHz, pyridinets) = §7.38 (m), 7.31 (m), 7.10 (t, ] = 7.5 Hz)), 6.97 (d, J = 7.5
Hz) (aromatic //), 6.61 (s, Cs"s ) >< (m), 5.80 (m), 5.21 (m), 4.96 (m) (C=C//),
3.17.(d, J = 3.4 Hz, C"2)’ 2.85 (d, J = 6.0 Hz, C//2). "C{'"H} NMR (75 MHz,
pyridine-i/s) + S 196.9, 143.7° 139.2, 135.7° 128.7, 128.4, 128.2° 128.0,127.9, 126.1,
124.1 (aromatic Q, 117.0° 114.6 (Cp), 91.3, 87.9 (cage Q, 65.1’ 61.1(CH), 41.7,
38.1, 34.9, 14.8 (CH2). NMR (128 MHz, pyidme~s) =~ -0.9 @B) * 33 (IB),
-5.0 (IB), -7.4 (2B), -9.7 (2B), -11.0 (2B),-13.4 (IB). IR (KBr, cm '): v 2557 (BH).
Anal. Caled for CzaHsoBioZr (IV-6/7): C, 54.62; H, 5.98. Found: C, 54.62; H, 5.97.
Preparation of 1-[PhCH=CCH2CH=CH21-1,2-C2B,0H,, (IV-8) and
1-(CH3CHCH2CCPh)-1,2-C2B,0H,, (rV-9). The above mixture of rV-6 and IV-7
obtained from the reaction of 1_153 (277 mg, 1.00 mmol) with PhC=CCH2CH=CH2
(85 mg, 1.20 mmol) was treated with IM HCI aqueous solution (10 mL). The organic
layer was separated, and the aqueous solution was extracted twice with ethyl ether
(10 mL X 2). The organic phase was combined, washed with saturated brine aqueous
solution (20mL) and dried over anhydrous NazSO*[ | Aftemoval of the solvent
under reduced pressure, the residue was purified by flash column chromatograph on
silica gel using hexane as eluent to give the product rV-8 as a white solid: 79 mg
(55%) and IV-9 as colorless oil -+ 35 mg (24 %). The ratio of IV-8/IV-9 was 65/35
determined by GC-MS. For IV-8: 'H NMR (400 MHz, CDCB) + 6735 (m, 3H), 7.28
(m, 2H) (aromatic H), 5.94 (m, IH, =C//), 5.26 (dd,J= 1.3 and 10.3 Hz, IH, C//2),

5.19 (dd,y= 1.3 and 17.2 Hz, IH, C//2), 3.92 (brs, IH, cage //), 3.13 (m, 2H, CH2).
NMR (100 MHz, GIB) - S 1364 0 1352, 135.0, 131.2, 1285 * 1283 * 1179

(aromatic and olefmic Q, 79.1° 59.2 (cage C), 35.3 (CH2). "B{'H} NMR (96 MHz,

CDCI3): d -4.0 (IB), -5.4 (IB), -10.4 (2B), -11.6 (2B), -1‘2.9 (2B), -14.4 (2B). HRMS:

9
m/z Calcd for CI3H22B810B2+ (FV-S): 286.2719..Found: 286.2713. For rV-9: '"H NMR

205



(400 MHz, cpcB) = S 7.39 (m, 2H), 7.32 eeew(m, 3H) (aromatic H), 3.94 (brs, IH,
cage /0, 6.72 (s, IH, C=C//), 3.91 (brs, IH, cage //), 2.78 (dd,J = 5.2 and 16.4 Hz,
IH, C//2), 2.69 (m, IH, C//), 2.52 (dd,J = 7.2 and 16.4 Hz, IH, QHj), 135 (d,J =
6.8 Hz, 3H, C//3). NMR (100 MHz, CDCI3): 6 131.5, 128.4, 1283 * 1228
(aromatic Q, &5.8, 83.8 (OC) * 793 > 60.0 (cage C), 38.8 (CH), 27.1 (CH2), 20.3
(CH3). "B{iH} NMR (96 MHz, CDCI3): 8 -4.0 (IB), -5.8 (IB), -10.4 (2B), -12.5
(2B), -14.4 (2B). HRMS: M7/ Z calcd for C,3H22B8'%" (IV-9): 286.2719. Found:
286.2712.

Preparation of 1 * 2~Cp2ZrC(Et)=C(Et>l-1 > 2-C2BioHio (IV-lla). To a toluene
solution (20 mL) of 1-153 (554 mg, 1.00 mmol) was added 3-hexyne (IV-10a) (164
mg, 2.00 mmol), and the reaction mixture was heated to reflux for 48 h. After
removal of the precipitate (LiCl), the clear solution was concentrated to about 5 mL,
from which FV-lla was isolated as yellow crystals after standing at room
temperature overnight (415 mg, 93%). NMR (300 MHz, pyridine-i/j) ¢ S6.57 (s,
1ou, C5//5),2.17 (q,y= 7.5 Hz, 2H, Oh), 1.30 (q,J =7.5 Hz, 2H, c/[/2), 1.13 (1,7 =

7.5 Hz, 31, c//3), 08l (, s =15 Hz, 31, c//3). NMR (100 MHz,

pyridine—i/s) ¢ S5 1951 ’ 1441 (olefmic), 115.8 (Cp) > 917 87.1 (cage Q, 25.7, 22.1,
13.4, 13.0 (E). "B{'"H} NMR (128 MHz, pyridinets) - S -0.8 (IB), -5.1 (3B), -7.5
(2B), -9.1 (2B), -10.0 (2B). IR (KBr, cm ]):V 2572 (BH). Calcd for CigHaoBioZr
(JV-11a): C, 48.50; H, 6.78. Found: C, 48.25; H, 6.60.

Preparation of U-ICp2ZrC(Pr")=C(PO]-1»2-C2BioH,o0 (IV-1lb). This complex
was prepared'as yellow crystals from 1-153 (554 mg, 1.00 mmol) ~d 4-octyne
(rv-10b) (220 mg, 2.00 mmol) using the same procedures reported for IV-lla: yield
379 mg (80%). | HNMR (400 MHz, benzenetig) + 5.8 (s, 10H, C5//5), 2.08 (m, 2H,

CH2)’ 1.57 (m, 2H, C//2),t).95 (m > 44, C//2), 0.92 (t’J= 7.2 Hz, 3H" C//3), 0.77 (t,J



=5.6 Hz, 3H, cm). NMR (100 MHz, benzene—t/e) - <5 193.2, 144.7 (olefinic),
1159 (Cp), 91.7, 87.1 (cage C), 36.2> 33.6, 22.9° 22.8 (CH2), 15.3, 14.8 (CH3).
"B{'H} NMR (128 MHz, benzene-c"): S 0.1 (IB), -4.7 (2B), -7.1 (3B), -9.2 (4B). IR
(KBr, cm "): v 2562 (BH). Anal. Calcd for CzoH"BioZr (IV-11b): C, 50.70; H *> 723.
Found: C, 50.58; H, 7.16.

Preparation of 1,2-(Cp2ZrC(Bu')=C(Bu')I-1,2-C2B,oH,0 (IV-llc). This complex
was prepared as yellow crystals from 1-153 (554 mg, 1.00 mmol) and 5-decyne
(FV-10c¢) (207 mg, 1.50 mmol) using the same procedures reported for IV-11 a: yield
407 mg (81%). 'H NMR (300 MHz, benzene}@Z) . <55.88 (s, IOH, C5//5), 2.16 (m, 2H,
C//2), 1.62 (m, 2H, C//2), 1.35 (m, 2H, CHZ2), 1.16 (m, 2H, C//2), 1.02 (m, 4H, C//2),
0.96 ¢ J= 7.5 Hz, 3H, C//3), 0.87 (I, J = 7.5 Hz, 3H, C//3). "C{'H} NMR (100

MHz, benfene—i/6) ¢ d 193.3° 145.1 (olefinic), 116.2 (Cp), 92.0, 87.5 (cage Q, 34.1,

32.0, 31.2, 244 > 240 (CH2), 14.5, 144 (CH3). "B{'H} NMR (128 MHz,
benzene-c/e): S 0.0 (IB), -4.6 (2B), -7.1 (3B), -9.2 (4B). IR (KBr, cm "): v 2635 2562
(BH). Anal. Calcd for CasHjsBioZr (1v-lic): [ C32.65; H, 7.63. Found: C, 52.33; H,
7.52.

Preparation of 1,2-ICp2ZrC(Ph)=C(Ph)I-1,2-C2BioHio (IV-1l1d). This complex
was prepared as yellow crystals from 1-153 (554 mg, 1.00 mmol) and PhC=CPh
(rv-10d) (267 mg, 1.50 mmol) using the same procedures reported for FV-lla: yield
352 mg (65%). 'H NMR (300 MHz, pyridinec’s) - S 111 (dd,J = 7.2 Hz, 4H, Cs/Zs),
7.12 (d,J =7.2 Hz, 2H, Cg/Zs), 7.04 (d,] =7.2 Hz, 2H, Ce/Zs), 6.90 (dd, J =1.2 Hz,
IH, CeHsX 6.80 (dd, 7.2 Hz, IH, CM), 6.33 (s, 10H, C5//5). "C{'H} NMR (75
MHz, pyridine-i/s) - A 194.8, 153.6 (olefinic), 143.0° 1400 ° 131.0° 126.8, 126.2, 1261 °
124.7, 122.1 (CfiHs), 112.2 (Cp), 942 *> 903 (cage Q. "B{'H} NMR (128 MHz,

pyridinets) © S -2.8 (2B), -5.5 (3B), -8.7 (3B), -11.0 (2B). IR (KBr, cm '): v 2564
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(BH). Anal. Calcd for CzeHaoBioZr (IV-11d): C, 57.63; H, 5.58. Found: C, 57.65; H,

5.60.

Preparation of 1,2-(Cp2ZrC(Ph)=C(Me)I-1,2-C2B,0oH,0 (IV-13a). This complex
1

was prepared as orange crystals from 1-153 (554 mg, 1.00 mmol) and PhC=CMe
(rv-12a) (174 mg, 1.50 mmol) using the same procedures reported for [V-1la: yield
432 mg (90%). 'H NMR (300 MHz, pyridjne-/\/s) « 5735 (dd,J = 7.5 Hz, 2H, Cf/Zs),
7.14 (dd, J = 7.5 Hz, IH, C6//5), 6.93 (d,J = 7.2 Hz, 2H, 6.54 (s, IOH, C5//5),
1.56 (s, 3H, C//3). "C{'H} NMR (100 MHz, pyn'djne-A/s) + d 193.6° 144.8 (olefmic),
137.5, 128.2, 126.0" 124.1 (CgHs), 116.9 (Cp), 91.1 *> 879 (cage Q, 20.3 (CH3).
"B{'H} NMR (128 MHz, pyridine¥s) + * -0.5 (IB), -5.0 (2B), -7.4 (3B), -8.8 (2B),
-10.0 (2B). IR (KBr, cm '): v 2638, 2559 (BH). Anal. Calcd for CziHzgBioZr (IV-13a):
C, 52.57; H, 5.88. Found: C, 52.56; H, 5.87.

Preparation of 1,2-|Cp2ZrC(Ph)=C(Et)1-1,2-C2B,0oHio (IV-13b). This complex
was prepared as orange crystals from 1-153 (554 mg, 1.00 mmol) and PhC=CEt
(rV-12b) (195 mg, 1.50 mmol) using the same procedures reported for IV-11 a: yield
435 mg (88%). NMR (400 MHz, pyridine-AJ’S) - d7.36 (m,4H, CJW@14  (dd,J =
7.2 Hz, IH, CeHs), 6.25 (s, 10H, C5//5), 2.22 (q,J = 7.2 Hz, 2H, C//2), 1.05 (t,J =
7.2 Hz, 3H, CW3. 13C{IH} NMR (100 MHz, pyridine-t"s): d 192.1, 153.2 (olefmic),
1393 > 1333 128.3, 127.0, 126.3 (CgHs), 112.4 (Cp), %4.1 > 916 (cage Q, 26.3 (CH2),
14.9 (CH3) "B{IH} NMR (96 MHz, pyidgne-"]) ) : s -2.1 (2B), -4.7 3B) > -83 (3B) *
-10.2 (2B). IR (KBr, cm"): v 2637° 2558 (BH). Anal. Calcd for C22H30B,0Zr
(IV-13b): C, 53.51; H, 6.12. Found: C, 53.03; H, 6.21.

Preparation of 1,2-[Cp2ZrC(Ph)=C(Bu")I-1"-C2BioHio (IV-13¢c). This complex
was prepared as orange crystals from 1-153 (554 mg, 1.00 mmol) and PhC CBu"

(rV-12¢) (237 mg, 1.50 mmol) using the same procedures reported for IV-1la: yield
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397 mg (76%). 'H NMR (300 MHz, pyn'dinec/s) © b734(dd,J = 7.5 Hz, 2H, CM;i),
7.11 (dd,J= 7.5 Hz, IH, CeHs), 7.00 (d * 7.5 Hz, 2H, CeH,), 6.54 (s, 10H, C5//5),
2.04 (m, 2H) * 147 (m, 2H), 1.00 (m, 2H, CH2I 0.66 (1,7=7.5 Hz, 3H, CH3). "C{'H}
NMR (100 MHz, pynd]ne-c/s) © 5 194.9, 143.9 (olefinic), 143.5, 127.9, 126.2, 124.0
(CeHs), 117.0 (Cp), 91.6, 87.6 (cage Q, 33.9, 32.0° 22.5 (CH2) > 13.0 (CH3). "B{'H}
NMR (128 MHz, pyridine-c/s): S -0.5 (IB), -5.0 2B) * -7.2 (3B), -8.8 (4B). IR
(KBr, cm '): v 2557 (BH). Anal. Caled for C24H34B,0Zr (IV-13c): C, 55.24; H, 6.57.
Found: C, 55.00; H, 6.46.

Preparation of U-[Cp2ZiC(Ph)F=C(C=CPh)]-1,2-C2B,oH,0 (IV-13d). This

complex was prepared as orange crystals from 1-153 (554 mg, 1.00 mmol) and
HCECCECPh (IV-12d) (303 mg, 1.50 mmol) using the same procedures reported
for rV-1la: yield 311 mg (55%). 'H NMR (300 MHz, pyridine-c/s): S 7.40 (mD 2H,
C6//5), 7.22 (m, 8H, CeHs), 6.50 (s, 10H, C5//5). NMR (75 MHz,
pyridine-t/s) .S 210.8, 1482 (olefinic), 130.9° 1287 > 1280, 127.7, 127.5, 125.5,
1245 > 1242, 123.5 (CeHj), 1159 (Cp), 913 > 895 (cage Q, 87.7, 87.5 (-OC-).
NMR (128 MHz, pyridinec/D): § -0.7 (2B), -5.0 (3B), -7.3 (5B). IR (KBr,
cm '): V 2568 (BH). Anal. Calcd for CzsHaoBioZr (IV-13d): C, 59.43; H, 5.34. Found:
C, 59.57; H, 5.48.

Preparation of U-ICp2ZrC(4-CH3C6H4)=C(Me)l-U-C2B,oHio (IV-13e). This
complex was prepared as brown crystals from 1-153 (554 mg, 1.00 mmol) and
(4-CH3C6H4)C"Me (rV-12¢) (195 mg, 1.50 mmol) using the same procedures
reported for IV-1la: yield 336 mg (68%). '"H NMR (300 MHz, pyndine-ds): 3 7.19
(m, 4H, CeHd, 6.23 (s, 10H, cs//5), 2.31 (s, 3H, c//3), 1.76 (s, 3H, c¢//3). "C{'H}
NMR (100 MHz, pyridine-"/s): b 191.3, 152.8 (olefinic), 131.8, 131.2° 128.0, 127.9

125.9 (C6HS), 111.6 (Cp), 95.9, 91.6 (cage C), 20.3 (CH3). NMR (96 MHz,



pyridine-c/s) © S -2.5 (2B), -5.1 (3B), -8.7 (3B), -10.0 (2B). IR (KBr, cm '): v 2638 °
2555 (BH). Anal. Calcd for C22H30B,0Zr (IV-13e): C, 53.51; H, 6.12. Found: C,
53.75; H, 6.11.

Preparation of 1,2-[Cp2ZrC(TMS)=C(Bu")|-1,2-C2B,oH,0 (rV-13f). This
complex was prepared as brown crystals from 1-153 (554 mg, 1.00 mmol) and
TMSC”Bu" (231 mg, 1.50 mmol) using the same procedures reported for
rv-1la: yield 451 mg (87%). '"HNMR (400 MHz, benzene-Yg) + d 5.94 (s, iou * C5//5),
2.23 (m, 2H, ¢//2), 1.71 (m, 2H, ¢//2), 1.29 (m, 2H, C//2)’0.93 (t,J = 7.3 Hz *> 30’
C//3), -0.18 (s, 9H, TMS). NMR (75 MHz, benzene-"M) ¢ d 205.3, 158.4
(olefinic), 116.9 (Cp), 93.7° 86.7 (cage Q, 41.0, 34.1, 23.7, 145 G ) » 33 (TMS).
"B{'H} NMR (96MH2, benzcne-t"): 6 0.1 (2B), -3.6 (2B), -6.8 (3B), -8.7 (3B). IR
(KBr, e ) +v 2620, 2562 (BH). Anal. Calcd for CziH"sBioSiZr (IV-13f) . C,48.70; H,
7.40. Found: C, 49.02; H, 7.51.

Preparation of 1,2-|Cp2ZrC(TMS)=C(Ph)I-1,2-C2B,0oH,0. (IV-13g). This

I
complex was prepared as yellow crystals from 1-153 (554 mg, 1.00 mmol) and

(TMS)OCPh (IV-12g) (261 mg, 1.50 mmol) using the same procedures reported for
rv-1la: yield 269 mg (50%). 'H NMR (300 MHz, pyridine/h) © 5 7.30 (m, 5H, Ceffs),
6.69 (s, 10H, Cs/fs), -0.22 (s, 9H * TMS). NMR (100 MHz, pyridineVs) + ~
205.4, 153.9 (olefinic), 1432 > 130.7 1265 * 1264 (CeHs), 115.8 (Cp), 93.3, 87.6
(cage Q, 3.3 (TMS). "B{'H} NMR  MHz, pyridine-"/j): S -1.0 (2B), -4.4 (3B),
-7.5 (5B). IR (KBr, cm !): v 2561 (BH). Anal. Calcd for C23H34B,0SiZr (IV-13g): C,
51.35; H, 6.37. Found: C, 51.36; H, 6.46.

Preparation of 1,2-{Cp2ZrC(C(CH3)=CH21=C(Et)}-ia-C2B,oHio (IV-13h). This
5

complex was prepared as brown crystals from 1-153 (554 mg, 1.00 mmol) and

CH2=C(CH3)-C=CEt (IV-12h) <188 mg, 2.00 mmol) using the same procedures
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reported for IV-1la: yield 211 mg (46%). 'H NMR (300 MHz, pyridine—i/s) ¢ 56.26 (s,
10H, C5//5), 4.11 (s, IH, =CH2\ 3.61 (s’ IH ° =0/2) » 226 (q,J = 7.4 Hz, 2H, c//2),
1.81 (s, 3H, ¢//3), 1.08 (t,J = 7.4 Hz, 3H, ¢//3). The "C NMR spectrum was not
obtained due to the poor solubility. "B{'H} NMR (96 MHz, pyn'dine—t/s) ¢ S-0.5(2B),
-4.9 (3B), -6.4 (3B), -10.3 (2B). IR (KBr, cm""): v 2627, 2565 (BH). Anal. Calcd for
Ci9H30B,0Zr (IV-13h): C, 49.85; H * 661 Found: C, 49.69; H, 6.57.

Preparation of 1,2-ICp2ZrC(PPh2)=C(Bu')I-1,2-C2B,0oH,0 (IV-13i). This
complex was prepared as yellow crystals from 1-153 (554 mg, 1.00 mmol) and
PhzPCACBu" (IV-12i) (399 mg, 1.50 mmol) using the same procedures reported for
jlV-1lla: yield 473 mg (76%).  NMR (400 MHz, pyn'dine—A/s) « d7.72 (m, 4H, Cs/Zs),
7.52 (m, 6H, CsHs\ 5.99 ¢ . 10H, C5//5), 2.71 (m, 2H, ¢//2), 1.42 (m, 2H), 1.07 (m,
2H, ¢//2), 0.64 (t, J = 8.0 Hz, 2H, c//3). NMR (100 MHz, pyridine-fj) + *
170.8 * 164.7 (olefmic), 163.7> 132.7 * 131.3, 130.0, 129.0 (CeHj), 108.4 (Cp), 99.7,
98.4 (C»age Q, 388 ? 30.7, 22.6 (CH2), 13.0 (CH3). "B{'H} NMR (96 MHz,
pyridinecs) * 8-0.0 @B) * 43 (6B), -9.0 (2B). NMR (121 MHz, pyide-" > ):
6 -66.7. IR (KBr, cm '): v 2558 (BH). Anal. Calcd for C30H39BioPZr (rV-13i): C,
57.20; H, 6.24. Found —C, 56.97; H, 6.38.

Preparation of U-{Cp2ZrC(Ph)=C((CH2)3Cll}-1,2-C2B,oH,0 (IV-13j). This
complex was prepared as brown crystals from E-B (554 mg, 1.00 mmol) and
PhOC(CH2)3Ci (rV-12j) (268 mg, 1.50 mmol) using the same procedures reported
for IV-Ila: yield 482 mg (89%). 'H NMR (300 MHz, pyridine¥s) = d 7.34 (dd, J =
7.2 Hz, 2H, Ce/Zj), 7.12 (d, J= 7.2 Hz, IH, Cd/Zj), 6.99 (d, J = 7.2 Hz, 2H, Ce/Zj),
6.52 (s, 10H, C5//5), 3.25 (6,7 - 6.8 Hz, 20, c//2), 2.20 (m, 2H: ouy,  1.94 (in, 2H’
CH2). BqiH} NMR (75 MHz, pyridine¥s) = S 195.9, 144.2 (olefmic), 141.2, 128.0,

126:0, 124.1 (CfiHs), 116.8 (Cp), 912 > 878 (cage C), 44.5, 32.7 > 31.6 (CH2).
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NMR (128 MHz, pyridinecj) = S-1.0 (IB), -5.5 (2B), -7.8 (3B), -10.0 (4B). IR (KBr,
cm '): V2557 (BH). Anal. Calcd for C23H3iB,0ClZr (IV-13j): C, 50.94; H, 5.76°
Found: C, 50.80; H, 6.02.

Preparation of 1,2-{Cp2ZrC(Ph)=CICH2N(CH3)21}-1,2-C2BioH,0 (IV-13k). This
complex was prepared as red crystals from 1-153 (554 mg, 1.00 mmol) and
PhOCCH2N(CH3)2 (IV-12k) (239 mg, 1.50 mmol) using the same procedures
reported for IV-1la: yield 408 mg (78%). 'H NMR (400 MHz, pyridine-’\/j) . §732
(dd’J= 7.2 Hz, 2H, Cs/Zs), 7.11 (dd, J=7.2 Hz, IH, cH, \ 6.92 (d’[] 72 Hz, 2H,

CeHsX 6.53 (s, IOH, C5//5), 2.84 (s, 2H, Oh), 1.99 (s, 6H, CH3). "C{'H} NMR (75
T

MHz, pyridine”: d 199.1, 143.1 (olefinic), 139.7, 128.5, 127.7, 126.5 (CgHs),
116.7 (Cp), 91.6” 89.3 (cage Q, 60.1 (Oij), 44.3 (CH3). "B[H} NMR (96 MHz,
pyridine-is) = S -1.5 (IB), -5.7 (2B), -7.7 (3B), -10.1 (4B). IR (KBr, cm "): v 2628,
2558 (BH). Anal. Calcd for CzsHsaBioNZr (IV-13k): C, 52.84; H, 6.36; N, 2.68.
Found: C, 52.35; H, 6.51; N * 258.

Preparation of 1,2-[Cp2ZrC(Ph)=C(CH20CH3)I-1,2-C2B,0oH,0 (IV-131). This
complex was prepared as red crystals from 1-153 (554 mg, 1.00 mmol) and
PhOCCH20CH3 (rV-121) (219 mg, 1.50 mmol) using the same procedures reported
for IV-1la: yield 188 mg (37%). 'H NMR (300 MHz, pyridine—A/j) ¢ §743(d,J=172
Hz, 2H), 7.35 (dd, J = 7.2 Hz, 2H), 7.17 (dd, J = 7.2 Hz, IH) (Cs/Zs), 6.20 (s, 10H,

C5//5), 3.75 (s, 2H, ¢//2), 3.00 (s, 3H, CH3). NMR (75 MHz, pyridine-"/s): 5
t

200.6, 153.7 (olefinic), 126.5 * 126.0, (CgHs), 111.7 (Cp), 95.4, 90.4 (cage C), 71.4
(OCH2), 56.6 (CH3). "B{'H} NMR (96 MHz, pyridine-s) - d -3.1 (2B), -5.3 (2B),

-8.5 (5B). IR (KBr, cm "): v 2630, 2759 (BH). Anal. Calcd for C22H30B,00Zr (IV-131):
t

C, 51.83; H, 5.93. Found: C, 51.66; H, &00.
Preparation of I"{Cp2ZrC(Ph)=CI(CH2)30(tetrahydro-
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2-pyranyl)l}-1,2-C2BioHio (IV-13iii}. This complex was prepared as pale red
crystals from 1-153 (554 mg > 100 mmol) and PhCE‘:C[(CH2)30(tetrahydro-Z-pyranyl)]
(rv-12m) (366 mg, 1.50 mmol) using the same procedures reported for IV-1la: yield
197 mg (35%).,NMR (400 MHz, benzeneYg) = d 7.01 (dd, J = 7.2 Hz, 2H), 6.83
(dd,y= 7.2 Hz, IH), 6.53 a> (/= 7.2 Hz, 2H) (CV/s), 5.83 (s, IOH, C5//5), 4.41 (t,y
=3.2 Hz, IH, CH), 3.71 (m, 2H, c//2), 3.56 (m, 2H, C//2), 3.36 (m, 2H, c//2), 3.16
(m, 2H, c//2),2.14 (m, 21, c//2), 1.77 (m, 21, c//2), 1.51 (m, 20, c//2), 1.25 (m,
2, CH2). NMR (100 MHz, benzene¥e) = d 194.5, 1453 (olefinic), 144.5,
129.3, 126.7 ° 124.5 (CgHs), 116.8 (Cp), 98.0 (C0O2), 91.7, 87.8 (cage Q, 66.9, 61.4,
317 ° 310 ° 309’ 26.0, 19.5 (CH2). NMR (96 MHz, pyridine=""3) : S 0.5 (2B),
-5.0 (2B), -6.6 (3B), -«.8 (36). IR (KBr, cm"): v 2556 (BH). Anal. Calcd for
C315H44B,002zr (IV-13m + 0.5toluene): C, 57.85; H, 6.78. Found: C, 57.92; H’ 6.97.
Preparation of PhCsC(CH2)30(tetrahydro-2-pyranyl) (rV-12m). To a stirred
solution of 5-phenyl-4-pentyn-1-ol (1.60 g, 10.00 mmol), which was prepared from
iodobenzene (2.04 g, 10.00 mmol) and 4-pentyn-l-ol (1.18 g, 12.00 mmol) in 98%
isolated yield (1.70 g,) as a yellow oil according to the literatute,”"' and
2,3-dihydropyran (2.10 g, 25.00 mol) in CH2CI2 was added TSOH H20 (19 mg, 0.10
mmol) at room temperature. The mixture was stirred for 2 hours. After removal of
the solvent, the residue was purified by column chromatography on silica gel using
hexane/ether (6/1 in v/v) solution as eluent to afford IV-12m (2.20 g, 90%) as
colorless 0oil.  NMR (400 MHz, CDCI3): § 7.39 (m, 2H), 7.28 (m, 3H) (Ph), 4.64 (t,
J= 3.4 Hz, IH), 3.93 (m, 2H), 3.55 (m, 2H), 2.55 (1,7=7.0 Hz, 2H), 1.92 (m, 3H),
1.72 (m, IH), 1.61 (m, 4H). NMR (100 MHz, CDCI3) . S 131.5, 128.1, 127.5,
123.9 (Ph), 99.7 (CO2), 89.6, 80.8 (OQ, 65.9, 62.1 (C-0), 306 *> 289, 25.4’ 195 °

16.3. HRMS: m/z caled forCieHzoOz - 244.1458. Found: 244.1449.
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Preparation of M-(PhC=CHCH2)-1,2-C2B,0oHio (rV-14). To a solution of 1-153
(277 mg, 0.50 mmol) in toluene (10 mL) was added PhC*"CCHzOCH; (88 mg, 0.60

mmol) and Cul (190 mg *> 100 mmol) at room temperature. The mixture was heated
0

to reflux for 24 h, treated with 1 M aqueous HCI and extracted with diethyl ether
(3x10 mL). The combined oiganic phase was dried over NasSCX After removal of
the solvents, the residue was subjected to column chromatography on silica gel using
hexane as eluent to afford the title product (35 mg, 27%) as a white solid. NMR
(300 MHz, CDCb) 6 7.58 (m, 2H), 7.54 (m, 3H) (Ph), 6.19 (' +/= 3.0 Hz, IH, c//),

3.25;~J = 3.0 Hz, 2H, c//2). NMR (75 MHz, CDCI3): S 143.5" 134.0,
t

131.4 ° 129.2, 128.7 * 126.6 (Phenyl and vinyl Q ’ 857 > 78.6 (cage Q, 41.6 (CH2).
"B{iH} NMR (96 MHz, CDCI3): S -6.9 (4B), -10.4 (2B), -11.9 (2B), -13.8 (2B).
HRMS: /w/zcalcd for CuHig’Bs”Bz - 258.2406. Found: 258.2399.

Preparation of Cp2Zr(i7°(C,N)-pyri(fine)(<r-1,2-C2B,0oHii) (FV-IS). To a solution
of Cp2Zr(/~-C1)0/-C2B,0Hio)Li(OEt2)2 (1-153, 554 mg, 1.00 mmol) in toluene (15 mL)

was added pyridine (95 mg, 1.20 mmol) at room temperature. After the mixture was

stirred at room temperature for 48 h, it was filtrated and concentrated in vacuum to
about 5 mL. The product rV-15 was crystallized from this solution after standing 2
days at room temperature as off-white crystals: yield 400 mg (90%). l H NMR (400
MHz, benzene—e/e) - §8.44 (d’J= 5.1 Hz, IH), 7.16 (d,J=7.2 Hz, IH), 6.91 (m, IH),
6.50 (m, IH) (pyridinyl //), 5.20 (s, 10H, C5//5), 3.29 (brs, IH, cage //).

NMR (100 MHz, benzeneA/ﬁ) © S201.6, 144.5, 136.2, 129.1 > 1238 (pyridine), 109.4
(C5H5), 85.6, 66.1 (cage 0."B{'H} NMR (96 MHz, henzene-cfs): 6 -0.1 (IB), -1.0
(IB), -6.0 (2B), -7.2 (2B), -10.9 (4B). IR (KBr, cm '): v 2573, 2545 (BH). Anal.
Caled for CnHssBjoNZr (IV-15): C, 46.12; H, 5.69; N, 3.16. Found: C, 46.08; H,

5.88; N, 2.88.
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Preparation of Cp2Zr(j7(C,N)-pyridine-</4)(<7-1,2-C2BioHioD) (TV-IS-*/s). This
complex was prepared as off-white crystals from 1-153 (554 mg, 1.00 mmol) and
pyridine-i/s (101 mg, 1.20 mmol) using the same procedures reported for IV-15:
yield 390 mg (87%). 'H NMR (400 MHz, benzene-d"): d 5.20 (s, 10H, C5//5). "H
NMR (400 MHz, benzene—’\/s) . S 845 (ID), 7.18 (ID), 6.93 (ID), 6.52 (ID)
(pyridinyl D), 3.25 (ID, cage D). NMR (96 MHz, benzene-"/e): S -0.2 (IB),
-0.9 (IB), -5.9 (2B), -7.1 (2B), -10.8 (4B). Anal. Calcd for CnHjoDsBioNZr
(IVASds) . C,45.60; H+D, 6.75; N > 313. Found: C, 45.93; H+D, 6,16; N, 2.70.

Preparation of Cp2Zr(;7"-1,6(N,CH2-bromopyridine)(<7-1,2-C2B,0H,,) (IV-16).
This complex was prepared as an off-white solid from 1-153 (554 mg, 1.00 mmol)
and 2-bromopyridine (190 mg °> 200 mmol) using the same procedures reported for
IV-15: yield 422 mg (81%). NMR (400 MHz, benzene-""): <5 7.50 (brs, IH), 6.70
(m, 2H), (pyridinyl Q, 5.42 (s, 10H, C5//5), 3.57 (brs, IH, cage H). NMR
(100 MHz, benzene-t/fi): 3 198.8, 1444 > 139.77 131.3, 127.1 (pyridinyl Q, 111.3
(C5H5), 84.2, 67.8 (cage Q. "B{'H} NMR (96 MHz, benzene-"/-): S -0.5 (IB), -1.6
(IB), -6.5 (2B), -7.5 (2B), -11.0 (4B). IR (KBr, m* ) : v 2560 (BH). Anal. Calcd for
CnHwBioBrNZr (IV-16): C, 39.15; H, 4.64; N, 2.69. Found: C, 39.11; H, 4.49; N,

2.29. «

Preparation of  Cp2Zr(;/*-1,6(N,C)-(2,4-diinethyipyridine)(<7-1,2-C2BioHii)
(rV-17). This complex was prepared as pale white crystals from 1-]53 (554 mg, 1.00
mmol) and 2,4-dimethylpyridme (128 mg, 1.20 mmol) using the same procedures
reported for IV-15: yield 385 mg (82%). 'H NMR (400 MHz, pyridine¥/[N) * d 7.70 (s,
TH), 6.81 (s, TH), (pyridinyl N)’ 5.98 (s, I0H, C5//5), 4.39 (brs, TH, cage //> >= (s,
3H), 2.22 (s, 3H), (C//3). "C{L] INMR (100 MHz, pyridineys )+ j]‘ 187.0, 1522 >

149.2, 129.1, 124.9, (pyridinyl C), 110.5 (C5HS5), 85.7, 68.3 (cage Q, 20.4° 19.7
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(CH3)."B{'H} NMR (96 MHz, pyridine-§}j 5-1.5 (IB), -2.4 (IB), -7.2 (4B), -11.2
(4B). IR (KBr, cm"): v2562 (BH). Anal. Calcd for Ci9H29B,0NZr (IV-17): C, 48.48;
H, 6.21; N, 2.98. Found: C, 48.41; H, 6.22; N, 2.72.

Preparation of Cp2Zr(/77-1,2(N,C)-quinoline)(<7-1,2-C2B,0H,,) (TV—IS). This
complex was prepared as pale white crystals from 1-153 (554 mg, 1.00 mmol) and
quinoline (155 mg, 1.20 mmol) using the same procedures reported for IV-IS but at
reflux: yield 418 mg (85%). 'H NMR (400 MHz, pyridine-Js) - S$826(d,J= 8.0 Hz,
IH), 8.17 (d,y= 8.0 Hz, IH), 8.14 8.0 Hz, H) > 804 (d,J=8.0 Hz, IH), 7.88
(m, IH), 7.68 (m, IH), (quinolinyl //), 6.04 (s, 10H, c5//5), 4.47 (brs, IH, cage//).

NMR (75 MHz, pyridine—A/j) - S 1947 14277 1363 ° 1310, 129.0, 128.9°
127.1 ° 126.7, 122.3, (quinolinyl C), 85.4° 68.2 (cage Q. NMR (96 MHz °
pyridine-Js) © 50.9 (IB), -0.2 (IB), -4.9 (4B), -9.0 (4B). IR (KBr, era '): v2567 (BH).
Anal. Calced for CziHziBioNZr (IV-18): C, 51.19; H, 5.52; N * 284 Found: C, 51.58;
H, 5.46; N > 271.

Preparation of Cp2Zr{2-(9-(//'-10(N>-dihydroacridine)](<T-1,2-C2BioHio) }
(rV-19). This complex was prepared as yellow crystals from 1-153 (554 mg, 1.00
mmol) and acridine (215 mg, 1.20 mmol) using the same procedures reported for
EV-]& yield 407 mg (75%).  NMR (400 MHz, pyn'dine—t/s) - 5743 (d’J =176 Hz,
2H), 7.37 (d,y= 7.6 Hz, 2H), 7.26 (m, 2H) > 708 (m, 2H), (dihydroacridinyl H), 6.31
(s, IOH, C5H5),4.85 (s, IH, cage H). NMR (100 MHz, pyridine-c/s) S 156.6,
133.7 7 128.1, 126.9, 122.0, (dihydroacridinyl Q, 115.9 (C5HS5), 86.3, 85.4 (cage Q,
53.4 (CH). NMR (96 MHz, pyridine¥s) : S 1.7 (2B), -6.8 (8B). IR (KBr,
cm""): V 2554 (BH). Anal. Calcd for CssHjsBioNZr (IV-19): C, 55.32; H, 5.38; N,
2.58. Found; C, 55.25; H, 5.66; N, 2.58.

Preparation of Cp2Zr{/7*-1,6(N,C)-12-(I-"BuCsC)pyridine|}(<T-U-C2B,0H,,)
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(rvV-20). This complex was prepared as pale white crystals from 1-153 (554 mg, 1.00
mmol) and 2-(1-hexynyl)pyridine (191 mg, 1.20 mmol) using the same procedures
reported for IV-15: yield 293 mg (56%).NMR (300 MHz, benzsne—t/g) . S$7.52(d,
J = 6.9 Hz, IH), 6.99 (m, J = 6.9 Hz, TH), 6.87 @ * J= 6.9 Hz, TH), (pyridinyl //),
5.55 (s, 10H, CS//S) > 374 (brs, IH, cage //), 2.17 (t,J = 6.6 Hz, 2H, C//2), 140 (ra,
4H, C//2), 0.86 it, J =7.2 Hz, C//3). "C{'H} NMR (75 MHz, benzeneclg) * <5 190.8,
139.1° 136.8, 130.8, 126.8 (pyridinyl Q, 111.0 (C5H5), 97.3, 84.7, (C=C), 77.4, 68.5
(cage O, 30.6, 22.2, 190 * 136 (Bu"). "B{'H} NMR (96 MHz, henzenQ-ds): S -0.3
(IB), -1.4 (IB), -6.1 (2B), -7.5 (2B),-10.6 (4B). IR (KBr, cm '): v2601, 2550 (BH).
Anal. Calcd for C23H33B,0NZr (IV-20): C, 52.84; H, 6.36; N, 2.68. Found: C, 52.84;
H, 6.35; N, 2.72.

Preparation of Cp2Zr{//'-1,6(N,C)-[3-(1-"BuC=C)pyridinel } (<T-U-C2B,o0H,,)
(IV-21a) and Cp2Zr{7"-U(N,C)-13-(I-"BuC=C)pyridinel} (<7-1,2-C2B,oHu)
(IV-21b). These two complexes were prepared as pale white crystals from 1-153 (554
mg, 1.00 mmol) and 3-(I-he?cynyl)pyridine (191 mg, 1.20 mmol) using the same
procedures reported for rV-15: yield IV-21a: 170 mg (33%), IV-21b: 185 mg
(35%).NMR (300 MHz, bennecig) = for IV-21a: d 8.91 (s, IH), 7.38 (d,.J = 7.6
Hz, TH), 7.15 (d * J= 7.6 Hz, IH), (pyridinyl //), 5.24 (s, 10H, C5//5), 3.30 (brs, IH,
cage//), 2.22 (t,J = 6.8 Hz, 2H, ¢//2), 1.45 (m, 4H, c//2), 0.86 (t,J = 7.2 Hz, c//3) ;
for IV-21b: S 8.24 (d, J = 5.0 Hz, IH), 7.20 (d, J = 7.6 Hz, IH), 6.45 (m, IH),
(pyridinyl N), 5.40 (s, 10H, C5//5), 3.30 (brs, IH, cage H), 2.29 (t,J = 7.2 Hz, 2H,
CH2), 148 (m, 4H, C//2), 0.88 (t, J = 72 Hz, CH,). NMR (75 MHz,
benzeneVe) +  for TV-21a: S 201.7° 146.7, 138.8, 128.8, 121.9° (pyridinyl C), 109.5
(C5H5), 95.1° 85.5 * (CC), 77.2° 66.0 (cage Q, 30.7° 223 * 193° 13.7 (BiO; for

IV-21b: d 205.3, 142.6” 138.2, 126.8, 123.8” (pyridinyl Q, 109.5 (C5H5), 94.4, 85.4
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(C=C), 79.7 * 66.1 (cage Q, 31.1 » 222, 19.3, 13.7 (Bu”);. "B{'H} NMR (96 MHz,
benzene-c/tf): for IV-21a: d 0.8 (IB), 0.0 (IB), -5.2 (2B), -6.1 (2B), -10.2 (4B); for
IV-21b: 4 0.5 (IB), -1.0 (IB), -6.0. (2B), -7.1 (2B), -10.9 (4B). IR (KBr, cm ] ) %
2560 (BH). Anal. Calcd for C23H33B,oNZr (IV-21): C, 52.84; H, 6.36; N, 2.68. Found:
C, 52.58; H, 6.73; N, 2.40.

Preparation of 1,2-|Cp2ZrC(2-pyridyl)=CBu"I1-1,2-C2B,oH,0 (IV-22). To a
solution ofCp2Zr(/*-C1)(//-C2B,0oHio)Li(OEt2)2 (1-153, 554 mg, 1.00 mmol) in toluene
(15 mL) was added 2-(1-hexynyl)pyridine (191 mg, 1.20 mmol) and Cul (381 mg,
2.00 mmol). After the mixture was stirred at reflux for 48 h, it was filtrated and
concentrated in vacuum to about 5 mL. The product IV-22 was obtained after
standing 2 days at room temperature as light yellow crystals: yield 387 mg (74%). 'H
NMR (300 MHz, CD2CI2): ~ 8.13 (d,J = 5.4 Hz, IH), 7.78 (t,J=7.5 Hz, IH), 7.20
(t,J= 6.6 Hz, 1H), 7.03 (d, J = 8.4 Hz, IH) (pyridinyl H), 6.03 (s, 10H, C5//5), 2.43
(t,J= 7.2 Hz, 2H, 0/2) » 1.51 (m, 4H, C//2), 0.96 (1, 7.2 Hz, 3H, C//3). ""C{'H}
NMR (75 MHz, CD2CR = d 164.7, 161.8, 155.2, 148.4, 139.0, 122.1, 119.6 (pyridinyl
H), 111.9 (C5H5), 970 * 962 (cage Q ’ 339’ 31.0, 23.6, 13.9 (BiO. "B{'H} NMR
(128 MHz, CD2CI2): S -1.9 (IB), -5.4 (3B), -7.2 (4B), -11.5 (2B). IR (KBr, cm'): v
2550 (BH). HRMS: m/z Calcd for CzaHssN*Eg""Bz"Zr: 521.2658. Found: 521.2639.
Anal. Calcd for CzsHaaBjoNZr (IV-22): C, 52.84; H, 6.36; N, 2.68. Found: C, 52.97;
H, 6.53; N, 2.59.

Preparation of U-[Cp2ZrC(2-pyridyl)=CPhl-1,2-C2B,0oH,0 (rV-23). This
complex was prepared as light brown crystals from 1-153 (554 mg, 1.00 mmol) and
2-(1-phenylacetylenyl)pyridine (215 mg, 1.20 mmol) using the same procedures
reported for IV-22: yield 418 mg (77%). [/ NMR (300 MHz, (DXD) + S 8.08 (d,J =

5.4 Hz, IH), 7.42 (m, 4H), 7.10 (m, 3H), (aromatic H), 6.12 (s, 10H, C5//5), 5.81 (d,



J = 8.1 Hz, TH, pyridinyl H). NMR (75 MHz, CD2CI2): d 166.3, 164.7,
152.8, 1482 ° 1402, 138.5, 129.0, 128.4, 1279 > 122.8 (aromatic Q, 118.9 (C5HS5),
96.6, 95.6 (cage Q. "B{1H} NMR (128 MHz, CD2CI2): S -1.9 (IB), -5.4 (3B), -7.1
(4B), -11.7 (2B). IR (KBr, cm]): v 2556 (BH). Anal. Calcd for C25H29B10N&
(Iv-23): C, 55.32; H’ 5:38; N, 2.58. Found: C, 55.16; H, 5.65; N > 230

Preparation of 2-(trans-(2-pyridyl)C=CBu"1-1-C2B,oHn (IV-24). The complex
IV-22 (157 mg, 0.30 mmol) in 10 mL of ethyl acetate was treated with an aqueous
HCI solution (IM, 10 mL) for 1 h at room temperature. Then the resultant solution
was then neutralized using 1 M NaHCOs aqueous solution (10 mL). The organic
layer was separated, and the aqueous solution was extracted twice with ethyl acetate
(10 mL X 2). The oi*anic phase was combined, washed with saturated brine aqueous
solution (20mL) and dried over anhydrous Na’SOd. After removal of the solvent
under reduced pressure, the residue was purified by flash column chromatograph on
silica gel using hexane/ethyl acetate (4/1 in v/v) as eluent to give the product as a
white solid: 79 mg (87%). “H NMR (400 MHz, CDCI3) : d 8.61 (d, J = 4.0 Hz, 1H),

7.72 (m, 1H), 7.21 (m, 2H), (pyridinyl //), 6.72 (s, IH, c=c//) > 391 (brs * IH, cage

H’ 2.70 (t,J = 8.0 Hz, 2H, c//2), 1.54 (m, 20, c//2), 1.38 (m, 21, c//2),0.93 (+,7 =
t

7.2 Hz, 3H, c//3). NMR (100 MHz, CDCI3): d 154.5, 149.4, 139.6, 136.3,
131.3, 124.9, 122.3 (vinyl and pyridinyl C) * M1 * 596 (cage Q, 31.2, 31.1, 22.7,
13.6 (BiO. "B{'H} NMR (96 MHz, CDCI3): d -2.9 (IB), -4.3 (IB), -9.3 (2B), -11.2
(4B), -13.4 (23). HRMS: m/z Calcd for C,3H23N"B8'%"' (IV-24): 303.2985. Found:
303.2969.

Preparation of 1-((2-pyridyI)C=CPh]-1-C2BioHii (IV-25). This compound was
prepared as a white solid from IV-23 (163 mg, 0.30 mmol) using the same

procedures reported for IV-24: yield 86 mg (89%). “H NMR (300 MHz, CDCI3) : S
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8.52 (s, IH), 7.46 (m, 3H), 7.33 (m, 2H), 7.16 (m, 2H), 7.08 (m, IH), 6.38 (d, J=7.8
Hz, IH), (aromatic H), 3.42 (brs, IH, cage //). "C{'H} NMR (75 MHz, CDCI3): S
153.5, 149.1 ° 137.7 135.9, 135.3° 135.2, 129.6° 122.3 > = 122.5, (aromatic Q,
772 * 584 (cage Q. "B{'H} NMR (128 MHz, cDCB) - S -3.3 (IB), -4.0 (IB), -8.6
(2B), -10.3 (2B), -12.2 (2B), -13.5 (2B). HRMS: m/z Calcd for CMiN'VBj~
(IV-25): 322.2593. Found: 322.2595.

Preparation of 1,2-(Cp2ZrN(Ph)CH(Ph)I-1,2-C2B,0H,0 (IV-26). This complex
was prepared as brown crystals from 1-153 (277 mg, 0.50 mmol) and PhCH=NPh
(109 mg, 0.60 mmol) using the same procedures reported for IV-15: yield 170 mg

(62%). 'H NMR (300 MHz, pyridinec/s) « §7.51(d,] = 6.9 Hz, 2H), 7.43 (t, J=7S

Hz, 3H), 7.29 (m, 3H), 7.03 (t,J=7.5 Hz, 2H) (aromatic H), 6.62, 5.54 (s, 5H, C5//5).
"qiH} NMR (75 MHz, CD2CI2): S 144.2, 142.0, 128.0, 127.7, 123.0 (aromatic Q,
962 ° 908 (cage Q. 70.7 (CHN). "B{'H} NMR (128 MHz, CD2CI2): S -3.1 (2B),
-5.7 (2B), -7.5 (2B), -11.6 2B). IR (KBr, cm '): v 2567 (BH). Anal. Calcd for
C25H29B,0NZr (IV-26): C, 55.11; H, 5.73; N, 2.57. Found: C, 55.26; H, 5.72; N, 2.53.

General Procedures for the Preparation of Benzocarborane (V-2). Method A:
To a suspension of zirconacyclopentene 1V-11/13 (0.20 mmol) in toluene (10 mL)
was added NiCh(PMe3)2 (62 mg,'0.21 mmol, 97%) and alkyne V-1 (0.70 mmol) and

the reaction vessel was closed and heated at 110 °C for 2 d. The reaction mixture was

then cooled to goom temperature, and treated with 10 mL of water or IM aqueous
HCI. The organic layer was separated and the aqueous solution was extracted with
diethyl ether (20 mL x 2). The organic portions were combined and dried over
anhydrous Na2S04. After filtration and removal of the solvent, the residue was
subjected to column chromatographic separation (SiO: ° 300 - 400 mesh) using

hexane as eluent to give V-2 as an oil or white solid.
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Method B: To a suspension of zirconacyclopenlene IV-11/13 (0.20 mmol) in a
mixed solvent of toiuene and THF (10 mL, 2/1 in v/v) was added FeCb (65 mg, 0.40
mmol) and alkyne V-1 (0.40 mmol) and the reaction vessel was closed and heated at
110°C for 2 d. Using the same workup procedures as above afforded V-2 as an oil or
a white solid.

V-2a: Method A, yield: 84%. Colorless oil.  NMR (400 MHz, CDCI3) : b 2.59 (q,
J = 7.4 Hz, 21, c//2), 2.50 (1,7 = 80wz, 2H, c//2), 2.32 (@2 = 7.4 uz. 2H, c//2),
2.25 (d,y= 8.0 Hz, 2H, c¢//2), 1.52 (m *> 2H, c//2), 1.42 (m, 4H, ¢//2), 1.31 (m, 2H,
c//2), 1.18(t,J=7.4 Hz, 3H, c¢//3), 1.02 (t,J = 7.4 Hz, 3H, c¢//3), 0.97 (t,J =1.2 Hz,
3H, ¢//3), 0.95 (t,]J = 7.2 Hz, 3H, ¢//3). NMR (100 MHz, CDCI3): b 1349 >
1343 ° 134.1, 132.6 (aromatic Q, 77.2° 76.3 (cage C), 33.4* 32.7 > 326, 28.9, 26.3,
23.1, 23.0, 22.1, 15.0, 14.8> 14.0, 138 > 137 (Et and Bu"). "B{'H} NMR (96 MHz,
cDcCI3): §-7.2 (2B), -10.1 (6B), -12.9 (2B). HRMS: m/z Calcd for Ci8H38"B8"B2"
362.3971. Found: 362.3974.

V-2b: Method A, yield: 81%. Colorless oil. 'H NMR (400 MHz, CDCI3): §2.59 (q,
J=17.4 Hz, 2H, CH2X 2.48 (m, 2H, C//2), 2.32 (q,J = 7.4 Hz, 2H, C//2), 2.23 (m’ 2H,
c//2), 1.56 (m, 21, c/12), 1.36 (m, 21, c/12), 1.05 (t,7= 7.4 "z, 30, c//3), 1.01 (t,]
=7.4 Hz, 9H, ¢//3). NMR (100 MHz, cpci3) : d 134.9, 134.4, 134.1, 132.6
(aromatic Q, 77.2° 76.3 (cage Q, 358 * 312 * 263,239 > 22.1’ 15.3, 15.0, 14.8, 14.4,
143 (Bt and Prv). NMR (96 MHz, CDCI3): s -7.4 (2B), -10.3 (6B), -13.2
(2B). HRMS: m/z Caled for C | 6H34 | | Bs | 3343658. Found: 334.3659.

V-2¢: Method A, yield: 78%. Colorless oil. '"H NMR (400 MHz, cpbci3): d2.60 @’
J =17.6 Hz, 4H, C//2), 2.34 (q,J = 7.6 Hz, 4H, C//2), 1.18 (t,J =7.6 Hz, 6H, C//3),

1.03 ¢4 J= 7.6 Hz, 6H, c¢//3). NMR (100 MHz, CDCI3): § 135.2, 133.9

(diene C), 76.3 (cage Q, 26.3, 22.0, 150 * 148 (Et). "B{'H} NMR (96 MHz, CDCI3) :
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<$ -7.1 (2B), -10.0 (6B), -12.9 (2B). These data arc in well agreement with those

reported in the literature.®™

V-2d: Method A, yield: 30% (70% for the 5 days reacton) for reaction of FV-lla
with V-1d, and 81% for reaction of IV-11d with V-le. white solid. '"H NMR (400
MHz, CDCI3): 5 7.07 (m, 6H), 6.93 (m, 2H), 6.86 (d,J = 6.5 Hz, 2H), (aromatic H),
2.72 (q,J = 7.4 Hz, 2H, ¢//2), 2.12 (q,J = 7.4 Hz, 2H, On)O29  (t,J = 7.4 Hz, 3H,
c//3), 0.76 ¢ > J= 7.4 Hz, 3H, c//3). NMR (100 MHz, CDCI3) : d 1380 °
137.7° 1373 * 1369, 136.3” 133.7 > 1308 > 1296, 127.3° 127.0’ 126.7 (aromatic Q,
76.2, 74.6 (cage Q, 26.4, 23.3, 14.9’ 13.8 (Et). NMR (96 MHz, CDCI3): d
-6.9 (2B), -10.2 (5B), -12.8 (3B). HRMS: m/z Calcd for C22H30'*B8"'B2": 402.3345.
Found: 402.3347.

V-2e: Method B, yield : 20%. White solid. 'H NMR (400 MHz, CDCI3): 6 3.83 (s,
su, ¢//3),3.82 (s, 3u, ¢//3),2.69 (4,7 = 7.4 Hz, 2H, c/[2),2.37 (q,J = 7.4 Hz, 2H,
C//2), 1.22 (t,J = 7.4 Hz, 3H, C//3), 1.01 (t, J = 7.4 Hz, 3H, C//3). NMR
(100 MHz, CDCI3): S 166.7, 163.8 (COsMe), 143.3, 136.2, 129.5, 128.3 (aromatic Q,
69.1 (cage Q, 53.0, 52.9 (OCH3), 26.7, 229 > 146 *> 139 (CH. and CH3). "B{'H}
NMR (96 MHz, CDCI3): 5 -6.0 (1B), -6.7 (IB), -9.8 (2B), -11.2 (2B), -12.9 (4B).
HRMS: m/z caled for CuHze”Bs'*BzO/: 366.2829. Found: 366.2833.

V-2g: Method A, yield 76%. Colorless crystals. NMR (400 MHz, CDCI3) : b
7.39 (m ° 3H), 7.12 (m ° 2H), (aromatic H), 2.68 (q,J = 7.4 Hz, 2H, C//.), 2.42 (q,J =
7.4 Hz, 2H, c//2), 1.66 (s, 31, c//3), 1.25 (,7 = 7,4 vz, 3H, om~1 1.07 (1,7 = 7.4
Hz,3H, ¢//3). NMR (75 MHz, CDCI3) : b 138.4” 136.2° 134.3’ 130.3, 130.1 °
128.1° 128.0 (aromatic C), 75.8, 74.7 (cage Q, 26.3” 22.6, 18.2, 14.9’ 14.0 @‘Q and
CH3). "B{iH} NMR (96 MHz, CDCI3): d -7.1 (2B), -10.3 (5B), -13.0 (3B). HRMS:

m/z calcd for CwHsg”Bs'~*: 340.3205. Found: 340.3189.
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V-2h: Method A, yield: method A, 81%; method B, 21%. White solid. NMR
(400 MHz, cpcz) = S 7.38 (m, 3H), 7.16 (m, 2H), (aromatic H), 2.68 (q,J = 7.4 Hz,
2H, C//2). 2.40 (q,J = 7.4 Hz, 2H, C//2), 2.01 (q,J = 7.4 Hz, 2H, CH2), 125 (t,J =
7.4 Hz, 3H, CHiX 1.08 (t,J = 7.4 Hz, 3H, C/Zj), 0.84 (t, J = 7.4 Hz, 3H, C//j).
"C{IH} NMR (100 MHz, CDCI3): d 137.6, 137.2> 135.9, 134.3 * 133.7, 130.4, 128 0’
127.7 (aromatic Q, 758 ° 74.7 (cage Q, 26.4, 23.8, 22.0, 15.0, 14.8 (CH2 and CH3).

NMR (96 MHz, CDCI3): d -8.1 (2B), -11.2 (5B), -14.0 (3B). HRMS: m/;
calcd for CisHso”Bs'"": 354.3345. Found: 354.3340.

V2h > - Method B, yield, 41%. White solid. NMR (400 MHz, CDCI3): § 7.37 (m,
3H), 7.09 (m, 2H), 2.62 (q,J = 7.4 Hz, 21,( Ui 2.44(q,J = 7.4 Hz [ 21€//2), 1.99
(q,J = 7.4 Hz, 2H, C//2), 1.20 (t,J = 7.4 Hz, 3H, C//3), 0.86 (t,J = 7.4 Hz, 3H, C//3),
0.70 (t, J = 7.4 Hz, 3H * C/3). NMR (100 MHz, CDCB) . 6 1382 1374
136.0, 134.8, 133.8, 129.3, 128.1, 127.4 (aromatic and dienyl Q, 75.8 (cage Q, 27.3,
26.2,23.1, 148 * 143, 13.7 (CH2 and CH3). "B{'H}'NMR (128 MHz, CDCI3): d -6.4
(2B), -9.4 (5B), -12.2 (3B). HRMS: m/z calcd for CisHao”'Bs' *: 354.3345. Found:
354.3334.

V-2i: Method A, yield 83%. Colorless oil. 'H NMR (400 MHz, CDCb): S 7.38 (m,

3H), 7.14 (m, 2H), (aromatic //), 2.67 (q,J = 7.4 Hz, 2H, C//2), 2.37 (q,J = 7.4 Hz,
2H, ¢//2), 1.92 (m, 2H, ¢//2), 1.25 (t,] = 7.4 Hz, 3H, ¢//3) , 118 (m, 2H, C//2), 1.08
(m, 2H, 0/2), 1.06 (t,J = 7.4 Hz, 3H, C//3), 0.70 (t,J = 7.2 Hz, 3H, C//3).
NMR (75 MHz, CDCI3): d 137.6, 136.9, 1348 *> 1343* 133.9° 130.4’ .128.0° 127.7,
(aromatic Q, 75.8, 74.7 (cage Q, 32.6, 305 * 264, 22.8, 22.1° 150 > 147 13.4 (CH2
and CH3). NMR (96 MHz, CDC3) : § -7.2 (2B), -10.4 (5B), -13.1 (3B).
HRMS: /n/Z caled for CzoHjV'BsIOB/: 382.3658. Found: 382.3652.

V-2j: Method A. After column chromatography on silica gel, two isomers were
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obtained in the yield of 71%. After crystallization the analytically pure product of

V-2i was obtained in the yield of 31% as colorless crystals. '"H NMR (400 MHz,

CDCb) . d2.61 (m, 4H, C//2), 1.51 (s, 9H, C//3), 1.40 (m, 2H, C//2), 1.15 (t,J=7.6
Hz, 3H, CH3)’ l.in:m, 2H, CH2), 0.96 (t,J= 7.6-Hz, 6H, C//3), 0.93 (t,J = 7.6 Hz,

3H0)3). NMR (100 MHz, CDCI3): S 141.2, 138.5’ 135.6> 133.5 (aromatic

O, 81.2, 77.6 (cage Q, 39.7 (C(CH3)3)’ 34.3 (CH3), 33.9, 326 * 270, 23.1, 22.8, 15.2,

146 * 139 (H2 and (HR). "B{'H} NMR (96 MHz, CDCb): S -6.4 (IB), -7.9 (IB),

t

-9.8 (2B), -11.6 (3B), -13.0 (3B). HRMS: m/z caled for CuHss'"Bs'"': 362.3971.

Found: 362.3975.

V-2k: Method A. After column chromatography on silica gel, two isomers were
obtainedﬁﬂ the yield of 67%. The pure product was not obtained by recrystallization.
White solid. NMR (400 MHz, CDCI3): § 3.25 (m, IH, CM), 2.57 (q,J = 7.6 Hz,
2H, C//2), 2.35 (q, J = 7.6 Hz, 2H, C//2), 2.03 (s, 3H, C"3)’ 1.30 (d, J = 7.2 Hz, 3H,
C//3), 1.18 (t,J = 7.6 Hz, 6H, C//3), 1.03 (t, J = 7.6 Hz, 3H, C//3). NMR
(100 MHz, CDCI3): d 1389 * 135.1, 134.3° 128.3 (aromatic Q, 75.9 (cage Q, 34.5
(CH), 26.2, 22.0, 20.9, 20.7, 17.0, 147 141 ((H2 and CHR) "B{\H} NMR (96
MHz, CDCI3): 4 -8.1 (2B), -11.0 (6B), -14.3 (2B). HRMS: m/z caled for
C,4H30"B8'"°B2”" 306.3345. Found: 306.3335.

V-21: Method A. After column chromatography on silica gel, two isomers were
obtained in the yield of 33%. The pure product was not obtained by recrystallization.
\yhite solid. 'H NMR (400 MHz, CDCI3): § 2.61 (m, 2H, c¢//2), 2.37 (m, 4H, c//2),
1.38 (m, 2H, ¢//2), 1.96 (s, 3H, ¢//3), 1.18 (t,J = 7.6 Hz, 3H, ¢/[3), 1.02 (1, 1= 7.6
Hz, 3H, c¢//3). NMR (100 MHz, CDCI3): d 135.2, 134.7, 134.5, 134.2, 133.6°
129.3, 128.0 (aromatic Q, 76.1 (cage C), 27.2, 263 * 262,22.6, 22.5, 22.1, 19.2, 159

149 > 148, 145 > 140 > 133 (CH2 and CH3). NMR (96 MHz, CDCB) : 6 -7.9
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(2B), -10.8 (4B), -11.5 (2B), -13.7 (2B). HRMS: m/z calcd for Ci3H28"B8'0B2+:
292.3189. Found: 292.3197.

V-2m: Method A. After column chromatography on silica gel, two isomers were
obtained in the yield of 29%. Colorless oil. 'H NMR (400 MHz, CDCI3): 6 2.59 (m,
02) * 236 (m, 02) » 2.20 (s, 02) » 2.18 (m, ¢//2), 1.96 (s, 3H, c¢//3), 1.79 (m, c//2),
1.55 (m, C//2), 1.40 (mI:I C//2),16 (t, J = 7.2 Hz, C//3), 1.02 (t, J = 7.2 Hz, C//3).

NMR (100 MHz, CDCI3) : b 134.6> 134.5” 134.3, 133.8” 132.2, 129.6, 128.2,
(aromatic Q, 78.7, 785 > 762 * 760 (cage Q, 33.8, 29.7, 288 * 28.1, 278 * 263 ’ 262,
22.5722.2° 19.5, 183 ? 160 * 149, 148 * 145 * 140 * 34 1.0 (CH2 and C[_IB)

NMR (96 MHz, CDCI3): <5 -8.4 (2B), -11.4 (5B), -14.2 (3B). HRMS: m/; caled for
Ci8H34"B8il_| B3#%8.3658. Found: 358.3655.'

V-2n: Method A, yield 21%. White solid. NMR (400 MHz, CDCI3): b 7.37 (m,
3H), 7.11 (m, 2H), (aromatic H) * 2.78 (s, 2H, c//2), 2.66 (q, J = 7.6 Hz, 2H, c//2),
2.63 (q,J=7.6 Hz, 2H, C//2), 2.01 (s, 60, CH3), 126 (t, 1= 7.6 Hz, 3H, C//3), 1.08
(t, J = 7.6 Hz, 3H, 0/3). 13C{1H} NMR (75 MHz, CDCI3) : d 137.2, 137.0, 136.9,

J_\_‘135.0 > 131.1, 128.2° 127.5 (aromatic Q, 76.1 > 744 (cage C), 58.2, 4.8 * 26.1, 21.3,
15.1, 14.9 (CH2 and CH3). "B{'H} NMR (96 MHz, CDCI3) : S -6.9 (2B),-10.2 (5B),
-12.9 (3B). HRMS: m/z calcd for Ci9H33iiB8ioB2>r: 383.3611. Found: 383.3619.

V-20: Method A, yield 31%. Colorless oil. ~ NMR (400 MHz, CDCI3): 8 7.39 (m,
3H), 7.18 (m’ 2H), (aromatic H), 3.68 (s, 2H, C//2) » 305 (s, 3H, ¢//3), 2.66 (q, J =
7.4 Hz, 2H, c¢//2),2.47 (q,J = 7.4 Hz, 2H, CH2I 1.25 (t,J = 7.4 Hz, 3H, ¢//3), 1.10
(t,J=7.4 Hz, 3H, C/fa). NMR (100 MHz, CDCI3): d 139.0 > 1374, 136.7,
133.6° 130.7, 130.3, 128.4, 127.6 (aromatic C), 76.2° 74.2 (cage Q, 69.6, 58.0, 26.1,
21.8, 148 > 147 (CH2 and CH3). "B{'H} NMR (96 MHz, CDCI3) : §-6.7 (2B), -10.2

(5B), -12.9 (3B). HRMS: m/; caled for CigHso'"Bs'"O*: 370.3294. Found:
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370.3292.

V-2p: Method A, yield: 35% (The yield was improved to 74% using 2 equiv of
NiCI2(PMe3)2 and 1.5 equiv of PhOCCH2(CH=CH2)). Colorless crystals. 'H NMR
(400 MHz, cpCb) - 8 7.36 (m, 3H), 7.14 (m, 2H), (aromatic //), 5.70 (m, IH), 5.00
(dd,J= 1.6 and 10.4 Hz, IH), 4.73 (dd’ [ ] /=6 and 17.3 Hz, IH) (vinyl H), 2.74 (m,
2H, 0/2) > 2.68 (q,J = 7.4 Hz, 2H, C[/2),2.36 (q.J = 7.4 Hz, 2H, C/[2), 1.25 (1, J =
7.4 Hz, 3H, ¢//3), 1.06 (t"= 7.4 Hz, 3H, ¢"3). "C{'H} NMR (75 MHz, CDCI3): §
137.5, 137.1, 136.1 * 1359, 134.0, 131.6, 130.0, 128,2, 127.6, 115.6 (aromatic and
olifmic C), 75.9, 74.6 (cage Q, 34.4, 26.3, 223 > 149, 14.8 (CH2 and C[_Ig), "B{'H}
NMR (96 MHz, CDCI3): § -7.0 (2B),.-10.2 (5B), -12.9 (3B). HRMS: m/z calcd for
e | | B | @+ 366.3345. Found: 366.3345:

V-2q: Method A, yield 83%. White solid. NMR (400 muz[1JCDCI3) 5 7.07 (m,
6H), 6.94 (m, 2H), 6.85 (d, J= 8.0 Hz, 2H), (aromatic H), 2.63 (m, 2H, c//2), 2.03
(m, 2H, C//2), 1.67 (m, 2H, C//2), 1.48 (m, 2H, C//2), 1.14 (m L 2n L cm0),(¢,7 =
7.2 Hz, 3H, €//3),0.97 (m, 2H, ¢//2), 0.62 (t, J = 7.2 Hz, 3H, ¢/[3). N MR
(75 MHz, CDCI3): S 1381 7 1379 ° 1373, 136.0, 132.5° 130.8, 129.6, 127.3, 127.0,
126.7 (aromatic Q, 76.4, 74.7 (cage Q, 33.5,32.6° 31.3, 300 > 231 > 225 7 138 * 133
(Bu"). "B{iH} NMR (96 MHz, CDCIg): <$-7.6 (2B),-10.9 (5B),~-13.4 (3B). HRMS:
m/z caled for C20H34"B8[ | 7B26:8.3971. Found: 458.3966.

V-2r: Method A, yield 85%. White solid. '"H NMR (400 MHz, CDCb) . 5737 (m,

3H), 7.01 (m, 2H), (aromatic H), 2.53 (m, onl] CH2.93 (m, 2H, c//2), 1.84 (s, 3H,

C//3), 1.53 (m,,2H ] CH1144 (m, 2H, C//2),1.06 (m, 2H, C//2), 0.95 (1, 7.2 Hz,
6H, c//3), 0.63 (t,y=7.2 Hz, 3H, c¢//3). NMR (75 MHz, CDCI3) : S 139.1,
135.5, 133.5, 1323 * 1314, 1288 > 1283, 127.3 (aromatic C), 77.2, 75.9 (cage Q,

33Kk2, 325 * 312,30.0, 23.1, 22,6, 21.1, 13.7° 13.3 (CH2 and (HR). NMR (96
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MHz, CDCb): d -7.0 (2B), -10.3 (5B), -12.8 (3B). HRMS: m/z caled for
QIHUB [ ° B+ 396.3815. Found: 396.3805.

4s: Method A, yield 81%. White solid.[ ] MIMR (400 MHz, CDCI3): § 7.35 (m,

3H), 7.06 (m, 2H), (aromatic H), 2.51 (m, 2H, c//2), 2.19 (m, 2H, ¢//2), 1.90 (s, 3H,
c//3), 1.53 (m, 2H, CH2, 1.44 (m, 2H, C[[2), 1.28 (m, 2H, CHj), 1.04 (m, 9H, CH2
and CH3), 0.64 (t,J = 7.3 Hz, 6H, ¢//3), 0.61 (t, J = 7.2 Hz, 3H, QH".
NMR (75 MHz, CDCI3): § 1382 ° 136.2, 136.1, 133.7> 132.5, 129.4, 1280 *> 1274
(aromatic C), 770 > 760 (cage Q, 34.0, 333 * 325,316 * 312,298 * 23.1, 22.6, 13.7,
13.3 (CH2 and CH3). "B{'H} NMR (96 MHz, CDCI3): d -7.2 (2B), -10.2 (5B),-12.9
(3B). HRMS: m/z calcd for C24H42"B8'®B2" 438.4284. Found: 438.4277.

V-2t: Method A, yield 80%. White solid. '"H NMR (400 MHz, CDCI}): S 7.39 (m,
3H), 7.08 (d, J = 8.0 Hz, 2H), (aromatic H), 2.62 (q’J = 7.6 Hz, 2H, ¢//2), 2.18 (t, 7
=8.0 Hz, 2H, 022) > 2.01 (q,J = 7.4 Hz, 2H, ¢//2), 1.29 (m, 2H, ¢//2), 1.20 (t, J =
7.4 Hz, 3H, C/fa), 1.03 (m, 2H, c¢//2), 0.69 (t, J = 7.4 Hz, 3H, C//3), 0.65 ([ 1= 7.6
Hz, 3H, C"3). NMR (75 MHz, CDCI}): 8 138.2, 136.5, 135.9, 134.7, 133.8,
129.4, 1280 * 1274 (aromatic Q, 76.8" 76.0 (cage Q, 340 > 31.7, 26.2, 231 > 227 °
149 ° 137 ? 133 (CH2 and CH3). "B{'H} NMR (96 MHz, CDCB) . d-7.1 (2B), -10.2
(5B), -12.9 (3B). HRMS: m/z calcd for C20H34"B8'°B2*: 382.3658. Found: 382.3645.

V-2u: Method A, yield 36% (Reaction for 5 days improved the yield t073%).
Colorless crystals. NMR (300 MHz, CDCI3): d 7.40 (m, 6H), 7.15 (d, J = 8.0 Hz,
2H), 7.09 (d,J = 8.0 Hz, 2H), (aromatic H), 2.31 (ra, 2H, ¢//2), 1.38 (m, 2H, c//2),
1.19 (s, 3H, 0/3) > 1.10 (@ 7 = 7.2 Hz, 2H, ¢//2), 0.69 (t, J = 7.2 Hz, 3H, c/[3).

NMR (75 MHz, CDCI3) : d 1384 > 1379 * 137.7 135.9, 133.5, 130.5, 1302’
130.0 > 1294, 128.8” 128.4, 128.1° 127.7° 127.5 (aromatic C), 75.7, 75.3 (cage Q,

34.0, 319 > 22,7, 20.6, 13.3(CH2 and CH3). NMR (96 MHz, CDCB) : S-6.8
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(2B), -10.1 (5B),-12.6 (3B). HRMS: mJz caled for C23H32"BSil | B24:6.3502. Found:
416.3487.

V-2v: Method A, yield 77%. White solid. ~ NMR (400 MHz, CDCI3): b 7.39 (m,
3H), 7.07 (d,] = 8.0 Hz, 2H), (aromatic //) > 8 (t,] = 6.6 Hz, 2u > CH2),2.63 (q,
=7.4 Hz, 2H, ¢//2), 2.36 (m, 2H, c//2), 2.01 (q,J=7.4 Hz, 2H, c//2), 1.76 (m, 2H,
0/2), 1.19 (t,J =7.4 Hz, 3H, ¢//3),0.70 (tdv 7.4 uz, 31, ¢//3). NMR (75
MHz, CDCB) : 4 1378 * 1370, 135.5, 134.5, 133.7° 129.1, 128.3, 127.7 (aromatic Q,
76.8, 75.5 (cage Q, 44.2,32.2, 319 > 263 23.1, 148 * 137 (FR and (AR} "B{[] 1}
NMR (96 MHz, CDCI3): § -6.9 (2B), -10.2 (5B), -12.9 (3B). HRMS: m/z calcd for
C,9H3i"B8'%Cr + 402.3112. Found: 402.3119.

V-2w: Method B, yield 53%. Colorless crystals. NMR (400 MHz, CDCI3) : b
2.63 (q,J=7.4 Hz, 2H, c//2), 2.40 (m, 2H), 2.34 (m, 2H), 1.40 (m, 2H), (C//Z), 1.21
(m, SH, Cth + C//3),0.96 (m, 6H), (Cf/3), 0.41 (s, 9H, TMS). NMR (100
MHz, CDCI3): d 147.3> 1384 * 1355, 133.5 (dienyl Q, 784 * 78.1 (cage C), 34.0,
33.6, 26.8 22.9, 21.8, 15.1, 148 * 139 (CH2 and CI_IB), 4.6 (TMS). "B{'H} NMR (96

MHz, CDCI3): 8 -8.2 (2B), -10.2 (2B), -11.7 (3B), -13.7 (3B). HRMS: m/; calcd for
i

Ci7H38"B8il ] B2S878.3740. Found: 378.3727.

V-2x: Method B, yield 59%. Colorless crystals. 'H NMR (400 MHz, CDCI3) : d
7.34 (m, 3H), 7.06 (m, 2H), 2.61 (q. ] = 7.4 Hz, 2H, C/[2), 1.84 (q. ] = 7.4 Hz, 2H,
0/2), 1.20 (t, ] = 7.4 Hz, 30> C//3), 0.69 (t. ] = 7.4 Hz, 3H, ¢//3), -0.10 (s, 9H,
TMS). NMR (100 MHz, CDCI3) : S 1485 * 1399, 138.8, 137.3, 133.2° 130.1,
.127.9’ 127.8 (aromatic and dienyl Q, 78.8* 77.6 (cage Q, 26.7> 22.7 * 146, 14.0 (CI‘]Z
and CH3), 3.8 (TMS). "B{'H} NMR (128 MHzDCDCI}) S -8.2 (2B), -10.4 (2B),
-12.0 (3B), -13.9 (3B). HRMS: m/z calcd for Ci9H34"B:B2Si+: 398.3427. Found:

398.3419. ]



V-2y: Method B, yield 44%. White solid. '"H NMR (400 MHz, CDCI3): §2.47 (m,
4H), 220 (m L 2H)L59 (m, 4H), 1.35 (ra, 4H), (C//2), 1.00 (t, J = 7.4 Hz, 6H,
C//j), 098 (t, J = 7.4 Hz, 6H, O/j). NMR (100 MHz, CDCI3): 8 134.1,
132.8 (dienyl Q, 76.4 (cage Q, 35.8” 31.4, 239 * 238 ’ 144 143 ((]‘]Z and G‘I}l
"B{iH} NMR (128 MHz, CDCI3) : §-8.5 (2B),-11.3 (6B),-14.2 (3B). These data are
in agreement with the literature.

Preparation of 1-ICH(CH=CH2)=C(Et)I-1,2-C2B,0oH,, (V-3). To a suspension of
1’2-[QArC(Et):C(Et)D -1 * 2-C2BioH{@V-1la) (89 mg, 0.20 mmol) in toluene (10
mL) was added NiCI2(PMe3)2 (62 mg, 0.21 mmol, 97%). The mixture was heated to
reflux for 2 days. Then the reaction mixture was concentrated and subjected to
column chromatography on silica gel to give V-3 as a white solid ( 21 mg, 57%). 'H
NMR (400 MHz, CDCI3): @ 6.51 (m, 1H), 6.25 (d[J# 8.0 Hz, 1H), 5.41 (m, 2H),
(vinyl H), 3.78 (brs, TH, cage CH), 2.36 (q, 7.6 Hz, 2H, ¢//2), 1.08 (t [ rze Hz,
2H, ¢//3). "C{iH} NMR (100 MHz, CDCI3): 4 135.9, 132.1, 131.3, 12222, (vinyl O,
78.4, 59.8, (cage Q, 24.5 * 142 (CH2 and CH3). "8{ > n} NMR (96 MHz, CDCI3) : §
-2.7 (IB), -4.4 (IB), -9.2 (2B), -11.2 (4B), -13.2 (2B). HRMS: m/; calcd for
[C8Hil ] "B8il| B2V2HIH): 222.24" found: 222.2396. /

Preparation of 1,2-[(dppe)NiQI*C(Ph)1-1,2-C2BioHio (V-4). A suspension o f [
1,2-[Cp2Zr€(Ph)=C(Ph)]-1,2-C2B,0oHio (IV-11d) (108 mg, 0.20 mmol) and
NiClZ(prpe) (110 mg, 0.21 mmol) in toluene (10 mL) was heated to reflux for 24 h
with stirring. The mixture was filtrated to yield a brown solution. The product V-4
was isolated as light brown crystals after standing the solution for 2 days at room
temperature (120 mg, 69%). I H NMR (300 MHz, pyridine-~/s): 8 8.09 (m I:l I1H}.66
(m, IH), 7.54 (m, IH), 7.46 (m, 6H), 7.30 (m, 12H), 7.22 (m, IH), 7.12 (t,J=7.5 Hz,

2H), 7.02 (m D IH§,93 (m, IH), 6.69 (d,J = 7.5 Hz, IH), 6.61 (t,J = 7.5 Hz, 2H),
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6.52 (m, IH) (aromatic H), 2.31 (t, ] = 4.2 Hz, 4H, c//2). NMR (75 MHz,
pyn'dine—t/S)I S 164.5° 147.3> 139.7, 138.3* 138.2, 138.1 > 1342, 134.1, 133.9* 132.8,
132.6, 132.5, 132.4, 131.0, 130.2, 120.8. 128.4, 128.3 - 126.9, 126.7, 126.5.126.2,
125.7, 125.6 (aromatic and olefmic Q, 904 > 747 (cage Q, 23.7 (CH2). "B{'H}
NMR (96 MHz, pyridine-t/s) : S -1.7 (3B), -4.7 (2B), -7.5 (4B), -10.3 (IB).

NMR (121 MHz, pyn'dine—c/s) - S-53.94’ <Q =2.4 Hz), 44.6 (d,J=2.4 Hz),-11.1 (s).
IR (KBr, am* [):v 2563 (BH), 1595 (C=C). Anal. Calecd for C49H3B | -
(V-4+toluene): C, 67.67; H, 6.03. Found: C, 67.41; H, 5.95.

Preparation of Naphthalocarboranes V-6al| V-@ind V-6c. To a solution of
IV-11/13 (0.40 mmol) in THF (15 mL) was added 1,2-diiodidebenzene or
ortho-iodo-bromobenzene (0.41 mmol), HMPA (215 mg, 1.20 mmol) and CuCl (80
mg, 0.80 mmol). The mixture was heated to reflux for 24 h. The resulting suspension
was treatfed with HCI (3.0 M b mL), and extracted with ether twice (30 mL x 2).
The combined organic solutions were washed with a saturated NaCl aqueous solution
and then dried over anhydrous Na2S04. After filtration and concentration, the crude
product was purified by chromatography on silica gel using hexane as elute to afford
V-6 as colorless crystals. X-ray-quality crystals of V-6a were grown from a hexane
solution.

v-6a: yield 83%. colorless crystals. 'H NMR (300 MHz, CDCI3): S 7.69 (dd, ] =
1.2 and 7.8 Hz, IH), 7.54 (d, ] = 7.8 Hz, TH), 7.46 (m, IH), 7.40 (m, IH) (phenyl),
2.71 (m, 4H, CH2X 1.28 (t,J = 7.2 Hz, 3H, CH3), 1.18 (t,] = 7.2 Hz, 3H, C//3).
"C{IH} NMR (75 MHz, CDCI3): d 134.0, 1323 ° 131.5, 1295 * 1282 * 1277’
U5.7(aromatic Q, 75.0, 72.7 (cage C), 267 *> 216’ 14.6, 13.8 (Et). "B{'H} NMR (96
MHz, CDCB): d -6.5 (2B), -8.7 (2B), -11.4 (6B). HRMS: m/; calcd for

CmH24"B81[ | B300.2876. Found: 300.2875.
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v-6b: yield 85%. colorless crystals. ! ¥x NMR (300 MHz, CDCI3): S 7.68 (dd, ] =
1.2 Hz and 7.5 Hz, IH), 7.50 (ml:l2H7)37 (m, 1H)(Ph), 2.61 (m, 4H), 1.63 (m, 4H),
1.06 (t, J = 7.2 Hz, 6H, C//3). NMR (75 MHz, CDCI3): S 133.3, 131.4,
1309 > 1294 > 1282 * 1280° 125.8 (aromatic Q, 75.1” 72.7 (cage Q, 36.1, 30.6” 23.5
22.6, 14.3, 14.2. "B{'H} NMR (96 MHz, CDCI3): S -6.6 (2B), -9.0 (2B),-11.6 (6B).
HRMS: m/z calcd for CigHzs"'Bs''Bj*: 328.3189. Found: 328.3186.

v-6¢: yield 85%. colorless crystals. '"H NMR (300 MHz, CDCI3): 3 7.68 (dd, ] =
1.2 and 7.5 Hz, IH), 7.48 (m, 3H), 7.34 (m, IH), 7.26 (m, IH), 7.14 (m, 2H), 6.71 (m,
IH) (Ph), 2.44 (m, 2H), 1.41 (m, 2H), 1.11 (m, 2H), 0.69 (t, ] = 7.2 Hz, 6H, ¢/[3).
13C{1H} NMR (75 MHz, CDCI3) : d 137.1” 1352 > 1344, 1308 > 1296, 129.1, 128.7,
128.4, 127.8, 127.7 (aromatic Q, 75.0, 73.3 (cage Q, 34.0,31.8, 22.7, 13.3. "B{'H}
NMR (96 MHz, CDCI3): d -6.2 (2B), -8.9 (2B), -11.2 (6B). HRMS: m/; caled for
C20H28"B8'%" 376.3189. Found: 376.3192.

Preparation of |(Et)C=C(Et)C6H2(Et)C=C(Et)I-(1,2-C2B,0H,0)2 v-8). To a
solution of rV-lla (89 mg, 0.20 mmol) in THF (15 mL) was added
1,2,4,5-tetraiodidebenzene (59 mg, 0.10 mmol), HMPA (121 mg, 0.68 mmbl) and
CuCl (45 mg, 0.45 mmol). The mixture was heated to reflux for 24h. Using the same
workup procedures as V-6, V-8 (30 rag) were obtained as colorless crystals in 57%
isolated yield. “"H NMR (400 MHz, CDCI3) : d 7.88 (s, IH), 7.67 (s, IH), 2.69 (m,
8H), 1.25 (t,J = 7.6 Hz, 3H), 1.21 (t,J] = 7.6 Hz, 3H). NMR (75 MHz,
CDCI3): d 136.1, 1314 > 1311, 1286, 1279 * 1230, 74.4’ 71.4 (cage Q, 26.9, 21.7,
14.6 13.7. "B{'H} NMR (96 MHz, CDCI3) : d -6.0 (6B), -8.7 (4B), -11.2 (10B).
HRMS: m/z calcd for C22H42"Bi6 I ~B/: 522.5287. Found: 522.5284.

Preparation of 1i;i-[(R*)C=C(R")I-1>C2B,oH,0 (V-9). To a suspension of

rV-11/11 (0.20' mmol) in toluene was added Cu(0Tf)2 (73 mg, 0.20 mmol). The
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mixture was stirred at room temperature for 48 hours. After removal of the
precipitate (Cu) by filtration and the solvent in vacuum, the crude product was
purified by flash chromatography on silica gel using hexane as elute to give V-9.

V-9a: Colorless oil. (24 mg, 55%). '"HNMR (300 MHz, CDCI3): d 2.03 (q,J = 7.5
Hz, 4H, C/6) > 1.03 (I, J = 7.5 Hz, 6H, ¢//3). NMR (75 MHz, CDCI3): §
1449 (C=C), 74.6 (cage C), 20.7, 10.3 (Et). "B{'H} NMR (96 MHz, CDC3) : 6
7.6 (2B), -0.4 (2B), -11.5 (2B), -16.3 (4B). HRMS: m/; caled for C8H2[ | "B8il | B2+:
224.2563. Found: 224.2561.

V-9b: Colorless oil. (34 mg, 43%). '"H NMR (400 MHz, CDCI3): § 1.95 (t,J = 7.5
Hz, 4H, CH2), 1.48 (m, 4H), 0.94 (t,J=7.5 Hz, 6H, ¢//3). "C{'H} NMR (100 MHz,
CDCI3) : § 144.7 (C=C), 75.0 (cage Q, 29.3, 192 * 139 (Pr). "B{'H} NMR (96 MHz,
cnciz) - d 80 (2B), 0.1 (2B), -11.0 (2B) * -159 (4B). HRMS: m/; caled for
C,0H24"B8'®B2": 252.2876. Found: 252.2864.

V-9¢: Colorless oil. (34 mg, 75%). 'H NMR (400 MHz, CDCI3): d 1.96 (t,J=7.2
Hz, 4H, c¢//2), 1.39 (m, 8H, ¢//2), 0.92 (t’ L 72 Hz, 6H, c//3). NMR (100
MHz, CDCI3) : § 144.6 (C=C), 75.0 (cage C), 29.7, 27.8, 27.0, 22.4, 13.6 (Bu).

NMR (96 MHz, CDCb): d 7.7 (2B), -0.1 (2B),'-11.2 (2B), -16.1 (4B).
HRMS: m/z caled for CizHzs" Eg'~*: 280.3189. Found: 280.3200.

V-9d: Colorless crystals. (52 mg, 81%). 'H NMR (300 MHz, CDCR) : S 7.48 (m,
4H), 7.41 (m, 6H). NMR (75 MHz, CDCI3) : d 1389 * 130.1’ 129.7 > 129.1,
126.0 (C=C and phenyl Q, 73.9 (cage Q. "B[H} NMR (96 MHz, CDCI3): <5 7.6
(2B), 1.1 (2B), -10.7 (2B), -14.6 (4B). HRMS: m/z calecd for CieHjo"'Bs"Bz':
320.22563. Found: 320.2565.

V-9e: Colorless crystals. (34 mg, 65%). 'H NMR (400 MHz, CDCI3) : d 7.40(m,

3H), 7.19(m, 2H), 2.00 (s, 3H). "C{'H} NMR (100 MHz, CDCI3): 8§ 141.1 *> 1387
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(C=Q, 129.4, 129.1 > 1290, 125.5 (phenyl C), 75.2, 73.9 (cage (), 14.3. "B{'H}
NMR (96 MHz, CDCI3) : b 8.1 (2B), 0.9 (2B), -10.6 (2B), -15.3 (4B) These data arc
in agreement with the reported.

V-9f: Colorless crystals. (47 nig’ 78%). 'H NMR (300 MH/*> CDCI3): * 7.43(m,
3H), 7.21(m, 2H) (phenyl //), 2.41 (t, J = Il Hz, 2H), 1 61(m, 2H), 1 49(m, 2H)
«//2), 1.00 (t, J = 7.2 Hz, 3H, ¢//3). ""C{'H} NMR (75 MHz, CDCI3): 6 143.5,
140.3 (C=C), 129.5, 129.1, 129.0, 125 6 (phenyl Q, 74.6, 73.7 (cage Q, 28,8, 27.9°
22.7, 13.7. NMR (96 MHz, CDCI3): s 7.9 (2B) > 0.8 (2B), -10 8 (2B), -15 1
(4B). HRMS: m/z calcd for CuH24"B8'®B2 - 300.2876. Found: 300.2877.

V-9g: Colorless crystals. (53 mg, 88%). 'H NMR (400 mu-[0CDCI3)42.06 (1 [ &
7.2 Hz, 2H), 1.43 (m, 4H) (C//2), 0.94 (t,J = 7.2 Hz, 3H, ¢//3), 0il (s, 9H, TMS)
"C{'H} NMR (100 MHz, CDCI3): b 161 9, 150.1 (OC), 78.5, 75 1 (cage O’ 30.0,
28.0, 22.4, 13.7 (Bu), -2.2 (TMS). "B{'H} NMR (96 MHz, CDCR3) : * 7,9 (2B), 14
(IB), -0.4 (IB), -10.4 (2B), -14.9 (4B). HRMS: miz caled for C,,H28"B8'%Si'":
296.2958. Found: 296.2943.

V—gT Colorless crystals. Reaction for 10 days afforded V-11h (45 mg) in 71%
isolated yield. 'H NMR (400 MHz, CDCI3): b 7.40 (m, 3H), 7.22 (m, 2H) (phenyl H),
0.25 (s, 9H, TMS). '"C{'H} NMR (100 MHz, CDCI3) : b 148.3, 130.2, 129.0, 127 9,
126.0 (C=C and phenyl Q, 75.2 (cage Q, -1.9 (TMS). "*B{'H} NMR (128 MHz,
CDCI3) : <5 6.5 (2B), 0.6 (IB), -1.0 (IB),-11.7 (2B),-15.5 (4B). HRMS: mil calcd for
C,3H24"B8'%Sr + 316.2645. Found: 316.2645.

V-9i: White solid. (57 mg, 89%). [ H NMR (400 MHz, CDCI3): b 740 (m, 3H)’
7.22 (ra’ 2H) (phenyl //), 3.63 (t, J = 6.0 Hz, 2H), 2.59 (t, J = 7.2 Hz, 2H), 2.06 @’
2H) «//2). NMR (100 MHz, CDCI3) : 6 142.0, 141.0, 129.5, 129.1, 1258

(C=C and phenyl Q, 74.2, 73.5 (cage C), 43.8, 28.5” 26.1. "B{'H} NMR (128 MHz,



CDCb): § 7.2 (2B), 0.3 (2B), -11.3 (2B), -15.7 (4B). HRMS; m/; calcd for
CuHzi*'Sg'"Cr - 320.2329. Found: 320.2326.

V-9j: White solid. (14 mg, 24%). '"H NMR (400 MHz, CDCI3): § 7.41 (m, 3H),
7.24 (ill, 2H) (phenyl H\ 4.10 (s, 2H, C//2), 3.40 (s > 3H,CH") "C{'H} NMR (100
MHz, CDCB) : 6 144.2, 138.4> 130.0 > 129.1, 128 6, 126.5 ((W and phenyl Q, 73 8,
73.3 (cage Q, 66.2 (CHj), 59.2 (¢//3). "B{'H} NMR (96 MHz, CDCI3): § 7 7 (2B),
0.8 2B) ’ -108 (2B)’ -15.2 (4B). HRMS: m/z calcd for Ci2H2()"B:B2Cr: 288.2512.
Found: 288.2510.

Preparation of 1-[HC(R")=C(R")1-1,2-C2B,0H,, (V-LO/V-10"). A typical
procedure is described as follows A toluene suspension (20 mL) of IV-11/13,
prepared from the reaction of 1-153 (1.00 mmol) and IV-10/12 (2.00 mmol), was
treated with aqueous HCI (10 mL, IM) at room temperature. The organic layer was
separated and the aqueous solution was extracted with ethyl ether (20 mL x 2). The
organic portions were combined and dried over anhydrous Na”SQOj After filtration
and removal of the solvent, the residue was subjected to flash column chromatograph
on silica gel to give V-10/V-10,.

V-10a: Colorless oil (170 mg, 75%). 'H NMR (400 MHz, CDCI3): § 5.70 (1, J =
7.2 Hz, IH, olifinic H), 3.74 (brs, TH, cage CM), 2.22 q *> J = 7.6 Hz, 2H, C/Zj), 2.08
(m, 2H, C//2), 1.03 (ra, su JCH3)C{'H} NMR (100 MHz, cpci3) : S 135.6, 134.0
(olefinic C), 78.7° 60.1 (cage C), 24.0’ 21.8 * 138 13.5 (Et). "B{'H} NMR (96 MHz,
CDCI3): S -3.5 (IB), -5.6 (IB), -10.1 (2B), *12.0 (4B), -14.0 (2B) HRMS: m/z calcd
for C8H22"B8"2' * 226.2719. Found: 226.2714.

V-10b: Colorless oil (196 mg, 77%). 'H NMR (400 MHz, CDCI3) : 6 5.75 (t, J =
7.2 Hz, IH, olifinic H)’ 3.72 (brs, IH, cage CH), 2 13 (m, 2H), 2.05 (q, J = 7.2 Hz,

2H), 1.43 (m Ld2H0//2), 0.94 (m, 6H, ¢//3). "C{'H} NMR (100 MHz. CDCI3):
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134.8° 133.0 (olefinic C), 790 *> 602 (cagc Q, 33.0, 306 °> 223, 222, 140, 13.7.
"B{'H} NMR (96 MHz, CDCh)  §-3.1 (IB), -5,1 (IB), -9.6 (2B), -11.4 (4B), -13 5
(2B). HRMS: m/zcaJed for C,OH26"B8""B2": 254.3032. Found: 254.3029.

V-10c: Colorless oil (214mg, 76%). 'H NMR (400 MHz, CDCh): S 5.73 7.2
Hz, IH, olifinic H), 3.72 (brs, IH, cage CH), 2.14 (m, 2H), 2.05 (q, J = 11 H/’ 2H),
1.37 (m L 810//2), 0.95 (m, 6H, ¢//3). NMR (100 MHz, CDCI3) : ~ 134 8,
133.0 (olefinic Q, 79.1, 60.2 (cage 311 ? 307 > 283, 22.7, 22.3, 13.9, 13.7.
"B{'H} NMR (96 MHz, CDCRB): 6 -3.1 (IB), -5.1 (IB), -9.7 (2B), -11.4 (4B), -13
(2B). HRMS: mil calcd for C,2H30"B8'%": 282.3345. Found: 282.3342

V-10d: White solid (109 mg, 34%). NMR data are identical with those of 111-20

V-10e: Colorless oil (151 mg, 58%). 'H NMR (400 MHz, CDCI3) : b 7.40 (dd, J =
7.2 Hz, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.20 (d,7= 7.2 Hz, 2H) (phenyl //), 6.85(s, 1H,
olefinic //),3.91 (brs, IH, cage CH), 1.97 (s, 3H). NMR (100 MHz, cpci3) -
d 1357, 132.7, 130.6 > | z0 > 18 4, I 27.8(olefinic and phenyl Cl 79.0, 59.2 (cage O,
18.1. "B{'H} NMR (96 MHz, CDCIB) d-4.5 (IB), -6.3 (IB), -10.7 (2B),-12.5 (2B),
-13.3 (2B), -14.9 (2B). HRMS: m/z calecd for CnH20"B8'%*: 260.2563 Found
260.2558.

V-10e,: Colorless oil (15 mg, 6%). 'H NMR (400 MHz, cpct, ) - ~ 7.42(m, 3H),
7.04 (dd, J = 8.0 Hz and 2.0 Hz, 2H) (phenyl H), 6.27 (q, 7 = 6,8 Hz, 1H, olcfinic H),
3.23 (brs, 1H, cage C//), 1.43 (d’J =6 8 Hz,3H). NMR (100 MHz, CDCR):
6 135.6, 135.2, 131.9, 129.2, 129.0, 128.6, 127.9 (olcfinic and phenyl O, 77.5, 58.5
(cage O, 15.6. "B{'H} NMR (96 MHz, CDCb): <5 -4.2 (IB) » 54 (IB), -9.5 (2B),
-11.0 (2B) ’ -130 (2B), -14.3 (2B). HRMS: m/z calcd for Ci,H20"B8'°B2': 260.2563

Found: 260.2553.

V-10f: Colorless oil (162 mg, 59%). 'H NMR (400 MHz, CDCI3) : & 7.39 (m, 2H),
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7.32 (m, IH), 7.22 (d, J = 7.2 Hz, 2H) (phenyl //), 6.78 (s, IH, olefmic), 3.88 (brs,
IH, cage C//), 2.37 (q,J=7 6 Hz, 2H, ¢"2) > 120 (t,J= 7.6 Hz, 3H, Cfh) "C{'H}
NMR (100 MHz, CDCB) : S 136.7° 135.5, 133.4> 128.5, 128 4, 127 9(olcfimc and
phenyl C) * 788, 60.0 (cage Q, 24.4> 14.5 (Et). "B{'H} NMR (96 mi » CDCI3) : 6
-5.9 (IB), -7.5 (IB), -12.3 (2B), -14.4 (4B), -16.4 (2B), HRMS: m/z calcd for
Ci2H22"B810b/: 274.2719. Found: 274.2716.

VAOr - Colorless oil (19 mg, 7%). 'H NMR (400 MHz, CDCL): S 7.40 (m, 3H),
704 (dd, J = 4.4 and 2.4 Hz, 2H) (phenyl //), 6.17 (t, J = 7.6 Hz, IH, olefmic H),
3.21 (brs, IH, cage CH), 1.75 (m, 2H, c¢//2), 0.90 (1,7= 7.2 Hz, 3H, C//3).

NMR (100 MHz, CDCI) : b 138.7, 135.6, 133.8 * 129.1, 129 0, 128 5 (olefmic and
phenyl Q, 58.5 (cage O, 233 ° 134 (Et). "B{'H} NMR (96 MHz, CDCI3): S -6.5

(IB), -7.8 (IB), -11.9 (2B), -13.4 (2B), -15.4 (2B), -16 7(2B). HRMS: m/; calcd for

C,2H22"B8'%'": 274.2719. Found: 274.2705.

V-10g: Colorless oil (196 mg, 65%). NMR (400 MHz, CDCl,): $ 742 (dd’ J =
7.2 Hz, 2H), 7.35 (dd, J = 7.2 Hz, IH), 7.23 (d, J = 7.2 Hz, 2H) (Ph), 6 81 (s, IH,
olefmic //), 3.89 (bre, IH, cage CM), 2.33 (t, J = 8.0 Hz, 2H), 1,58 (m, 2H, ¢//2),
1.38 (m, 2H), 0.95 (¢ [=] 7.4 Hz, 3H). NMR (100 MHz, CDCIR) : § 135.6°
133.6> 128.4° 127.9 (olcfinic and phenyl Q, 79.0, 60.3 (cage Q, 31.6, 31.2, 22 6,
13.6. "B{'H} NMR (96 MHz, CDCI3): S -5.6 (IB), -7.3 (IB),-12 1 (2B),-13.9 (4B),
-16.0 (2B). HRMS: m/z calcd for Ci4H26"B8"'B2": 302.3032. Found: 302.3025.

Vi0g ° - Colorless oil (15 mg, 5%). 'H NMR (400 MHz, CDCI3): S 7.41 (m, 3H),
7.03 (dd,J = 7.2 and 2.4 Hz, 2H), (phenyl H) ’ 6.17 (t, J = 7.2 Hz, 1H, olefmic H),
3.20 (brs, IH, cage C//), 1.73 (m, 2H), 1.29 (m, 2H), 1.21 (m, 2H) «//2), 0.82 (t,7 =
7.2 Hz, 3H, c//3). NMR (100 MHz, CDCI3): S 137.6" 135.7, 134.1, 129.2,

128.9, 128.5 (olefmic and phenyl C) > 584 (cage Q, 30.1, 29.5, 22.1, 13.8 ("Bu).
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"B{'H> NMR (96 MHz, CDCI3) : 6 -6.J(1B), -7.6 (IB),-11.6 (2B),-13.1 (2B),-15.1
(2B), -16.5 (2B). HRMS: m/z calcd for C,4H26"B8""B2": 302.3032. Found: 302.3033.

V-10h: White solid (152 mg @%). 'H NMR (400 MHz, CDCI3): S 7 86 (dd, J =
7.2 and 1.0 Hz, 2H), 7.49 (m, 2H), 7.42 (m, 6H) (phenyl H\ 7.20 (s, IH, olefinic H),
4.30 (brs, IH, cage CM). "C{'H} NMR (100 MHz, CDCI3): d 140.3> 134.4, 131.5,
129.9, 129.6 ° 1294, 128.7, 128.5, 121.5, 114.9 (olefinic and phenyl Q, 99.8, 84.4,
75.2 * 58.7(« and cage C). "B{'"H} NMR (96 MHz, CDCI3) : §-3.3 (IB), -4.8 (IB),
-9.0 (2B), -11.0 (4B), -13.6 (2B). HRMS: m/z calcd for CirHzz~'Bs'~': 346.2719.
Found: “6.2707.

ViOh > - While solid (104 mg, 30%). '"H NMR (400 MHz, CDCI3): S 7.47 (m, 3H),
“7.23 (m, 5HX 7.03 (dd,7= 7.8 and 1.2 Hz, 2H) (phenyl H), 6.38 (s, IH * olefinic H),
3.36 (brs, IH, cage CM). NMR (75 MHz, CDCI3): S 145.0, 135.6, 1315~
129.1, 1289 ° 1288, 128.2, 122.2, 116.4 (olefinic and phenyl Q, 97.6, 85.6, 76.1,
58.4 (C=C and cage Q "B{'H} NMR (96 MHz, CDCI3): S -3.5 (2B), -8.6 (2B),
-10.4 (2B), -12.7 (2B), -13.6 (2B). HRMS: m/z calcd for C,8H22"Bk'%*: 346.2719.
Found: 346.2712.

V-10i: White solid (140 mg, 51%). NMR (300MHz, CDCI3): S 721 (d,y=7.8

Hz, 2H), 7.11 (d’ 2H,J=7.8 Hz, 2H) (phenyl //), 6.81 (s [] I1olefinic /), 3.91 (brs,

IH, cage CM). 2.32 (s, 3H), 1.98 (s [L1310//3). "C{'"H} NMR (75 MH/. CDC3) : §

137.7 - 132.7 - 132.6. 120.8. 120.c0. ms  (olefinic and phenyl C), ».. 92 (cage Q,

o=
=)

21.2, 18.1 (CHa). NMR (96 MHz, CDCI3) : §-3.2 (B) * -50 (IB), -9.5 (2B),
-11.3 (4B)’ -13.6 (2B). HRMS: m/z caled for Ci2H22"BJ_\_‘B2+: 274.2719. Found:
>74.2712.

VIO >+ White solid (22 mg, 8%). 'H NMR (300 MHz, CDCI3): 3 7.21 {4, J = 7.8
Hz, 2H), 6.92 (d [ 7.8 Hz, 2H) (phenyl //), 6.24 (q, J = 6.9 Hz, TH ] olefinid,
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3.21(brs, IH, cage C//), 2.37 (s, 3H), 142 (d, J = 6.9 Hz, 3H) (C//3). NMR
(75 MHz, CDCI3): d 1384 ° 1350, 132.4, 131.7, 129.7, 129.0 (olefmic and phenyl Q,
774> 58.4 (cage Q, 21.1, 15.7 (CTI3). "B{'H} NMR (96 MHz > CDCI3): <5-3 8 (IB),
-5.1 (IB), -9.0 (2B), -10.5 (2B>, -12.6 (2B), -13.9 (2B). HRMS: m/z calcd for
fi2H22"B:B2+: 274.2719. Found: 274.2718.

V-10j: White solid (211 mg, 71%). 'H NMR (300 MHz, CDCI3) : b 5.71 (s, IH,
olefmic H), 3.75 (brs, IH, cage CH), 2.24 (m, 2H, C//2), 1.46 (m, 4H, c//2), 0.95 (t,
3H,J= 7.2 HzDC"3)0213 (s, 9H, TMS). ""C{'H} NMR (100 MHz, CDCI3): 149.4,
133.3 (olefmic Q, 79.5, 60.4 (cage C), 35.5, 32.7 * 230, 13.7 ("Bu), -0.3 (TMXS).
"B{'H} NMR (96 MHz, CDCU): S -3.4 (IB), -5.0 (IB), -9.8 (2B),-11.7 (4B), -13.8
(2B). HRMS: m/z calcd for ICnHjo”Bs'~Si - CH3I + 283.2880. Found: 283.2882.

V-10k: White solid*( 105 mg, 33%). NMR (300 MHz, CDCI3) : 6 7.37 (m, 3H)’
7.08 (m ] 2Hphenyl //), 6.34 (s, IH, olefmic H), 3.19 (brs, IH, cage CM), -0.25 (s[]
9H, TMS). NMR (100 MHz, cpcis) : S 138.2, 137.4 ° 130.77 129.3, 128.8,
128.5 (olefmic and phenyl Q, 78.7’ 58.1 (cage Q, -0.9 (TMS). NMR (96
MHz, CDCI3): s -4.1 (1B), -5.1 (IB), -9.3 (2B)’ -10.8 (2B), -12.9 (2B), -14.2 (2B).
HRMS: m/z calcd for Ci3H26"B8'%Si': 318.2801. Found: 318.2804.

V-IOI: Colorless oil (50 mg, 21%). 'H NMR (400 MHz, CDCI3): 6 5.85 (s, IH),
5.06 (s, IH), 4.87 (s, IH) (olifinic H ) > (brs, IH, cage CM), 2.29 (q,7= 7.2 Hz,
2H, ¢//2), 2.07 (s, 3H), 1.10 (¢t [J5 7.2 Hz, 3H) «//3). "C{IH} NMR (100 MHz,
CDCI3): 5 141.6, 133.6 > 131.0, 115.7 (olefmic Q, 59.3 (cage Q, the other cage

carbon was not observed, 31.6, 23.2° 14.3 (CH3). "B{ IH} NMR (96 MHz, CDCI3): 6
I

-4.2 (2B),-11.1 (4B), -12.3 (2B), -14.4 (2B). HUMS: m/z calcd for [C9H22”BJA_‘B2-

2H[ ] 236.2563. Found: 236.2566.

V-10m: White solid (235 mg, 73%). '"H NMR (400 MHz, CDCI3): 6 7.37 (m L] 3H),



7.19 (d, 2H,J=7.2 Hz) (phenyl //), 6.86 (s, IH, olefmic//), 3.92 (brs, IH, cage CM),
3.50 (t,J =6.0 Hz, 2H), 2.50 (m, 2H), 2.01 (m, 2H) («//2). "C{'H} NMR (75 MHz,
CDCI3) : § 135.1° 134.5, 134.1’ 1286 128.3, 128.2 (olefmic and phenyl ()’ 78.4,
60.5 (cage Q, 44.4, 31.8 > 290 (CH2). "B[H} NMR (96 MHz, CDCI3): S -2.8 (IB),
-4.4 (IB), -9.3 (2B), -11.4 (4B), -13.3 (2B). HRMS: m/z calcd for CnHzs”"Bs'"Cr:
322.2486. Found: 322.2499.

V-10n: White solid (197 mg, 65%). 'H NMR (400 MHz, CDCI3) : 5 7.38 (m, 3H),
7.29 ( d, 7.6 Hz, IH), 7.14 (d,J= 7.6 Hz, 2H) (phenyl and olifnic //), 5.02 (brs,
IH, cage CM), 3.11 (s, 2H, Oh), 2.04 (s, 6H, CHj). "C{1H} NMR (100 MHz,
CDCI3): 5 1385 > 1354, 1308 » 1286, 128.3, 127.8 (phenyl and olefmic (7), 77 9’
59.0 (cage Q, 57.2 (CH2), 44.7 (CH3). "B{1H} NMR (96 MHz, CDCR) : s -6.5 (2B),
-12.5 (4B), -14.7 (2B), -16.4 (2B). HRMS: m/z calcd for c|[3pmi|[Bs]| B> /:
303.2985. Found: 303.2982.

V-100: Colorless oil. (73 mg, 25%). 'H NMR (300 MHz, cpcis): 5 7.38 (m, 3H),
7.25 (m, 3H) (phenyl and alkenyl H), 4.11 (brs, IH, cage CM), 3.96 (s, 2H, CHZ),
3.28 (s, 3H, CH3). "C{1H} NMR (100 MHz, CDCRR) : 5 140.0° 134.9, 130.4, 128.7,
1286 * 1285 (phenyl and olefmic Q, 776 > 694 (cage Q * 594 (CH.), 57.9 (("3).
"B{1H} NMR (96 MHz, CDCI3) : 6-2.9 (IB), -4.4 (IB), -9.6 (2B),-10.6 (2B), -12.0
(2B), -13.2 (2B). HRMS: m/z caled for Ci2H22"B8'%0': 290 2668. Found:

290.2660.

Vioo > - Colorless oil. (9 mg, 3%). 'H NMR (400 MHz, CDCI3): 6 7.41 (m, 3H),
7.06 (m, 2H) (phenyl //), 6.30 ( * J = 6.2 Hz, 1H, olefmic //), 3.58 (d,y = 6 2 Hz, 2H,
CN2I 3.24 (brs, IH, cage C/f), 3.20 (s, 3H, CZ/j). "C{ IH} NMR (100 MHz, CDCI3) :
6 136.6, 134.6, 133.5 > 129.1, 129.0’ 128.7 (phenyl and olefmic Q, 76.4’ 70.0 (cage

0, 58.3 (CH2), 58.2 (CH3). "B{1H} NMR (96 MHz, CDCI3): 5 -3.5 (IB), -4.4 (IB),



-8.8 (2B),-10.4 (2B),-12.6 (2B)’-13.7 (2B). HRMS: m/z calcd for Ci2H22"B8"'B20'":
290.2"°68. Found: 290.2657.

V-10-A: Colorless crystals (14%). 'H NMR (400 MHz, CDCR3) : 6 7 39 (m, 3H),
7.25 (m, 2H) (phenyl F), 5.18 (s, 2H, ailenyl //), 3.67 (brs, IH, cage CM). "C{1H}
NMR (100 MHz, CDCI3): 6 208.1 (C=C=CH2), 133.2, 129.2, 128.8, 128.7 (phenyl
O, 104.1 (oc=cH2) > 80.3 (COCH2) » 72,9, 59.7 (cage Q "B{1H} NMR (96
MHz, CDCI3) : 5 -3.4 (IB), -5.4 (IB), -9.8 (2B), -12.1 (4B) > -139 (2B). HRMS: m/z
calcd forCnHiV'Bg'*Bs” 258.2406. Found: 258.2405.

V-10p: Colorless oil. (77 mg, 20%). 'H NMR (400 MHz, CDCI3) : 6 7.37 (m, 3H) ,
7.24 (m, 2H), (phenyl //), 6.85 (s, IH, olefinic H), 4.54 (' J = 4.0 Hz, ITHJ ocH),
425 (brs, 1H, cage CH), 3.80 (m, 2H), 3.51 (m, IH), 3.38 (m, IH), 2.45 (m, H) ’
1.86 (m O] 4H1,57 (m, 4H) (C/6). “"C{1H} NMR (100 MHz, CDCI3): 5 135.6, 134 6,
134.2° 128.5, 127.9, (phenyl and olefinic Q, 99.1 (OCH), 79.0° 66.7 (cage C), 62.4,
59.2,30.6, 29.6 * 27.9, 25.3, 19.6 (CH2). "B{ IH} NMR (96 MHz, CDCI3): 5-3.0 (B) °
-4.1 (IB), -8.9 (2B),-10.4 (4B), -13.1 (2B). HRMS: m/z caled forC | &2 | | BakoO
388.3400. Found: 388.3405.

Preparation of 1-(C1(Et)=C(Et)1-1,2-C2B,oHi, (V-lla). To a THF solution (20
mL) of 12 (254 mg’> 1.00 mmol, freshly sublimed) was added IV-lla (89 mg, 0.20

mmol) and CuCl (20 mg, 0.20 mmol) at 0 'C. The mixture was stirred at room

temperature for 24 h. The solution was then treated with a saturated aqueous NazS"O?
solution (10 mL), and extracted with diethyl ether (20 mL x 2). The organic portions
were combined and dried over anhydrous NaaSCX". After filtration and removal of the
solvent, the residue was purified by flash chromatograph on silica gel using hexane
as elute to give V-lla as colorless oil (50 mg, 71%). 'H NMR (400 MHz, CDCI3) : S

5.41 (brs, IH, cage CH), 2.82 (q,] =7.2 Hz L] 21CH2), 2.48 (q,J= 7.2 Hz, 2H, CH)),



1.16 (m, 6H, c//3). NMR (100 MHz, CDCI3): S 1353 > 104.3 (olefinic C),
76.4, 57.9 (cage € ) 7413, 29.6, 14.1 13.6 (Et). "B{ ] INMR (96 MHz, CDCI3): <
-2.6 (2B), -10.0 (6B), -13.4 (2B). HRMS: m/z calcd for CsHj/"Bg'"r . 352.1686.
Found: 352.1684.

Preparation of U-(Cp2Zr(NCPh)C(Et)=C(Et)1-1,2-C2B,oH,0 (V-12). To a
suspension, of IV-lla (446 mg, 1.00 mmol) in toluene (20 mL) was added
phenylnitrile (206 mg, 2.0 mmol) * and the mixture was heated to reflux for 24 h. This
resulting clear solution was concentrated to about 5 mL, from which V-12 was

isolated as pale white crystals (505 mg, 92%) after standing overnight. ~ NMR (300

MHz, pyridine-i/s) © §7.85 (’J= 7.8 Hz, 2H), 7.56 (tX_= 7.8 Hz, IH), 7.44 (dd, J
7.8 Hz, 2H) (phenyl H), 6.19 (s, 10H, Cp), 2.34 (q,J= 7.5 Hz, 2H, C//"), 1.95 (q,J =
7.2 Hz, 2H, C[[2), 1.21 (t, J = 7.5 Hz, 3H, C") * 1.11 (t, J = 7.2 Hz, 3H, OH3).
NMR (100 MHz, pyridine-cyj): d 190.8, 142.4 (olefinic), 133.9, 132.0, 129.1,
109.9’ 107.9 (aromatic Q, 125.1 (CN), 111.0 (Cp), 93.7, 89.9 (cage Q, 28.1, 210’
14.8, 13.1(Et). "B{iH} NMR (128 MHz, pyridine-*/!): S -2.2 (2B), -5.4 (3B), -8.6
(3B), -10.3 (2B). IR (KBrDc‘ﬁn v 2568’ 2545 (BH), 2261(C=N). Anal. Calcd for
C25H35B,0NZr (V-12): C, 54.71; H, 6.43; N, 2.55. Found: C k4l 78; H, 6.27; Nb22.
Preparation of 1,2-{Cp2Zr(NC(2%6'-{Me}2C6H3)IC(Et)=C(Et)}-1,2-C2B,0H,0
(V-13). The complex V-13 was prepared as pale white crystals from the reaction of
rV-1la (446 mg, 1.00 mmol) and 2,6-dimethylphenylisonitrile (262 mg, 2.00 mmol)
in toluene (30 mL) using the similar procedure for V-12 but at room temperature.
Yield: 519 mg (90%). 'H NMR (400 MHz, benzmedz\) - d 6.75 (dd, J = 7.6 Hz’ IH),
6.56 (t,J = 7.6 Hz, 2H) (aromatic H), 5.64 (s, lOHDCS//Q)AO (q, J = 7.4 Hz, 2H,
C//2), 2.10 (s, 6H, C//3), 1.96 (q,J= 7.4 Hz, 2H, C//2), 1.24 (¢’ 7.4 Hz, 3H, C//3),

1.12 (t,J=7.4 Hz, 3H, CHi). NMR (100 MHz, benzenecle) b 187.2, 145.2
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(olefmic O, 135.4, 130.0 (aromatic Q, 108.4 (C5Hs), 96.5, 87.6 (cage C), 304 * 25.7’
18.6’ 15.7, 13.9 (Et). "B{'H} NMR (128 MHz, benzene-"6): S -1.1 (2B), -4.5 (3B),
-7.7 (5B). IR (KBr, cm '): v 2564 (BH), 2169 (C~N). Anal. Calcd for C27H39B,0NZr
(V-13): C, 56.21; H, 6.81; NEB. Found: C, 56.13; H, 6.93; N, 2.09.

Preparation of 1,2-1(2\6'-Me2C6H3N=)CC(Et)=C(Et)I-1,2-C2B,oH,0 (V-14). To
a suspension of FV-lla (45 mg, 0.1 mraol) in toluene (10 mL) was added
2,6-dimethylphenylisonitrile (26 mg, 0.2 mmol), and the mixture was heated to
reflux for 24 h. The resulting dark solution was treated with water (10 mL) and
extracted with diethyl ether (10 mL x 2). The combined organic solutions were
washed with a saturated aqueous NaCl solution and then dried over anhydrous
Na2S04. After filtration and removal of the solvent, the crude product was purified
by chromatography on silica gel using hexane/diethyl ether (10/1 in v/v) as elute to
afford V-14 as a yellow solid (28 mg, 77%). NMR (300 MHz, CDCI3) : §6.97 (m,
3H, C6//3), 2.35 (m, 4H, c¢//2) » 206 (s, 6H, ¢//3), 1.22 (t, 7.8 Hz, 3H, c¢//3), 1.12
(t, J= 7.8 Hz, 3H, ¢//3). NMR (75 MHz, CDCI3): 6 157.6, 150.4> 144.8,
144.7° 127.2, 126.0° 124.3, (olefmic and aromatic Q, 794 °> 70.1 (cage Q, 21.3, 18 9’
18.3° 132 » 129 (CH2 and CH3). "B{'H} NMR (128 MHz, CDCI3): § -2.7 (IB), -2.0
(1B), -6.4 (IB), -10.2 (3B), -12.5 (2B), -16.0 (2B). HRMS: m/z caled for
gHIB ] ° B2 355.3298. Found: 355.3300.

Preparation of 1,2-|(R")C=C(R")-(Ph)CH-CH2)I-1,2-C2B,oH,0 (VI-2) and
1,2-I(R*)C=C(R")-CH2-CH("BU)1-U-C2B,0H,0 (VI-3). Compounds VI-2 and VI-3
were prepared from the reaction of 1V-2a/3a (0.20 mmol) with alkyne (0.60 mmol)
in the presence of NiCI2(PMe3)2 (62 rag, 0.20 mmol) in toluene (10 mL) at 110 *C
for 2 d in a closed vessel. After standard workup, the pure product was obtained by

column chromatography on silica gel using hexane as eluent.
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VI-2a: White solid (19 mg, 29%). 'H NMR (400 MHz, CDCI3): S 7.34 (m, 2H),
7.28 (m, I1H), 7.09 (d,«/= 8.4 Hz, 2H) (Cs/Zs), 3.70 (m, IH, CH), 2.78 (m, IH), 2.54
(m, 2H), 2.33 (m, IH), 2.22 (m, IH), 1.65 (m L1 1H@//2), 1.16 (t, ] = 7.4 Hz, 3H
c//3), 0.77 (t, J = 7.4 Hz, 3H, C/Zj). NMR (100 MHz, CDCI3) : 6 142.0,
1377 7 1308 > 1288 * 1287, 127.1 (olefmic and aromatic Q, 734 > 692 (cage Q, 42.2,
39.2,255 ° 237 14.8, 12.5 (CH, CH2 and CH3). NMR (128 MHz, CDCB) : 6
.5.3 (IB), -6.5 (2B), -11.8 (4B), -12.8 (3B). HRMS: m/z calcd for C,6H28"B8"'B2"
328.3189. Found: 328.3180.

VI-2b: White solid (25 mg, 32%). 'H NMR (400 MHz, CDCI3) : § 7.34 (m, 2H),
7.27 (m, IH), 7.07 (d,J=8.4 Hz, 2H) (06//5) > 364 (m, IH, CH), 2.77 (m, IH, CH//)’
2.51 (m, 1H,C//H)’2.45 (m, 2H), 2.19 (m, IH), 2.10 (m, IH), 1.63 (m, 2H), 1.39 (ml:l
3H), 1.16 (m, IH), 1.11 (m, 2H) (6C//2), 102 (&, J = 7.0 Hz, 3H, CH3, 0.72 (t,7 =
7.0 Hz, 3H, C/f3). "C{'H} NMR (100 MHz, CDCI3) : § 142.1° 136.6, 130.0’ 128.8,
128.7, 127.1 (olefmic and aromatic Q, 736 ’ 693 (cage Q, 42.8, 39.3’ 32.5° 32.4°
30.4, 300 > 229, 22.3, 13.8, 13.7 (CH, CHj and (]_13). '"B{'H} NMR (128 MHz,
CDCR) : d -4.4 (2B), -5.5 (2B), -10.8 (4B), -11.2 (2B). HRMS: m/z caled for
C20H36"B&'°B2" 384.3815. Found: 384.3815.

Vl1-3a: Colorless oil (41 mg, 66%). '"H NMR (400 MHz, CDCI3) : b 2.42 (m, IH,
C//), 2.30 (m, 1H) * 26 (m L 1H),2.15(@H), 2.03 (m, 28 L1 cN7s (m, 2H), 141
(m, 4H), 1.23 (m, IH) «//2), 1.07 (= 7.5 Hz, 3H, c//3), 1.00 (t,J - 7.5 Hz, 3H,
c//3), 0.94 (t,J = 7.2 Hz, 3H, c¢//3). "C{'H} NMR (100 MHz, CDCI3): d 1352 °’
128.4 (C=C), 769 * 762 (cage Q, 38.7° 35.9° 32.2, 29.5, 24.8, 22.5, 146 * 139, 124
(CH, CHz2 and CH3). "B{'H} NMR (128 MHz, CDCI3): <5 -4.1 (3B), -10.8 (3B),
-11.2 (4B). HRMS: m/z caled forcum | [ B | ° B+ 308.3502. Found: 308.3494.

VI-3b: Colorless oil (42 mg, 63%). NMR (400 MHz, CDCI3) : §2.32 (ra, 2H),
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2.25 (m, IH), 2.14 (m, 2H), 1.98 (m, 2H), 1.75 (m, IH), 1.54 (m, IH), 1.43 (m, 7H),
1.22 (m, TH) (€//2),0.94 (m, 9H, 3¢//3). NMR (100 MHz. CDCI3): 6 134.0 >
127.8 (C=0, 76.3 (cage Q, 38.6, 363 > 359 * 340, 32.7, 29.5” 232 * 225, 209 * 14.1,
13.9, 13.8 (CH, CH2 and CH3). "B{'H} NMR (128 MHz, CDCI3): 4 -5.3 (IB), -6.0
(2B),-12.2 (3B),-12.9 (4B). HRMS: mJz calcd for Ci6H36"B8'%': 336.3815. Found:
336.3818.

VvI-3C - Colorless oil (51 mg, 70%). 'H NMR (400 MHz, CDCI3): b 2.37 (mD 2H,
C//),2.21 (m, 2H), 1.98 (m, 2H) » 176 (m, TH), 1.50 (m, IH), 1.36 (m, 12H), 1.22 m °
IH), 1.23 (m, IH) «//2) 0.94 (m [ 918¢CZ/5). NMR (100 MHz, CDCB) : b
134.1, 127.5 (C=C), 772 * 763 ° (cage C), 387 * 359 ° 341, 32.8, 32.0,31.6, 29.9, 297 °
294 ° 228,22.6,22.5, 14.0° 139 * 13.8 (CH, CH2 and C[‘IB) "B{'H} NMR (96 MHz,

CDCB) : b -4.8 (3B), -11.9 (7B). HRMS: m/z caled for Giv | |8

° & 364.4128.
Found: 364.4121.

VI-3d: white solid (62 mg E%). 'H NMR (400 MHz, CDCI3) : b 7.18 (m, 3H),
7.13 (m I:l 4H).05 (m, IH), 6.93 (m I:l IH6.92 (m, IH) (Ph), 2.80 (m, 2H), 2.57 (dd,

11.0 16.0 Hz, IH, CH//) > 196 (m, TH), 1.58 (m, 5H), 0.98 (t, ] = 7.0 Hz, 3H,

a/3). NMR (100 MHz, CDCI3) : S 141.0, 137.9, 137.1° 132.0, 130.9, 130.8,
127.9° 127.8,127.7, 127.6,127.5, 127.0 (olifinic and phenyl Q, 77.4, 75.2 (cage Q,
393 ? 36.0° 35.6 29.5, 22.5, 13.9 (CH, CH2 and G‘@. "B{'H} NMR (96 MHz,
CDCb): § -4.7 (IB), -5.5 (2B), -12.2 (7B). HRMS: m/z calcd for C22H32"B8"'B2":
404.3502. Found: 404.3497.

Vl1-3e: Colorless oil (33 mg, 48%). 'H NMR (400 MHz, CDCI3): 6 7.36 (m, 3H),
7.11 (m, IH), 7.06 (m, IH) (Ph), 2.54 (m, IH), 2.37 (dd, J = 5.6 and 17Hz, IH,
C//H), 2.17(dd,y= 12 and 17 Hz, 1H,CH//), 1.85 (m ] 1H),46 (s, 3H, ¢//3), 1.45

(m LJ3H),27 (m, IH), 0.96 (t, J = 7.1 Hz, 3H, ¢//3). NMR (100 MHz,



CDCb): § 137.6, 1332 * 1299, 129.8, 128.3, 128.1, 127.8 (C=C and phenyl Q, 770 ’
75.2 (cage Q, 387 ? 360, 34.5> 29.4> 22.5° 22.2’ 13.9 (CH, CH2 and C[‘@. "B{'H}
NMR (128 MHz, CDCI3): § -6.6 (3B)’ -13.3 (7B). HRMS: m/; calcd for
crH3l] "Bs © B2+ 342.3345. Found: 342.3351.

VB> - Colorless oil (15 tng, 22%). '"H NMR (400 MHz, (DCB) - §7.38 (m, 2H),
7.30 (m, IH), 7.07 (m, 2H) (Ph), 2.56 (m, IH), 2.35 (m, IH), 1.84 (m, 5H), 1.41 (m,
4H), 1.20 (m, TH) (C//and ¢//2), 0.91 (t,J=7.0 Hz, 3H, ¢//3). "C{'H} NMR (100
MHz, CDCIg): S 141.7 7 1345 128.5, 127.5, 127.4, 125.5 {C=C and phenyl Q, 776 °
75.9 (cage Q, 39.1 * 360, 35.5° 29.4, 22.5, 19.6, 13.9 (CH, CH2 and C[_IS). "B{VH}
NMR (128 MHz, CDCI}): S -6.0 (3B), -13.1 (7B). HRMS: m/z calcd for
G7H30'B8 [ ° B: 342.3345. Found: 342.3347.

VI-3f: Colorless oil (34 mg, 44%). NMR (400 MHz, CDCI3) : § 7.35 (m, 3H),
7.09 (m, 2H) (Ph), 2.50 (m, IH, CH), 2.40 (dd,J=5.4 and 17.2 Hz, IH, cu//) > 214
(dd,J= 11.6 and 17.2 Hz, lH’C//H) » 186 (m, IH), 1.74 (ra, 2H, c//2), 1.46 (m, 4H),
1.27 (m, 3H), 1.12 (m, 2H) (CH and C//2),0.96 (t,J = 7.0 Hz, 3H, ¢//3),0.77 (t. ] =
7.3 Hz, 3H, C//3). i3C{'H} NMR (100 MHz, CDCIg): S§ 1373 ? 1372° 130.1, 130.0,
129.6> 128.2, 128.0, 127.8 (C=C and phenyl Q, 75.2 (cage Q, 389 * 359 * 352 32.2,
29.8> 295 ° 225 22.3, 139 ° 138 (CH, CH2 and G‘@. "B[H} NMR (128 MHz,
CDCI3) : d -5.9 (3B), -12.6 (7B). HRMS: m/z calcd for C20H36"B8'%": 384.3815
Found: 384.3819.

VI3r - Colorless oil (18 mg, 24%). '"H NMR (400 MHz, CDCI3) : b 7.35 (m, 2H) °
7.30 (m, IH), 7.06 (m, IH) (Ph), 2.51 (m, IH, C//), 2.27 (m, IH), 2.01 (m’ IH), 1.79
(m, TH), 1.42 (m, 6H), 1.20 (m, 2H), 1.13 (m, 2H) (C// and €//2),0.90 ¢’ 1= 6.8 Hz,
3H, ¢//3), 0.69 (t,] = 7.2 Hz, 3H, ¢//3). NMR (100 MHz, CDCI3): b 1417 °

135.9” 130.6, 128.6, 127.3 (C=C and phenyl C), 75.7 (cage Q, 39.1, 36.4, 35.9, 32.2°
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31.8, 29.4° 22.5° 22.4, 13.9, 134 (CH, CH2 and G‘@ "B{'H} NMR (128 MHz,
CDCI3): d -5.0 (IB), -5.8 (2B) > -12.6 (7B). HRMS: m/; calcd for Conjsi’Bs@-ﬁ-
384.3815. Found: 384.3813.

VI-3g: Colorless oil (24 mg, 33%). 'H NMR (400 MHz, CDCI3): S 7.37 (m, 3H),
7.12 (m, 1H),7.06 (m, IH)(Ph), 3.59 (ab, J = 11.8 Hz, 2H, C//2), 2 71 (s, 3H, C//3),
2.69 (dd,7= 5.6 and 17.4 Hz, IH, C//H), 2.50 (m, IH), 2.10 (dd, 7= 11.7 and 17.4
Hz, IH, CH//), 1.85 (m I:I IH).86 (m, IH), 1.49 (m, 6H, CA/2), 0.96 (t, J = 7.0 Hz,
3H, ¢//3). NMR (100 MHz, CDCI3) : § 136.1> 1340 > 1328 * 1299, 129.6,
128.3” 128.1 (C=C and phenyl C), 74.5 (cage )24 » 57.9 (CH30CH2)’ 38.8, 361 °
29.5, 294 ° 225, 13.9 (CH, CH2 and CH3). "B{'H} NMR (128 MHz, CDCI3): 6 -5.4
(IB),-6.4 (2B),-13.1 (7B). HRMS: m/z calcd for C20H36"B8"B2": 372.3451. Found:
372.3445.

VvBe - Colorless oil (13 mg, 24%). '"H NMR (400 MHz, CDCI3): d 7.36 (m, 3n) >
7.22 (m, 2H) (Ph)B.J78 (ab,J= 103 Hz ] 2#/2), 3.19 (s’ 3H, ¢//3), 2.60 (m_] 3H),
1.81 (m, IH), 1.40 (m, 4H), 1.21 (m, IH), 0.90 (t, J = 7.1 Hz, 3H, ¢//3).

NMR (100 MHz, CDCb) : b 1412, 1404, 1283, 128.0, 127.3, 1268 ((°=, and
phenyl Q, 74.4 (cage Q, 70.5, 57.6 (CH30CHz2), 38.8, 35.8, 35.6* 29.7, 29.4, 22.5,
13.8 (CH, CH2 and CH3). "B{'H} NMR (128 MHz, CDCI3): b -5.4 (IB), -6.4 (2B),
-13.1 (7B). HRMS: m/z calcd for Ci9H32"B8I0B20+: 372.3451. Found: 372.3454.

Preparation of [(R")CH.CH(R'"C6H41-1,2-C2B,oH,0 (VI-4a, = Ph, = H;
VI-4b, Ri =3-CF3C6H4 E] H; vi-4c, R' = H. = Bu"). Compounds VI-4a - ¢
were prepared from the reaction of IV-2a, rV-2g or IV-3a (0.20 mmol) with
1,2-diiodobenzene (66 mg, 0.20 mmol) in the presence of CuCl (40 mg, 0.40 mmol)
and HMPA (108 ramg, 0.60 mmol) in THF (10 mL) at reflux for 24 h. Using the

same workup procedures as reported for V-6 gave VI-4a,b,c.



VI-4a: Colorless crystals (97 mg, 30%). '"H NMR (300 MHz, cpcr) < S 7.58 (d,7

=6.9 Hz, IH), 7.41 (m, 3H), 7.24 (m, IH), 7.22 (m, 3H), 6.66 (d, J = 7.8 Hz, IH)
(aromatic//), 4.27 (dd, J = 6.9 and 12.9 Hz, IH, CM), 3.11 (m, 2H, c//2).
NMR (75 MHz, CDCI3): § 141.1, 134.9, 131.2, 129.2, 129.1° 129.0’ 1289 * 1277 *
127.6, 127.4 (aromatic Q, 72.3, 70.5 (cage Q, 43.4 (CH) > 39.1 (CH2). "B{'H}
NMR (96 MHz, CDCI3): 5 -3.4 (1B), -5.4 (1B), -8.8 (4B), -9.9 (2B), -11.2 (2B).
HRMS: m/z calcd for Ci6H22"B8'°B2+: 322.2719. Found: 322.2710.

VI-4b: Colorless crystals (86 mg, 22%). 'H NMR (400 muzLJCDCI3)h 7.64 (m,
2H), 7.55 (t, J = 8.0 Hz, 2W), 7.47 (s, 1H), 7.39 (d, J = 7.7 Hz, 1H), 7.30 (dd, 7=7.7
Hz, IH), 7.21 (m, IH), 6.59 (d, J= 8.0 Hz, IH) (aromatic //), 4.36 (dd, J = 6.4 and
13.0 Hz, IH, C//), 2.96 (dd, J = 6.4 and 14.6 Hz, IH, C//H), 2.82 (dd, J = 13.0 and
14.6 Hz, IH, C//H). NMR (75 MHz, CDCI3): d 1422 > 1339 ° 1326 1314°
129.7, 129.2, 128.6 127.9° 127.8, 125.9, 124.8 (aromatic C), 72.1° 70.0 (cage C), 43.4
(CH), 39.1 (CH2). "B{'H} NMR (96 MHz, CDCI3): d -3.8 (IB), -5.8 (IB). -9.2 4B) *
-10.4 (2B), -11.7 (2B). HRMS: m/z caled for CiTHz/'BrB~Fj': 390 2593. Found:
390.2587.

VI4C - Colorless crystals (39 mg, 13%). 'H NMR (300 MHz, cbcB) - b 7.52 (m,
IH), 7.29 (m, 2H), 7.24 (m, IH) (aromatic //), 3.01 (m, IH, C//). 2.69 (m, 2H), 1.86
(m, IH), 1.48 (m, 5H) (C//Z), 0.97 {t,J= 6.9 Hz, 3H, ¢//3). "C{'H} NMR (75 MHz,
CDCh): S 131.7, 131.0, 1292 * 1290, 127.5 (aromatic Q, 776 ° 745 (cage Q, 39.5
(CH), 36.0, 333 > 294, 22.5, 13.9 (CH2 and CH3)- "BA"'H} NMR (96 MHz, CDCRB) :
S -3.7 (IB), -4.9 (IB), -8.6 (IB). -9.6 (IB), -10.2(1B), -11.7 (4B). HRMS: m/; calcd
for aripsm8 | © B2 302.3032. Found: 302.3035.

Preparation of (RCH-CH2)-1,2-C2B,oH,0 (VI 5al R Ph; VI-5b[] ® BiT).

Compounds VI-5a and VI-5b were prepared from the reaction of IV-2a and 1V-3a
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(0.20 mmol) with Cu(OT02 (73 mg, 0.20 mraol) in toluene (10 mL) at room
temperature for 48 h|:| respectivelysing the same workup procedures as reported for
V-11 gave VI-5a and VI-5b.

VI-5a: Colorless crystals (41%). 'H NMR (300 MHz, CDCI3): S 7.41 (m, 3H),
7.12 (m, 2H) (phenyl //), 4.62 (t,J=6.0 Hz, IH, CH), 3.21(d’[ ¥ 6.0 Hz, 2H, c//2).

NMR (75 MHz, CDCI3): S 136.7, 128.7 * 127.6, 126.0 (phenyl Q, 814> 74.4
(cage O, 50.4 (CH), 40.1 (CH and CH2). "B{'H} NMR (96 MHz’ CDCI3): 6 -4.5
(IB), -5.2 (2B), -10.8 (7B). HRMS: m/z calcd for CioHis""Bs'"Bs': 246.2406 Found;
246.2405.

VI-5b: Colorless crystals (44%). '"H NMR (400 MHz, CDCI3): » 3.27 (dd, J =4 4
and 8.4 Hz, IH, CH), 2.89 (dd > J=8.4 and 11.6 Hz, IH, C//H, 2.49 (dd,7=4.4 and
11.6 Hz, TH, CH//), 1.81 (m|:| 2H)63 (m, 2H), 1.33 (m. 3H), 1.17 (m’ IH), 0 91(t,
7 = 6.9 Hz, 3H, CH3). NMR (100 MHz, CDCI3): 6 823 * 746 (cage C) ’ 48.7
(CH), 41.6, 31.4, 28.5, 22.2, 13.8 (CH2 and CH3). "B{'H} NMR (96 MHz, CDCI3):
S -5.0 (3B), -10.5 (7B). HRMS: m/; calcd for [C8H22"B8'% - IHf - 224.2563.
Found: 224.2560.

X-ray Structure Determination. All single crystals were immersed in Paraton-N
oil and sealed under N2 in thin-walled glass capillaries. Data were collected at 293 K
on a Bruker SMART 1000 CCD dififractometer using Mo-Ka radiation. An empirical
absorption correction was applied using the SADABS programD A1l 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. L] For
noncentrosymmetric structures, the appropriate enantiomorph was chosen by refining

Flack's parameter x toward zero....All hydrogen atoms were geometrically fixed
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using the riding model. Crystal data and details of data collection and structure
refinements are given in Appendix II. CIF files arc given in Appendix III in

electronic format.
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Appendix II. Crystal Data and Summary of Data Collection and Refinement

formula

crystal size (mm)

f\V 3

crystal system
space group

a, A

a. dcg
Adeg

r,deg

Z

Arcd, MgW
radiation (A), A
20 rangel ldeg
/z, mm"'

F((X)0)

no. of obsd reflns
no of params refnd
goodness of fit

R1

»VR2

11-5b
CIHACRNAZr
0.50x0 40x0 30
729.0 ‘
orthorhombic
P2{)2{)2{Y)

11 835(2)
15.803(3)

23 401(5)

90

90

90

4376.6(15)

1.106

Mo Ka (0.71073)
4310500

0.400

1536

4294

406

1.006

0.103

0.274

I1-5d

C /2 CINATi
0.50x0.30x0.20
685.7 ¢
tnclinic

Jh

11.513(2)
13.605(2)

14 146(3)

95 11(1)
108.58(1)
1.22(1)

1904.7(6)

11%

Mo Ka (0.71073)
3.1 to 50.0

0.395

732

1 048
0.050

0 117

273

n-5e

0 40x0 30x0 20

444 6

monoclinic

9974(2)

31 110(5)

14.936(3)

90

101 02(1)

90

4549 4(14)

1.298
J

Mo Ker (0 71073)

38t0o 500

0.723

1856

7988

415

0.988

0 049

0.132

11-5f

c Fwrac
0.50x0.40x0 40
568.7
orthorhombic
Phcn

20 524(4)

8 553(2)
16HH1(3)

90

90

X

2963 5(10)

1275

Mo Ka (0 71073)
4 8to 500

0.571

1184

2611

150

0 985

0.049

0116



formula

cryst size (mm)
fw

cryst syst
space group

a, A

b’A

13calcdjs4g/m”
radiation (A), A

20 range, dcg

fi’ mm-1

F(O00)

no. of obsd retins
no. of params rcfnd
goodness of fit

R1

wR2

0.50x0.50x0.40
4854
orthorhombic
Pccti

15 927(4)
11.063(2)

15 906(3)

90

90

90

2802 8(11)

1.150

Mo Ka (0.71073)
4.5 to 56

0.510

1048

3398

132

1.073

0 047

0.124

CjoH"oB IoN4Zr

0.50x0.40x0.30

676.14

monoclinic

P2,/c

10.794(2)

29.126(5)

12.214(2)

90

101 03(1)

90

3769(1)

1192

Mo Ka (0 71073)

2.8 to 50.0

0.318

1432

6644

407

1.059

0.031

0080

274

11-6b
C44HT72BoNAOZr
0.40x1).30x0,20
872.38
monoclmic

SR

20 600 (2)
10.889(1)
21547(2)

90

92 19(1)

90

4829 9(8)

1 200

Mo Ka (0 71073)
2.0 to 56.0

0.265

1848

11672

541

0.987

0,058

0 129

11-6e
CzHizBioN"OZr
0 50x0 40x0 30
588(X)
Mon*>clinic
P2|'c

16.333(2)

9 890(1)

20 157(3)

90

91 06(1)

90

3255.6(7)

12(X)

Mo Ku (0 71073)
40to 560

0.360

1240

7871

343

1 022

0 041

0 105



formula
crystal size (mm)
fw

crystal system
spacc group

a. A

a? deg

Adeg

r.deg

Vi ki

Y4

Doled MgW
radiation (A), A
2 7[“2 range, deg
/z, mm"
/000)

no. of obsd rcflns

no. of params refnd

goodness of fit

R1

HR2

1I-6g
CHAHS6BoNAZr
0.50x0.40x0.30
600.05
inonoclinic
C2/c

17.853(2)
11.837(2)
17.036(2)

90

103.46(1)

90

3501 3(8)

1.138
Mo Ka (0 71073)
*4.2 to 50.0
0.334
1272
3089 *
178
1.0%
0.026

0.068

1I-6h

CigHafeBiolV Zr

0,40x0.30x0.20

686.19

orthorhombic
212

12.383(2)

16.059(3)

20.427(3)

90

90

90

4062(1)

1.122

Mo Ka (0.71073)
3.2 10 56 1

0.297

1464

9807

406

0.998

0.057

0 130

275

I1-6i
CHAHS6BONAT
0 50x0 30x0.20
556.73
monoclinic
c2/¢

18.043(3)

11 732(2)
16.682(3)

90

102.95(1)

90

3441.5(11)

1.074

Mo Ka (0.71073)
4.2 to0 56 1

0.269

1200

4148

177

1053

0.076

0.206

11-6j

0 40x0.30x0.30

687.32
U

Monoclinic
C2/c

17 815(4)
11.853(2)
16 961(3)
90

103 71(1)
90

3479 6(12)

1312

M *a (0.71073)
4.2 to 561

3018

1400

4202

177

1 020

0,023 -

0.057



formula

crystal size (mm)
fw

crystal system
space group

a, A

h’k

cK

a’ deg

N

r’deg

Zz

Jewjed ] Mg/mA
radiation (x), A

26 range, deg

H, min"

HOOO)

no. ofobsd reflns
no. of params refnd
goodness of fit

RJ

wR2

C,4H34]?i0€120er C,61-UB2008Zj

0.40x0 30x0.20
520.63
orthorhombic
F2[] 2] 2]
11 001(2)
13.832(2)

16 716(3)

90

90

90

2543.5(7)

1 360

Mo Ka (0.71073)
3.8t0 561

0.656

1064

6101

271

1037

0.038

0.088

0.50x0.40x0.30

1047 70

monoclinic

PixIc

10 989(3)

30.219(7)

17 541(4)

90

92 04(1)

90

5822(2)

1 195

Mo Ka (0,71073)

2 7to 50.0

0.399

2192

10234

595

1023

0.060

0.142

276

11-6m
C32H64B,006Zr
040x0 30x0.20
74415
monoclinic
P2//n

10 545(2)
23.298(4)
18.315(3)

90

93 49(1)

90

4491(1)

1101

Mo Ka (0 71073)
280500

0.280

1576

7914

442

1 064

0.041

0.110

m /|N2THF
C6,H9%B,0N40,7r
0.50x0.30x0 20
1126.69
Monoclinic
~,/n

21 486(2)

12 487(1)

24 828(2)

90

109 4(XD)

90

6283 1(11)

1 191

Mo Ka (0 71071)
22t0500

0.221

2392

11057

712

1.036

0.062

0.H7



formula .

crystal size (mm)
fw

crystal system
space group

a, A

bA

C,A

a, deg

/i deg

r.deg

»nA'

V4

Demledl | MgW
radiation (A), A
2}\§range ’ deg
HL mm

/~000)

no. of obsd reflns
no. of params refnd
goodness of fit
R1

wR2

111-2
CA6H74BoNAZr
0.50x0.40x0.30
898.41
monoclinic
F20 /n

11 984(1)

21 114(2)
70.507(3)

90

99 44(1)

90

51187(10)

1 166 ‘
Mo Ka (0.71073)
2.8 to 50,0

0252

1904

9017

559

1.059

0.043

0.108

III-
C,7TH«SBoNSZr
0.40x0.30x0.20
779.26
monoclinic

P2 /c

17 135(2)
13.970(2)
18.013(2)

90

97.64(1)

90

4273 5(10)

4

1211

Mo Ka (0.71073)
24 to 56.0
0.290

1648

10328

478

1.019

0.050

0116

277

I-5
C36H7n,0N50Zr
0.40x0.30%0,30
791.31
monoclinic
P2,/n

12 186(2)

21 069(3)
17,956(3)

90

97 37(1)

90

4571.9(12)

1 150

Mo Ka (0 71073)
3.0 to 56.1

0.274

1688

11073

478

0.995

0.063

0 141

II1-7«0.5THF
*0 Stoluene

(52 SH«@BIoNAIO 5
Zr
0.50x040x030
1008 59
Tnclinic

S

10.686(2)
13.291(2)

21 843(3)
8681(1)

88 16(1)
69.05(3)
2892.6(7)

2

1158

Mo Ku (0 71073)
19 to 50 0
0.230

1074

10157

658

1021

0.066

0.172



formula

crystal size (mm)
fw

crystal system
space group

«CA

LN

c,A

a, decg

Adeg

rdeg

Zz

Aricd] MgW
radiation (A), A

2 $R range, deg
Man

F(000)

no. of obsd reflns
no. of params refnd
goodness of fH

Rl

H'R2

II-
GH7OBOHING
0.50x0.40x0.30
813.52
monoclinic
F2\le
21.370(4)
17.528(3)
23.837(4)
90
105.76(1)
90

8593(2)

1258

Mo Ka (0.71073)
2.0 to 50.0

2.456

3360

15134

865

0.99

0.036

0093

ni-9'05THF

CIPHEBIONSOL15
Zr

0.50x0.20x0,20
831 31

orthbrhombic

10.493(1)

21 436(2)

23.573(2)

90

90

90

5302.2(9)

1 041

Mo Ka (0.71073)

2.6 to 50.0

0.239

1760

9346

532

1 049

0088

0.232

110
C/jHvjB.oNiSZr
040x0 30x0.20
915.46
orthorhombic
P2|2.2,

13 597(3)

18 556(4)
23.349(5)

90

90

90

5891(2)

1.032

Mo Ka (0 71073)
2 8 to 56.1

0253

1936

14130

559

0989

0.077

0 196

I-12
C25H"B,oHIN4Sj
0.50x0 40x(U()
763.45
Monoclinic
VAL

12.655(4)

11 085(4)
27.091(9)

90

92.15(1)

90

3798(2)

1 335

Mo Ka (0 71073)
3.0to 500

2 879

1074

6658

379

1.006

0.035

0088



formula

crystal size (mm)
fw

crystal system
space group

all k

hA

c,A

a, deg

Adeg

r.deg

y ’ A0

Z

~ded, Mg/m'
radiation (3 A
2"range > dcg

/], mm '

J7(000)

no. of obsd reflns
no. of params refnd
goodness of fit
R1

wR2

I1-13b

CUHS6BONAS2Zr

0.50x0.40x0.30

664.17
monoclinic

F2,/n
10.470(2)
17,560(3)
21.038(4)

90

99.28(1)

90

3817.5(12)

1.156

Mo Ka (0.71073)
3.0 to 56.1

0.418

1400

9227

370

1.019

0.049

0.114

111-13d
CAHSBHINAS?
0.50x0.40x0.30
751.44
monoclinic
P2,/n
10.469(2)

17 488(4)
20.976(4)

90

99.03(1)

90

3792.9(14)

1.316

Mo Ka (0.71073)
3.0 to 50.0

2.881

1528

6683

370

1.040

0.029

0.074

279

I11-13e

C4H6B,oNAS2Z

0,50x0.40x0.30
757 97
monoclinic
P2,/n

10.461(2)
17.824(3)
21.047(4)

90

100.35(1)

90

3860.4( 11)

1 304
Mo Ka (0.71073)

3.0to 561

.2 191

1544

9285

370

1 005

0.048

0.112

111-14
Ci6H66BONioZr
0.50x0 40x0 30
838 31
monoclinic
Cite

19456(3)
18780(3)
27.717(4)

90

110.39(1)

90

9493(2)

8

1173

Mo Ka (0 71073)
3.1 to 561
0269

3536

11475

514

1.024

0050

0 127



formula

cfystal size (mm)
fw

crystal system
space group
«A

b,k

Dciod, Mg/m'
radiation (X), A
2"range,deg

"

/i, mm
/000)

no. of obsd rcflns
no. of params refnd
goodness of fit

R1

wR?2

III-

ACAH6B,ONTZr

0.50x0.40x0.30

851.29

monoclinic

P2,/¢c

14.092(2)

13,669(2)

24.899(4)

90

96.28(1)

90

4767.4(12)

1186

Mo Ka (0.71073)

2.9to 561

0.267

1784

11493

595

1.015

0.052

0.125

III-

Cs,H8,B.,oN7Zr
0.40x0 30x0.20
993.56

triclinic

F(=1)

14.357(2)
14423(2)
16.948(3)
88.70(1)
77.29(1)
65.85(1)

3115.0(8)

1.059

Mo Ka (0,71073)
2.5 to 50.0
0.213
1056
10910
622

1.053

0.053

0.149

280

111-
CABHMBOCINTZ
r

0.50x0,40x0 30
1054 81
monoclinic

I

21.664(4)

14 105(3)
20.704(4)

90

110 25(1)

90

5935(2)

Mo Ka (0 71073)
2.0to 500

0.358

2208

10454

631

1004

0.072

0 188

I11-16d
C5H«BoHIN7
0 40x0.30x0.20
1080.83
monoclinic
P(-\)

10.339(2)

14 429(2)

17 020(4)

88 54(1)
77.23(1)
65.94(1)

3127 709)

Mo Ka (0 71073)
2.5 1o 50.0

1 704

1120

10979

622

0 964

0049

0 112



formula

crystal size (mm)
fw

crystal system

space group

a, deg
Adeg
r D deg

V,kO

Dciicd” Mg/m'
radiation (a)” A
ZJ/\J\range, deg

/i, mm

AIOQO)

no. of obsd rcflns

no. of params refnd

goodness of fit

R1

wR2

I11-
CJJHKB.OCLJHF
N70
0.40x0.30x0.20
1.214 19
triclinic

n-1)

12.391(4)
17.294(6)
17.849(10)
118.31(1)
10001(1)

100.88(1)

3150(2)

1.280

Mo Ka (0 71073)
2.7 to 50.0
1.824

1248

10986

667

1.039

0.044

0.121

111-17

T

0.50x0.40x0.40
1523 42
triclinic

P{-\)

10.824(2)
14,136(2)
17.222(4)
107.55(1)
92.93(1)
102.88(1)

2429.3(7)

1.041

Mo Ka (0.71073)
3.12 to 50.0
0.677

800

442

0.973

0.049

0.128

111-18

CAHIEBI0CRO2
Zr

0.50x0.40x0 30
626.75
monoclinic
P2,/n

11 897(2)
14014(3)

19 674(4)

920

102 19(1)

90

3206.2(11)

1,298

Mo Ku (0.71073)
3.6 to 56,0

0.531

1280

7744

352

1.018

0.050

0.138

IV-2a
C20H28BoZr
0.40x0.30x0.20
46774
monoclinic
P2,/n
14939(2)
8212(1)
19 487(3)
90
11040(1)
90.

2241 0(6)

1 3%

Mo Ka (0 71073)
30to561
0.497
952
5420

€280
1035
0 035

0086



formula

crystal size (mm)
fw

crystal system
space group

a A

bA

cOa

a, deg

Adcg

r’ dg

Z
Dckd, Mg/m'
radiation (/I), A

2 range, deg

F(000)

no. of obsd rcflns
no. of params rcfnd
goodness of fit

R1

H'R2

1V-2C-0.25
toluene

C21 tjHjqBioCIZf
0.40x0.30x0.20
525.22

tri clinic

P(=1) '
7.973(1)
10.444(2)
31.469(5)
84,83(1)

84 65(1)

7581 [

2523.2(8)

1.383

Mo Ka (0.71073)

1.3 to 56.1

0.552

1066

11911

613

1.030

0.048

0.113

IV-2j

C20H27B1 oFZr

0.40x0.30x0.20

485.74

monoclinic

P2,/c

13.651(6)

8427(4)

20.131(8)

90

102.88(1)

90

2257.5(17)

1429

MoKa (0.71073)

3 1to561

0.502

984

5435

289

0.997

0.052

0.121

IV-2k

C7H32BioSiZr

0.40x0.30x0.20

463.84

monoclinic

P2j/c
11.085(2)

9.066(1)

23.525(4)

90

99.12(1)

90

2334.4(6)

1.320

Mo Ka (0.71073)
35t0561

0.525

952

5596

262

1.046

0.035

0088

1vV-21

C,H40B (Vzr
0.50x0,40x030
666 94
monoclinic
P2,/c
10.662(2)
11.731(2)
28.371(5)

90

94 83(1)

90

3535.8(10)

1253

Mo Ka (0 71073)
2.9to 561

0.379

1372

8541

406

1.033

0.056

0.146



formula
cryst size (mm)
fw
cryst syst
space group
a, A
b,A
c’ A
a’deg
Adeg
r’deg
VA
zZ 0
\
Dcalcd,
radiation (A) A

20 range, deg

F(O0O0)

no. of obsd rcflns

no. of
refnd

param

goodness of fit

R1.

wR2

H v-2in

C4H24BioZr
0.40x0.30x0.30
391.65
monoclinic
F2,/c

11.620(2)
8.158(1)
20.357(3)
90
101.04(1)
90

1894.0(5)

1.373

Mo Ka (0.71073)
4.1 to 50.0

0.573

792

3332

226

1.057

0.031

0.078

1V-3a
CigHjjBioZr
0.40x0.30x0.20
447.76
monoclinic
P2,/n
10.488(2) >
26.632(4)
19.416(3)

90

104.78(1)

90

5243.6(14)

8

1.134

Mo Ka (0.71073)
3.1 to 56.1

0.422

1840

12679

523

0.950

0.079

0.215

IV-3b

C27H,5B,oPZr
0.40x0.30x0.20
589 84
Iriclinic

F-1)
11.725(2)
12.272(2)
12.396(2)
105.27(1)
90.06(1)
118.13(1)
1500.8(4)

2

1.305

Mo Ka (0.71073)
3.4 to 50.0
0.437

604

5269

352

1.023

0.038

0.096

IV-lla
CigHjoBioZr
0.40x0.30x0.20
445.74
monoclinic
C21c
26.251(2)
9.445(1)
18.280(2)
90

105.53(1)
90
4366,9(6)

8

1.356

Mo Ka (0.71073)
3.2 to 56.0'
0.506

1824

5280

262

1.048

0.031

0.078



formula

cryst size (mm)
fw

cryst syst
space group

a’ A

b’A

Dcalcd, Mg/m'
radiation (A), A

20 range, deg

H, mm"

F(O00)

no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

rv-iic
CwHjgBioZr
0.40x0.40x0.30
501.84
monoclinic
P2,/c

15.956(3)
8.313(1)
20.484(3)
90

100.94(1)
90

2667.8(8)

1.249

MoKa (0.71073)
4.0 to 56.0

0.422

1040

6413

298

1.056

0.039

0.100

1V-11d

CjftHjoBioZr

0.40x0.40x0.30
541.82

monoclinic

P2,/n
8.264(1)
19.753(3)
16.705(3)

90

%.54<1)

90

2709.4(8)

1.328

Mo Ka (0.71073)
3.2 to 56.0

0.421

1104

6527

334

1.023

0.039

0.100

284

IV-13a

C2iH28BioZr

0.40x0 30x0.20

479.75

triclinic

F-1)

8938(2)

10478(2)

13.004(2)

91.02(1)

102.78(1)

93,48(1)

1185.0(4)

1.345

Mo Ka (0.71073)

3.2 to 56.2

0.472

488

5643

289

1.038

0.045

0.110

IV.13¢
C24HjBioZr
0.50x0.40x0.30
521 83
tetragonal
F4/n
23.044(1)
23.044(1)
10.426(1)
90

90

90
5536.8(3)

8

1.252
MoKa (0.71073)
3.9 to 50
0.409

2144

4869

316

1.184

0.053

0.155



formula

cryst size (mm)
fw

cryst syst
space group

a, A

b’A

a’deg
Meg

r.deg

Z

Dcalcd, Mg/m'
radiation (A) A

20 range, dcg

" [hm

F(O00)

no. ofobsd reflns
no. of params refnd
goodness of fit

R1

wR2

Iv-13d'l 5
toluene

C38 ShHA2BZr

0.40x0.40x0.30
704.04
Triclinic

P(-1)

11 137(3)
12.012(3)
14.742(3)
83.26(1)
88.17(1)
71.80(1)

1860.5(7)

1.257

MoKa (0.71073)
2.8 to 56.2

0.323

726

8859

460

1.017

0.064

0.156

1vV-13f
CziHjgBioSiZr
0.40x6.40x0.30
517.92
monoclinic
P2,/n
17.400(1)
9.770(2)
19.293(4)
90
110.00(1)
90

2727.6(9)

1.261

Mo Ka (0.71073)
2.8 to 56.0

0.456

1072

6565

298

1.038

0.036

0.089

1V-13g
CijHj"jBioSiZr
0.50x0.4x0,30
537.91

triclinic

n-T)
10.244(1)
1.0.566(2)
14.281(2)
105.07(1)
100.16(1)
109.89(2)
1342.6(3) *
2

1.331

Mo Ka (0.71073)
3.1 to 56.1
0.467

552

6359

1.043
0.045

0.113

IV-13h

CmHsoBioZr

0.50x0.4x0.30

457,75

monoclinic

C2/¢c

26.326(4)

9.445(1)

18.317(3)

90 ‘
A

102.69(1)

90

4443.3(1)

8

1 369

MoKa (0.71073)

3.2 to 50.0

0.499

1872

3913

271

1.030

0.032

0.085



formula

cryst size (mm)
fw

cryst syst
space group

a, A

b’A

c,A

a ’ deg

e

s

r’deg

VA?

z

Dcalcd, Mg/m'
radiation (A), A
20 range, deg

/I, MM"

F(OO0)

no. ofobsd reflns
no. of params rcfnd
goodness of fit
R1

wR2

IV-13i
C30HJ9B1 oPZr
0.50x0.4x0.30
629.90

triciinic

11.227(3)

11.761(3)

13.983(4)

67.01(1)

78.57(1)

74.34(1)

1627.6(8)

1.285

Mo Ka (0.71073)

3.2 to 50.0

0.407

648

5706

379

1.032

0.048

0.132

rv-i3j
CTJHJIBIOCLZR
0.40x0.30x0.20
542.25
Triciinic
JH
10.480(2)
10.630(2)
12.757(2)
74.93(1)
81.51(1)
76.40(1)

1328.1(3)

1.356

Mo Ka (0.71073)
3.3 to 56.1

0.527

552

6295

326

1.012

0.054

0.118

286

1V-13k
CZJHIJJIB.ONZR
0,40x0.30x0.20
522.82
triciinic
P(-1)
10.432(2)
14.015(2)
18.515(3)
90.89(1)
99.70(1)
96.73(1)

2648,2(7)

1.311

Mo Ka (0.71073)
2.2 to 56.0

0.429

1072

12565

631

1.014

0.051

0.117

1vV-131

C22H50B1 OOZR

0.50x0.40x0,30
509.78
triciinic

Jh

9.105(1)
10.434(1)
13.234(2)
91.46(1)
104.86(1)
92.93(1)

1212.6(3)

1.057

Mo Ka (0.71073)
3.2 to 50.0

0.468

520

4247

326

1.057

0.039

0.100



formula

cryst size (mm)
fw

cryst syst
space group

a, A

b,A

c,A

a D deg

"deg
r D deg

z

Dcaled, Mg/m'
radiation (A), A
26 range, deg
H, mm '

F(O00)

no. of obsd refins
no. ofparams refnd
goodness of fit

R1

wR2

IV-13m0.5
toluene

Cji SHMBO0Zr
0.40x0.30x0.20
653.99
triclinic

F -1

10.468(3)
13.040(4)
14.143(5)
91.38(1)
107.33(1)

91.20(1)

1841.7(10)

1.179
J

MoKa (0.71073)
3.0 to 50.0

0.325

678

6447

415

1.052

0.058

0.150

Iv-14
CiiHigBio
0.50x0.40x0.30
258.35
monoclinic
P2,/n
7.904(1)
22.997(4)
8.3407(1)
90
91.34(1)
90

1515.6(4)

1.132

Mo Ka (0.71073)
3.5 to 56.1

0.054

536

3650

190

1.015

0.058

0.155

IvV-15

C,7H2sB,oNZr

0.40x0.30x0.20

442.70

Orthorhombic

Pbca
14.383(3)
14.605(3)
20.451(4)

90

90

90

4295.9(13)

1.369

Mo Ka (0.71073)
4.0 to 56.1

0.515

1792

52045

262

1.036

0.041

0.097

Iv-17
COH29BoNZr
0.50x0.4x0.30
47075
monoclinic
P2,/m
10.490(1)
10.605(2)
11.092(2)
90
109.05(1)
90

1166 5(3)

1.340

MoKa (0.71073)
3.9 to 50.0

0.479

480

2175

160

1.194

0.044

0.116



formula

cryst size (mm)
fw

cryst syst
space group

a, A

b’A

c,A

a, deg

% deg

J 4
vOv

Z

Dcalcd, Mg/m'
radiation (a), A
26 range, deg
H, mm '

F(OO0)

no. ofobsd reflns

no. of params refnd

goodness of fit

R1

wR2

IV-18
C2H27B,oNZr
0.40x0.3x0.10
492.76
monoclinic
P2//m
10.811(3)
10.573(3)
14.089(4)
90
112.16(1)
90

1491.6(7)

1.097

Mo Ka (0.71073)
3.1 to 50.0

0.377

500

2771

172

1.088
0.052

0.134

Iv-19

CisHjsBioNZr

0.40x0.30x0.20
542.81

orthorhombic
Ja
15.571(3)
15.993(3)
10.228(2)

90

90

90

2546.9(8)

1.416

Mo Ka (0.71073)
4.7 to 50.0

0.449

1104

2328

178

1.044

0.031

0.078

288

1v-20

B | oz
0.40x0 30x0.20
522.82
monoclinic

Cc

12.806(1)
28.139(1)
8.488(1)

90

120.85(1)

90

2625.8(1)

[ .32

Mo Ka (0.71073)
4.0 to 56.0

0.433

1072

5335

316

1.014

0.026

0.067

IV-21a
CyHjiBioNZr
0.40x0.30x0.20
522.82
monoclinic
P2,/n
11.020(2)
19.964(3)
13,013(2)
90
111.46(1)
90

2664.2(8)

1.303

MoKa (0.71073)
3.9to 561

0.427

1072

6435

316

1.018

0.052

0.135



formula

crySt size (mm)
fw

cryst syst
space group

a’ A

b’A

Dcalcd, Mg/m'
radiation () A

20 range, deg

fi, "

F(000) U
no. ofobsd reflns
no. of pa rams refnd
goodness of fit

R1

wR2

1vV-23
CjjHjsBioNZr
0.50x0.20x0.20
542.81
monoclinic
Pc
10.375(1)
23.269(3)
11.481(1)
90
108.18(1)
90

2633.3(5)

1.369

Mo Ka (0.71073)
1.7 to 50 6

0.435

1104

11224

667

0.997

0.060

0.100

1V-26
CZiHjiB.oNZr
0.40x0.30x0.20
544.83
triclinic
n-i)
10.584(2)
10.645(2)
14.127(2)
85.39(1)
70.62(1)
61.18(1)

1309.4(4)

1.382

Mo Ka (0.71073)
3.1 to 50.0

0.437

556

4590

334

1.032

0.038

0.097

289

V-2j
CigMjsBio
0.30x0.30x0.20
362.58
triclinic

F D
9.777(2)
10 179(2)
13.111(2)
82.25(1)
81.31(1)
62.98(1)

1145.8(3)

1.051

Mo Ka (0.71073)
3.2t0 49.9

0.052

392

4007

253

1.004

0.065

0.156

V-2o0
CigHjoBioO
0.50x0.40x0.30
370.52
monoclinic
P2,/c
11.337(2)
10.624(2)

19 108(3)
90
106.54(1)
90

2206.0(6)

1116

Mo Ka (0.71073)
3.7 to 50.0

0.059

784

3885

262

1.026

0.052

0.133



formula

crySt size (mm)
fw

cryst syst
space group

a, A

b’A

c,A

a.dcg

Meg

r.deg

V.A'

V4

Dcaled, Mg/m'
radiation (a), A
26 range, deg
" B m"'

F(OO0)

no. of obsd reflns

no. of params refnd

goodness of fit

R1

wR2

V-2p
CisHjoBio
0.40x0.30x0.20
366.53
monoclinic
P2x/c
9.533(2)

18.412(4)

13.318(3)
90

102.60(1)
90

2281.5(8)

V-2u

C3HRBIO

0.40x0.30x0,20

416.59

monoclinic

P2,/n

11.829(2)

16.137(2)

14.117(2)

90

108.30(1)

90

2558.4(7)

1.082

Mo Ka (0.71073)

3.6 to 50.0

0.055

880

4506

298

1.016

0.062

0.159

V-2w
CpHjsBioSi
0.50x0.40x0.30
378.66
hexagonal *
e,

10693(3)
10.693(3)
37.114(11)
90

90

120
3675.1(18)

6

1.027

Mo Ka (0.71073)
4.4 to 50.0
0.097

1224

4322

254

1.066

0.055

0.136

V-2x

COH34BioSi

0.50x0.40x0.30

398.65

monoclinic

F2i/c

13.579(2)

13.033(2)

14.930(2)

90

113.18(1)

90

2428,8(7)

1.090

Mo Ka (0.71073)

3.6 to 50.0

0.101

848

4285

271

1.062

0.054

0.140



formula

cryst size (mm)
fw

cryst syst
space group

a. A

b,A

Dcalcd, MgW
radiation (A), A

20 range, deg

/i, mm"

F(OO0)

no. of obsd reflns
no. of params refnd
goodness of fit

R1

wR2

V-4-toluene

CA9H52BONIP2

0.50x0.40x0.30
869.66
monoclinic

P2,/n
11.068(16)

21.30(3)
20.99(3)

90

90.45(3)

90

4948(13)

1.167

Mo Ka (0.71073)
2.7 to 50.0

0.489

1816

8543

559

1.008

0.058

0.148

Cl4H4BI0
0.40x0.30x0.20
300.43
monoclinic
F2i/c
10.182(2)
17.545(4)
10.182(2)
90
107.19
90

1737.9(6)

Mo Ka (0.71073)
4.2 to 56.2 ¢
0.056

632

4149

217

1.019

0.067

0.159

291

C2HLBX

0.40x0.30x0.20

522.76

triclinic

F

10.735(4)

11.351(4)

14.898(5)

110.22(1)

106.49(1)

98.50(1)

1517.2(10)

1.105

Mo Ka (0.71073)

3.1 to 50.0

0.052

548

5341

379

1.085

0.118

0.347

V-9d
Cla10810
0 40x0.30x0 20
320.42
triclinic
P(-)
9.869(2)
10.739(2)
10,739(2)
75.10
63.66(1)
63.66(1)

911.5(3)

1168

MoKa (0.71073)
4.1 to 50.0

0.058

332

3043

235

1,031

0.046

0.117



formula

cryst size (mm)
fw

cryst syst

space group

a > deg

/f.deg

r’deg

VA?

Z

Dcaled, Mg/W
radiation (a), A

26 range, deg

/i, mm"

F(O00)

no. ofobsd reflns
no. of params rcfnd
goodness of fit
R1

wR2

V-10-A

CiiHigBio

0.40x0.30x0.20

258.35

orthorhombic

Fnaz|
13.128(3)
15.315(4)
7.812(2)

90

90

90

1570.6(6)

1.093

Mo Ka (0.71073)
4.1 to 56.1

0.052

536

36%

198

1.019

0.054

0.135

V-120.5toluene
SoFBOBONZr
0.50x0.40x0.20
594.93
monoclinic
P2,/c
10.230(2
18.885(3)
16.192(3)
90
100.10(1)
90

3079.7(9)

1.283

Mo Ka (0.71073)
3.34 to 56.04
0.378

1228

7418

379

1.035

0.042

0.106

292

CzHjsBioNZr
0.40x0.30x0 10
576.91
triclinic

)

8.217(1)
9.397(1)
21.221 (1)
96.42(1)
95.86(1)
110.43(1)
1508.3(1)

2

1.270

Mo Ka (0.71073)
3.90 to 56.02
0.383

596

7241

352

1.017

0.028

0.070

VI-4a
Ci"HiiBio
0.40x0,30x0 20
322.44

triclinic

7.413(1)
10.265(2)
24 831(4)
83.23(1)
87.53(1)
83.26(1)

1862 7(5)

1 150

Mo Ka (0.71073)
4.9 to 50.0

0.057

672

6299

469

1 067

0.101

0.237



V1-4C VI-5a

formula CurizeBio CiOHigBiO

crySt size (mm) 0.50x0.40x0.30 0.40x0.30x0.20

fw 302.45 246.34

cryst syst triclinic monoclinic

space group n-1) P2,/n

a. A 9.176(1) 9.042(2)

b,A 10.177(1) 14.042(3)

c’A 11.731(1) 11.669(2)

a’ deg iS4.61(1) 90
72.18(1) 98.04(1)

r.deg 71.82(1) 90

V.A' 921.20(9) 1466.9(5)

Z 2 4

Dcalcd, Mg/m” 1.090 1115

radiation (a), A Mo Ka (0.71073) Mo Ko (0.71073)

20 range, deg 3.9 to 50.0 4.6 to 50.0

fi, mm"' 0.053 0.052

F(O00) 320 512

no. ofobsd reflns 3144 2589

no. ofparams rcfnd 217 181

goodness of fit 1.079 ' 1.088

R1 0.090 0.056

wR2 0.275 0.163
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