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Abstract 

This thesis describes the synthesis, structural characterization and reactivities of a 

scries of 13- and 14-vertex carboranes, as well as the corresponding 14- and 15-vcrtex 

metallacarboranes. Several 13-vertex CAd (Carbon-Atoms-Adjaccnt) carboranes 

bearing different C,C'-linkages were synthesized via [12+1] polyhedral expansion 

protocol. These 13-vertex carboranes have unique structural and spectroscopic fea-

tures such as the short cage C-C bonds and the downfield chemical shifts of the cagc 

carbons. The corresponding CAp (Carbon-Atoms-Aparl) 13-vertex carboranes 

1,2-Me2-1 ,2-C2B 11 Hn and 1,12-Me2-1,12-C2B11Hn were prepared via the desilylation 

of //-l，2-Me2Si(CH2)2-l’2-C2BiiHii upon column chromatography on silica gel. 

l’2，Isomer can be converted into the 1,12-isomer upon healing. This result suggests 

that the C,C'-linkage does not have any obvious effects on the stability of 13-vertex 

carboranes. Several 14-vertex CAd 2,3- and 2,8- carboranes were prepared via a [13+11 

protocol from the reaction of 13-vertcx nido-carbomne dianions and HBBr2, or a 

[12+2] protocol from the reaction of CAd 12-vertex arachno-caxbovsinc tetraanions 

with HBBr2. In a similar manner, 2,4-, 2,8- and 2,9-Me2C2Bi2Hi2 were also prepared 

and structurally characterized. A class of CAd and CAp 14-vertcx ruthenacarboranes 

and a 15-vertex ruthenacarborane were synthesized from the reaction of corresponding 

mWocarborane salts with [(^-cymene)RuCl2]2. 
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The 13-vertex CAd carborane 1,2-(CH2)3-1,2-C2B 11H11 underwent cage car-

bon-extrusion reaction with several nucleophiles lo form 2-substitulcd monocarba-

dodecaborate anions 1,2-(CH2)3CH(Nu)-1 -CB,, I l,o',丨，2-(CH2)2CI 丨(NiOCIh-l -

CBiiHio" and 1,2-(CH2)2CH=CH-1 -CB11Hio'. They also underwent cagc boron extru-

sion reactions. 1,2-(CH2V1,2-C2B 11H11 {n = 3，4) reacted with McOH in the prcsencc 

of inorganic or organic base to afford [//-7,8-(CH2)nCHB(OMe)2-7-CB 1 oH 11]' anions, 

which were oxidized to C"-7,8-(CH2)„CHOII-7-CBioHii]' or hydrolyzed to Cw-7,8-

(CH2)«CHB(OH)2-7-CB,OH,I]". 1,2-(CH2)3-1,2-C2BIIH,, rcacted with pyridines, bipy 

or phen to give //-2,4-(CH2)3CHBH(RC5H4N)2-2-CBioH9, 4-(bipy)B-l，2-(CH2),,-l，2-

C2B10H9 or 4-(H2phen)B:l，2-(CH2)/rl，2-C2BioH9，respectively. Reaction of 13-vertex 

、 
CAp carborane 1,12-Me2-1,12-C2B11H11 with MeOII gave 2-substituted CBn* anions 

» 

while 7-substituted C B i f aijion was obtained by treatment with Nail or NaBHq in THR 

On the other hand, treatment of 14-vcrtex c/oso-carboranes 2,3- and 2’8-(CH2)3-

C2B12M12 in MeOH al 70 °C gave the CBn" anions. In the presence of MC3N, the same 

reaction afforded [8,9-(CH2)3-A-n,12-(MeO)BH-8,9-C2BiiHii]', which was con-

verted to the 2,3-isomer of 14-vertex carborane in the presence of acid such as HCl, or 
； 

underwent further deboration to give [8,9-(CH2)3-8,9-C2B 11H12]'. 
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摘 要 

木論文描述了 1 3和 1 4頂點碳硼烧以及相應的 1 4和 1 5頂點金艇碳硼烧的 

合成，結構藥定以及反應性。一些具有籠碳碳原子橋鏈取代基的龍碳碳原子相 
4 

鄰的13頂點碳硼烧通^1丨:12+1]的多面體擴籠反應來合丨礼這些13 m點碳硼烧有 

獨特的站構和波譜性質，比如較短的籠碳碳鍵長以及位於低場的籠碳原子化學 

位移。 l，2 - M c 2 - l , 2 - C 2 B n H n以及相應的籠碳碳原子不相鄰的 1 3頂點碳硼烧 

l,12-Me2-l,12-C2B,,H,,由 /M,2-Me2Si(CH2)2-l，2-C2B|iHn 通過砂膠柱色譜脱砂 

得到。K中�，2-異構體可以在加熱下轉化成1,12-異構體。這個結表明籠碳碳 

橋鏈取代基對 1 3頂點碳•烧的穏定性沒有明顯影擁。一些 1 4顶點籠碳碳相鄰 

的2，3-和2,8-碳硼院通過丨13+1]的反應由�3頂點鳥巢型碳硼烧二價陰離子和二 

溴硼烧來合成。這钱化合物也可以通過[14+2]的反應途徑由12頂點姊/祸型碳硼 

焼 四 價 陰 離 子 和 二 漠 硼 烧 反 應 得 到 。 用 類 似 的 方 法 ， 2 , 4 - � 2 ， 8 - 以 及 

2，9-Me2C2Bi2Hi2也合成出來並得到結構緊定。一些籠碳碳原子相鄰和不相鄰的 

1 4頂點釘雜碳硼烧以及 1 5頂點釘雜碳硼焼由相應的离巢型碳硼院陰離乎•和 

[(p-cymene)RuCl2]2 反應得到。 -

13頂點籠碳碳原子相鄰的碳硼烧1，2-(CH2)3-U-C2BiiH|I和親核試劑反應得 

到籠碳原子擠出的產物一 2 -取代的含一個碳原了•的 1 2頂點碳硼烧陰離子 

1,2-(CH2)3CH(NU)-1-CB,,H,O' � 1,2-(CH2)2CH(Nu)CI h-l - C B n H , o "和 1’2-

(CH2)2CH=CH.l-CBnH,o-. 1 3頂點籠碳碳原子相鄰的碳硼烧也可以發生籠硼原 
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子擠出的反應。i，2-(CH2Vl，2-C2BHllH (n = 3，4)在無機或有機城的存在卜•和甲 

醇反應得到L"-7，8-(CH2),,CHB(OMc)2-7-CBioHur陰離『•，並進-步斌化得到 

|//-7，8-((：1"12)„0^01̂ 7-03丨01~1111-或水解得到丨片7,8- (C1 l2)„CHB(OH)2-7-CB,oHn]； 

l , 2 - ( C H 2 ) 3 - l , 2 - C 2 B n I I i i 相 4 t 晚、聯卩比魄或菲略啉反應得到相應’的 

//-2,4-(CH2)3CIIB1I(RC5H4N)2-2-CBioH9�4-(bipy)B-l,2-(CIl2)„-l,2-C2B,olI9 或者 

4 - ( l l 2 p h e n ) B - : l , 2 - ( C I l 2 V l , 2 - C 2 B , o H 9 � 1 3顶點籠碳碳原子相鄰的碳硼 .院 

l，12-Me2-l，12-C2BnHn和甲醇反應得到2-取代的CBi「陰離子，但和紐化鈉或者 

硼包化鈉在四氣呋喃屮反應得到7 -取代的C B i i•陰離子。 1 4頂點封閉型碳硼烧 

2，3-和2，8-(CH2)3-C2B|2HI2和甲醇在70°C反應得到CBn•陰離子。彳U在三…胺的 

存在下，问樣的反應得到[8，9-(CH2)3-/M U2-(McO)BH-8,9-C2BnHnr�該離子在 

輔 酸 的 作 用 下 得 到 2 , 3 - 位 的 十 四 . 頂 點 碳 硼 烧 ， 或 者 進 一 少 脱 硼 得 到 

f8,9-(CH2)3-8,9-C2B„H,2l-o . 
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Abbreviation 

Ac 

bipy 

br 

Bu 

CAd 

CAp 

COSY 

Cp 

d 

DEPT 

DME 

dppe 

dppen 

DSD 
“ 

EPR 

Et 

Fc 

IIMBC 

HRMS 

nSQC 

L 

Ln 

M 

i 

Acetyl 

2,2'-bipyridine 

Broad . 

Butyl 

Carbon-atoms-adjacent � 

Carbon-atoms-apart 

Correlation spectroscopy (NMR) 

Cyclopentadienyl 

Doublet (NMR) 

Distortionless enhancement by polarization transfer (NMR) 

Dimethoyethane 

PhiPCIhCHzPPhi 
i 

Ph2PClI=CHPPh2 

Diamond-square-diamoiid 

Shows hapticity in 7r-bonding ligands 

Electron paramagnetic resonance 

Ethyl 

Ferrocene 

I leteronuclear multiple bond correlation (NMR) 

High resolution mass spectrometry 

I Icteronuclcar single quantum cohercnce (NMR) 

Generalized ligand, in particular a 2e ligand 

Lanthanide element 

Descriptor for bridging -

VI 



m 

m-

M 

Me . 

MO 

NIIC 

NMR 

Nu, Nu" 

o-

P-

Ph 

PPN 

phcn 

PS 

py 
q 

R 

RTF 

TBAF 

TBDMS 

Tf 

THF 

TMS 

X 

Mulliplet (NMR) 

Meta 

Generalized metal or metal fragment 

Methyl' ‘ 

Molecular Orbital 

yV-heterocyclic carbene 

Nuclear magnetic resonancc 

Generalized nucleophilc 

Ortho 

Para 

Phenyl 

Bis(triphenylphosphine)iminium cation 

1,10-Phenanlhroline 

Proton Sponge恥 

Pyridine 

Quartet (NMR) 

Substitution group, normally an alkyl or aryl group 

Rotation of triangular faces 

Singlet (NMR) 

Triplet (NMR) 

Tetrabutyl ammonium fluoride 

r-Butyldimethylsilyl 

Trifluoromethanesulfonyl 

lelrahydrofiiran 

Trimethylsilyl 

Generally halogen element 
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5a 

5b 

8 

[12a]lNa4-
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[12b)[Na2(18. 
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15 

16 

17a , 

17b 

18b 

18b, 

18b" 

19 
« 

20 

closo-p 1，2-MCCH(CH2)2-】,2-C2B ,OH,O 

c/oAc;-3-Ph-yW-l,2-(CM2CH=CHCl h)-! ,2-C2Bi,M,o 

closo-2>-?\\'H-1，2-(CH=CHCH2CH2)- 1，2-C2B ,,H,o 

1，2-(CI l2)3-1，2-C;B H1110 

closo-n-1，2-(CH2)4- I ,2-C2B ,,H,, 

closo-2>-Uc-fi-1，2-(CH2)4- 1，2-C2B 11111 () 

chso-fi-1,2-MeCH(C 1̂ 2)2-1 ’ 2-C2B ,,M,, 

«/^/O-[7,7'-(CH2CH2)-9,9'-MC2-7,7',9,9'-

(C2B,oIIio)2][Na4(THF)i2] 

^7/Wo-f//-7,8-0(CI 12)2-7,8-C2B9H9I-
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closo-1,2-Me2-1，2-C2B iiHii 

closo-1，1 2-Mc2- 1，12-C2B iiHii 

closo-1 -HOSiMe2CH2-12-Me-1，12-C2B nil, , , 

closo-1，1 ’-0(Me2SiCI l2)2-12,12，-Mc2-

(l,12-C2BnH„)2 

closo-1 -TfOMe2SiCH2-12-Me-1,12-C2B "11" 

c/aw-4-(p-cymene)-//-1，2-(CH2)3-4’ 1，2-RuC2B loH 10 

closo-1-TMSCH2-12-Me-1，12-C2B n H11 
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21a 

21b 

[231 [Na2-

(THF)4| 

I 
[241 [Na2-

(THF)4| 

(251|Na2-

(THF)4l 

[26alINa2-

(THF)4】 

[26b] [Na2-

(THF)4] 

28a 

28b 

29a 

29b 

30a 

30b 

30c 

30d 
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32a 
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c7o.yo-4-(/7-cymene)-1 -TMSCH2-2-Me-
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c-tec^-/^-2,3-Me2Si(CI 12)2-2,3-C2B12II12 

c/avo-/^-2,8-Me2Si(CH2)2-2,8-C2B,2Hi2 

c7o.vc^-//-2,3-(CH2)4-2,3-C2B,2Hi2 

c/asY;-//-2,8-(CH2)4-2,8-C2Bi2H,2 

.CIOSO-2,3-MC2-2,3 -C2B12H12 . 

c/oj:o-2,8-Mc2-2,8-C2B,2Hi2 

c7o.yo-2,4-Me2-2,4-C2Bi2Hi2 

c/avo-2,9-Me2-2,9-C2B ,2H,2 

d o 仍-4-0(CH2)4Br-1，12-Me2-1，12-C2B 丨,H, 0 

c/ayd-l-(p-cymene)-yU-2，3-Me2Si(CH2)2-

l,2,3-RuC2Bi,IIn 

c./aw-l-(/7-cymene)-/^-2，8-Me2Si(CH2)2-

l,2,8-RuC2BnHn 

closo-1 -(/7-cymene)-2,9-Me2-1，2’9-RuC2B u 1111 
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6
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l34aJ[Na2-

(THF)4l • 

34blINa2-

(THF)4] 

35 

136a|lMe3NHl 
• . 

[36b||Me3NH) 

[36i'l[PSHl 

|37)lMe3NHl 

1371IPSH] 
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|38b][Me3NH] 

39 

40a 

40b 

40i 

I40i'][PPN] 

41 

[42][PPN| 

[431[NMe4j 

[43][Na(18-

crown-6)(THF)2l 

/7/Vo-Lu-2,3-Me2Si(Cl 12)2-2,3-C2B,2H,2]-

[Na2(THF)4| 

/7/c/c;-L«-l,2-Me2Si(CIl2)2-l,2-C2B,2lIi2j-

[Na2(THF)4] ^ 

closo-l-(p-cyYnenG)-jLi-1,4-Me2Si(CH2)2- � 

7，1，4-RUC2B 丨 2H 丨 2 

CIOSO-[M- 1，2-(CH2)3CH(OMe)- l-CBnH,o|| MC3NIII 

closo-\p-1，2-(CH2)2CH(()Me)CH2- 1-CBmH,o]-

[MejNH] 

mi/o-[/^-":":7-7，8，10-(Cll2)3CHB(OMe)-

7-CB 丨 oH 丨 o][PSHl 

closo-[M-1 ,2-(CH2)2CH=CH- 1 -CB 11II10] [MeaNM] 

closo-lM-�，2-(CH2)2CH=CH- 1-CB,,H,oJ [PSH] 

closO'lM' 1 ’ 2-(CH2)3CH(OEt)- 1-CB,, II, ()] [MC3NIII 

,2-(CH2)2CH(OEt)CH2-l -CB, ,n,o1-

[MejNH] 

closo-n-1 ’2-(CH2)3CH(N'BuI I2)- l-CB , , I I ,o 

closo-fi-1,2-(CH2)3CH(NEt2H)-1 -CB " 1110 

closo-n-1，2-(CH2)2CH(NEt2H)CH2- 1-CB,ill,0 

mJo-Lu-//:77:A7-7’8，10-(CH2)3pm(Nm2)-

7-CB,oH,oJ[H(NEt2Si|^i 

7-CBioIIioirPPN] 

closo-n-1，2-(CH2)3CH(PPh3)- l-CB,iH,o 

c7oAc;-|;^-l,2-(CIl2)3CHS(4-MeC6H4))-l-CBnH,(,l-

[PPN] 

c / 隱 如 l，2-(CH2)4-l-CBHH|o]|NMe4l 

closo-lM-1，2-(CH2)4- 1-CB,,H,o]-

[Na(18-crown-6)(THF)2] 
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114 
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98 
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Chapter 1. Introduction 

1.1. Carborancs 

Carboranes are boron clusters with at least one carbon atom as part of the polyhe-

dral cage. As the borane analogues, carboranes can be classified as closo、nido-, 

arachno- and hypho- species, depending on the vertices and electron counting of the 

cluster. Generally, the closo- species adopt closed polyhedral structures with all faces 

triangulated. The structures of the latter three types can be viewed as sequential re-

moval of one, two, or three vertices from the closo- one (Figure 1.1).' Of all known 
« 

carboranes, the neutral closo- family with formula C2B„H/j+2 = 3 to 10) are exten-

sively studied.‘ 

More specifically, carboranes refer to the icosahedral ones with formula C2B10H12, 

or their derivatives. Three isomers exist as the cage carbons take up different posi-

tions on the cluster, which are named as ortho- (o-), meta- (m-)，and para- (p_) ac-

cording to the relative positions, or 1,2-, 1,7- and 1,12-, respectively (Figure 1.2). 

The chemistry of o-carboranes has been the most extensively studied’�’]®’]�.]^ owing 

to its commercial availability. 

It is noted that in the following figures and schemes, an open circle in the polyhe-

drons represents a B(H) vertex, a grey circle stands for a boron atom, a black dot is 

for a carbon atom and a small circle with a centered dot is for a bridging hydrogen. If 

a vertex contains an atom other than B and C, the heteroatom is shown explicitly. 

closo- nido- arachno- hypho-

Figure 1.1. Polyhedral framework derived from a 12-vertex icosahedron. 



ortho-

Figure 1,2. Three isomers of C2B10H12. 

meta-

1.1.1. Synthesis ^ 

o-Carboranes have been conveniently synthesized through reaction of alkynes 

with 6,9-BioHi2-L2 (L = R2S, MeCN), or a mixture of decaborane (nido-BIQHI^) and 

Lewis base (L), which can in situ generate the 6,9-BioHi2'L2 (Scheme l.l).* While 

terminal alkynes, give moderate to good results for this purpose, internal alkynes 

usually give low yields or even do not work. A recent development was reported by 
• * 

Sneddon to use biphasic toluene/ionic liquids as solvents, showing a remarkable im-

provement in the isolated yields and reaction time.^ 

Scheme LL Synthesis of o-Carboranes from Reaction of mWo-BioH]4 with Alkynes. 

BmH 10^14 R. 2H2 

The m- or p-carboranes are generally prepared from thermal rearrangement of the 

o-isomers. 0-C2B10H12 rearranges quantitatively to the m-isomer at 465 °C to 500 °C 

in an inert atmosphere (Scheme 1.2).^ The latter compound decomposes above 

600 °C with the formation of /7-carborane as a minor product.? Diamond-square-

diamond (DSD) process, which is developed by Lipscomb, is the most famous and 

• , ft 
widely used to account for the isomerization processes of polyhedral boron clusters. 

/ ‘ 

And for that of the icosahedral carboranes, a cuboctahedral intermediate is proposed 

A 
to be involved (Figure 1.3). However, it cannot simply explain the m- to p- trans-



formation, and several other theories have been advanced, such as mutual rotation of 

pentagonal pyramidal halves of the icosahedral c a g e , ; rotation of triangular faces in 

the icosahedral ground state {RTF),^^ a "modified DSD” involving rotations of trian-

gles in the cuboctahedral intermediates,'^ and a “DSD involving nido- interme-

diate".'^ Earlier experimental or theoretical evidences support an "extended RTF" 

pathway .13 A recent theoretical calculation indicates that from o- to m-C2BioHi2, the 

lowest free energy pathway is via the "extended RTF, mechanism, while from m- to 

/7-C2B10H12, the ""DSD involving nido- intermediate" is p r e f e r r e d . i4 

Scheme 1.2. Thermal Rearrangement of o-Carborane. 

‘ H 

H 
465 - 500。C >600 "C 

DSD DSD 

icosahedron cuboctahedron 

Figure 1.3: DSD rearrangement from o- to m-carborane. 

icosahedron 

The icosahedral framework of carboranes can also be reconstructed from boron 

insertion reaction of 11-vertex w/^/o-carborane dianions and dihaloborane reagents. 

This method was first developed by Hawthorne in 1965 and 3-Ph-l,2-C2BioHii was 

synthesized from [TjS-CiBpHii]^' with PhBCh.'^ It is very useful in the synthesis of 
. - » -

3-substituted o-carboranes from 7,8-C2B9^', or 2-substituted m-carboranes from 7，9， 

C2B92-, which can bear exo- B-C (with alkyl or aryl group), B-X (X = F, Br, I), B-0 
t 

or B-N bonds (Scheme 1.3).'^ “ 



Scheme 1,3, Synthesis of o- or w-Carboranes via Boron Insertion Reaction. 

R^BX^ 

寧 
R2 R^BX 

1.1.2. C-Derivatization 

Replacement of hydrogen(s) on the cage carbon(s) of the carborane by ot^^func-

tionalized groups, especially alkyl or aryl substituents, is most conveniently achieved 

via deprotonation and subsequent nucleophilic substitution. The mildly acidic prop-
、 

erty of o-carborane C-H protons makes the metallation very easy using "BuLi or 
* 

I 

PhLi. However, in solutions the mono-lithio species is in equilibrium with the dili-

thium salt and neutral o-carborane. Thus monosubstitution of the o-carborane via this 

route is problematic, as disubstituted carboranes are often generated as side products 

(Scheme 1.4).'® 

Scheme 1.4, Metallation and Fimctionalization of o-Carborane. 

disproportionation 

^Bug 

1)"BuU  
' 2 ) R'X 

Bug 



Improvements were reported to prepare monosubstituted carboranes and DME 

was a better solvent in some cases. ̂ ^ Another route for the C-monofunctionalization 

of o-carborane involves the use of a bulky 'BuMesSi (TBDMS) silyl group as a pro-

tecting group, which is easily removed with TBAF (Scheme 1.5).^° 

Scheme 1,5, Synthesis of Monosubstituted Carbo^es via Protection. 

1)"BuLi 
2) TBDMSCI 

TBDMS 
1)"BuLi 

TBDMS 

C-derivatives of o-carborane can also be synthesized from carboryne (1,2-

dehydro-o-carborane). This intermediate is not isolable but can be generated by sev-

eral methods and captured by unsaturated molecules via [4+2]，[2+2] and ene type 

reactions (Scheme 1.6).^' Recently, metal-carboryne complexes have also been de-

veloped to synthesize C-substituted o-carboranes. ’ 

Scheme 1,6, Carboryne Mediated o-Carborane Fimctionalization. 

•IMS 

IPh(OAc) 



1.1.3. B-Derivatization 

Electrophilic substitution is one of the earliest and detailed studied fields in the 

chemistry of carboranes. In the Lewis acid catalyzed reactions of o-carborane, substi-

tution occurs first at the 9,12-positions, which are the furthest to the cage carbons, 

and then on borons-8，10.i6f.i6M4 丁ĵ us selective synthesis of 9-X-l,2-C2BioHii, 9,12-

X2-1,2-C2BioHio, 8,9,12-X3-1,2-C2BioH9, and 8,9,10,12-X4-l,2-C2B,oH8 (X F, CI, 

Br, I) can be achieved under proper reaction conditions (Scheme 1.7). 

Scheme 1.7. Sequential Halogenation of o-Carborane. 

X = F, CI. Br. I 

Carboranes with iodine atom attached to cage borons can undergo facile B-I bond 

activation by Pd® complexes, which offers a good methodology for the synthesis of 

carborane derivatives containing exo- B-C bond. Several cross-coupling reactions, 

such as Kumada)6f’i6 丨,24n,25 Suzuk i -Miyaura? Negishi，25m,25p,q.27 

Sonogashira’25*̂ 25p,q.28 Heck type,̂ ^ can be applied to this system. In recent years, 

B-I to B-P’3° B-N’3i or bond transformations are also developed (Scheme 1.8). 

Scheme 1.8. Carborane B-I Bond Activation by Pd 

Metal AlkyI Reagent. Pd° 

.1.4. Degradation 



Although the carborane cages are thermally stable and resistant to several oxi-

dants like KMn04 or reductants such as it can be selectively degraded 

by strong bases such as KOH/MeOH to remove one boron atom from the cage, form-

ing the 7,8-C2B9' anion (Scheme 1.9), which is described as deboronation or debora-

tion.34 In a similar manner, w-carborane can be deborated to the 7,9-0269' anion?^,]; 

This kind of deboration reaction can also be achieved by other nucleophiles such as 

piperidine or fluorides. The p-carborane, however, is resistant to cage degradation 

• 1 fiA "ITU 'IQ 

under these mild conditions, ’ ’ but in certain cases, especially under protective 

atmosphere, 2,9-C2B9" anion can be synthesized.36k,39 

Scheme L9, Deboration of o-Carborane. 

KOH I MeOH 
reflux 

The deboration process of o-carborane is regarded to proceed via sequential addi-

tion of one and two nucleophiles to the B3 (B6) atom, which is adjacent to the two 

cage carbons, followed by elimination of this vertex to afford the final product 

(Scheme 1.10). The key intermediates are structurally characterized. (Me2N)3P==NH 

reacts with 0-C2B10H12 to form a 1:1 adduct //-9,10,1 l-BH(NH=P(NMe2)3)-7,8-

C 2 B 9 H 1 卜38,40 The 2:1 adducts are also reported]' Pyridine interacts with 1-Br-1,2-

C2B10H11 to give a 2:1 adduct 10-BH{py)2-7-Br-7,8-C2B9Hio,'^'^ and NHCs can also 

react with o-carborane to afford similar p r o d u c t s , i b 

Scheme LIO, Proposed Mechanism of o-Carborane Deboration. 

HBNu 
+ H+ 



1.1.5. Reduction 

Icosahedral carboranes can be reduced by group 1 metals to the corresponding 12-

vertex nido- dianions, which have been thoroughly studied since as early as 1963，.6 

Formation of the product is highly dependent upon the positions of the cage carbons 

and whether the cage carbons are linked. Generally, if there is no bridging group to 

link the two cage carbons of o-carborane, reduction would afford the nido-1,9-

C2Bio^" species, in which the two cage carbons are separated by one boron atom in a 

6-membered open face after taking up two electrons and breaking the cage C-C 

bond.42 Under the same conditions, the 1,7- isomer gives exactly the same prod-

uct，42’43 whilst the 1,12- isomer gives a nido-1 ,\0-C2B\o^' dianion,''^ which is not sta-

ble and would slowly rearrange to the 7,9- complex. Oxidation of the nido-1,9-

CiBio^" dianion recovers the o-carborane, and for nido-1,lO-C2Bio^', w-carborane is 

obtained (Scheme 1.11). -44 

Scheme 1.11. Reduction of Icosahedral Carboranes without Linkage. 

H 

H w 
When the two cage carbons of o-carborane are linked by an exo- group, different 

kinds of nido- products would be obtained upon reduction, depending on the length 

of the linkage.45 When an excess amount of Na metal or 2 equiv of Li metal was used, 

o-carborane with a short linkage usually gives the 12-vertex CAd (Carbon-Atoms-



Adjacent) nido-caxhovariQ anion 7,8-C2Bio^', with a geometry similar to that of the 

7,9-C2BIO ‘ mentioned above, but bearing a trapezoidal open face that is composed 

by two adjacent cage carbons on the 6-membered open face and two boron atoms on 

the lower belt. In the case of a longer linkage, 7,10-C2Bio^' would be afforded, but it 

has a basket-like geometry which is different from that without linkage. The CAd 

m.̂ /o-carborane anions 7,8-C2Bio^' can be further reduced by excess Li metal to the 

corresponding arachno-caihoTan& tetraanions (Scheme 1.12). 

Scheme LI2, Reduction of Icosahedral Carboranes with Linkage. 

xs Li 
xs Na 
or 2 Li 

xs Na 
•r xs Li 

= (CH2)3’（CH2)4, CH2CH=CHCH2, 
1,2-C6H4(CH2)2, 1,8-CioH8(CH2)2 

=(CH2)5, (CH2)6. 
-(C6H4)2-2.2"-(CH2)2 

1.2. Metallacarboranes Based on Icosahedral Carboranes 

Metallacarboranes are carboranes incorporating one or more metal atoms in the 

cage structures. The dicarbollide ion, [CaBgHii]】'，which is isolobal to the Cp' ligand, 

can bond to metals using 6e' in the delocalized 7r-type orbitals. Accordingly, the first 

metallacarborane was prepared in as early as 1965，Following this motif, a number 

of metallacarboranes, especially the late transition metal complexes, have been syn-

thesized and characterized.47’48 

"Polyhedral expansion", originally developed by Hawthorne, is a general method 

for the synthesis of metallacarborane.48c,49 jt involves an w-vertex cage-opening re-

duction and insertion of a metal fragment as a new vertex into the open-face to con-

struct an («+l)-vertex closo- polyhedron. Other methods involve polyhedron subro-

gation and thermal isomerization.''^^ 



Metallacarboranes derived from icosahedral carboranes are normally classified as 

13-vertex MC2B10 and 14-vertex M2C2B10 which have closo- geometries, and 13-

vertex metallacarborane bearing arachno-C2^ 1 o'̂  l̂igand. Other types of 13- and 14-

vertex metallacarboranes are not discussed in this chapter. 

1.2.1. MC2B10 

In this system, 4，l，6-MC2Bio is the most thoroughly studied. The first 13-vertex 

metallacarborane 4-Cp-4,1,6-CoC2B 1 qH 12 was synthesized from [7,9-C2BioHi2] '̂ and 

a formal CpCô "̂  fragment in 1971 and then structurally characterized.In view of 

the availability of 12-vertex CAp wzV/o-carborane dianions 7,9-C2Bio^", a large 

amount of complexes of this type have been prepared, using the same "polyhedral 

expansion" methodology (Scheme 1.13). 

Scheme LI3. General Synthesis of 4，，，6-, 4,1,2-, and 4，l，10-MC2Bio. 

M 

R 零 
M2+ 

M 2+ 

4.1,10-

A few examples of insertion of a metal fragment into a 12-vertex c/oyocarborane 

to form the 4,l,6-MC2Bio were also reported. Reactions of Smh with 2 equiv of 

[(C5H4)Me2A(C2BioH,i)]- (A = Si, C) or [(C9H6)Me2Si(C2B,oHn)]" give trivalent 

1 0 



samarium complexes [//^:;;^-(C5H4)Me2A(C2BioH11)]Sm(THF)2 or [rj^-.rj^-iCgUe)-

Me2Si(C2BioHii)]Sm(THF)2.5i Another example is that treatment of of [；ŷ -.o-'CCgHe)-

Me2Si(C2BioHio)]ZrCl(NMe2), with 1 equiv of «-BuLi in THF/pyridine gives 

[；75:76:汉:(C9H6)Me2Si(C2BioHioCH2NMe)]Zr(NC5H5)" 

The first 4,l,2-MC2Bio compound was prepared several years ago via a similar in-

sertion reaction. Co(PEt3)4 reacts with closo-1 -Me-1,2-C2B 1 oH 11 in which the highly 

nucleophilic Co� f ragment inserts into the cage to give 4-Co(PEt3)3-l-Me-4，l’2-

C0C2B10H11 as suggested.53 Later, insertion of a metal fragment from C 0 C I 2 into a 

12-vertex £7n3c/mo-[(NC)C2BioHi4]K followed by air oxidation to give another 4,1,2-

type of compound 4-Cp-1 - C N - 4 , 1 , 2 - C o C 2 B 1 oH 11 was a c h i e v e d . 

Like that of 4,l,6-MC2Bio, a number of metallacarboranes of 4，l，2-MC2Bio type 

have been synthesized by “polyhedral expansion" in recent years, depending on the 

controlled synthesis of 12-vertex CAd mWo-carborane dianions developed by our 

group (Scheme 1.13). The metal fragment may contain /-block,^^ early transition,̂ ^ 

late transition,57 and /7-block elements.^^ 

In a similar manner, 4,l,10-MC2Bio metallacarboranes have recently been synthe-

sized, using 7,10-C2Bio^", which can be formed by reduction ofp-carborane (Scheme 

Most of the other known isomers of the MC2B10 type are generally formed from 

thermal rearrangement, and Vwo pathways have been establislied. The earlier one is 

from the 4,1,6- to 4,1,8- to 4,l,12-MC2Bio transformation." '̂̂ ® In this case’ the Co 

species are usually easier to isomerize at a lower temperature than the Ru analogues. 

Another pathway is from the 4，1’10, to 4,1,12- rearrangement (Scheme 

1.14).57b,59a,59d,6i Qnly one example of 4,1,11-type has been reported, which is re-

garded from the capitation of a Rû "̂  fragment to the IJ-CiBio^'.^' 
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Scheme 1.14, Thermal Rearrangement in a MC2B10 System. 

.M. .M� .M. 

10-

1.2.2. MC2B10 bearing arachno-CiBio unit 

The 13-vertex lanthanacarboranes bearing CAd arachno-C2B\o units can be readi-
« 

ly prepared from CAd 12-vertex arachno-C2B\o^' anions. Treatment of L"-l，2-o-

C6H4(CH2)2- 1.2-C2B1 oH 10] [Li4(THF)6] with LnCb gives the corresponding [{/y^-

1 ,2-o-C6H4(CH2)2- 1 ,2-C2B 1 oH 10}2Ln][Li5(THF)J, in which two arachno-caibovaxiQ 

ligands are bonded to the L n � . in an rĵ  fashion (Scheme 1.15).^^ 

Scheme 1.15, Synthesis of Lanthanacarboranes Bearing CAd arachno-C2B]o Units. 

LnCIa 
[U5(THF),] 

On the other hand, the ones bearing CAp arachno-C2^\{) units cannot be directly 

synthesized from simple salt metathesis reactions as the "free ligands" do not exist. 

However, reduction of o-carborane derivative 1,2-R,R' -1,2-C2B i oH 10 with group 1 

metals in the presence of LnCb gives novel 13-vertex metallacarborpe in which the 

carborane units is reduced to arachno- tetraanion and bonds to the Ln̂ "̂  in an rj^-

fashion (Scheme 1.16).^^ Recently, complexes that have similar structural features 

have been prepared via electron transfer process. CAp mWo-carborane dianions bear-

ing heteroatom-containing side arms can react with ZrCU or Sjnl2 to give the 13-

vertex metallacarboranes V:77-(Me2NCH2CH2)(RCH2CH2)C2BioHio]ZrCw-Cl)Na-
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(THF)3 (R = MeO, MezN), or [{；7' :77''-[(Me2NCH2CH2)C2B,oH 1, ]Sm(THF)} 4Sm]-

[Na(THF)4]，respectively." 

Scheme LI6. General Synthesis of Lanthanacarboranes Bearing a CAp arachno-

C2B10 Unit. 

LnCk / xs Na R 

w 
R' 

1.2.3. M2C2B10 

The first 14-vertex bimetallacarboranes were reported in 1974 using "polyhedral 

expansion". Reduction of 13-vertex cobaltacarborane 4-Cp-4,1,12-C0C2B10H12 or 4-

Cp-4,1 ,8-COC2BloH 12 with Na metal in the presence of naphthalene, followed by 

treatment with CoCla/NaCp and air oxidation, give 1,14-Cp2-1,14,2,10-C02C2B1 qH 12 

or 1,14-Cp2-1,1 4,2,9-Co2C2B 10H12, respectively (Scheme l . l ? ” ^ They were as-

signed to have bicapped hexagonal antiprismatic structures. Their l,14,2,10-M2C2Bio 

analogues 1,14-(p-cymene)2-1,14,2,10-RU2C2B1 oH 12, and 1 -(p-cymene)-14-(dppe)-

l’14，2，10-RuNiC2BioHi2，which were structurally characterized, were synthesized 

via the same method in 2005.65 

Scheme 1.17. General Synthesis of 14-Vertex Bimetallacarboranes M2C2B10. 

xs Na / MI2+ 

xs Na I 

1.3. Supercarboranes and Sppermetallacarboranes 
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Supercarboranes, or supraicosahedral carboranes, as the name implies, are carbo-

ranes having more than 12 vertices. Compared to that of icosahedral carboranes, the 

knowledge regarding supercarboranes had been limited merely to the possible cage 

geometries predicted by theoretical work before 2003.66 Theoretical calculations on 

the boranes c/050-[B„H„] “ show that the overall stability of these clusters increases 

as n gets larger, with the exception o i n = 12 which is much more stable than the oth-

yrs.66d Such an "icosahedral barrier" is often used to account for the failure in the 

synthesis of supercarboranes.̂ ^*^^ 

On the other hand, a series of 13-vertex metallacarboranes and a few 14-vertex 

» « 

metallacarboranes have been prepared, using "polyhedral expansion" methodology, 

which also works well in the reconstruction of o- or m-carboranes from the reactions 

of nido-CiB^' with RBX2 (X = CI, Br, I)，as mentioned above.'^''^ However, at-

tefmpted insertions of [BR]2+ (R = alkyl, H, halide) into CAp nido-[l 

had never produced the desired 13-vertex c a r b o r a n e s . T h i s is often attributed to 

the extraordinary stability of the B12 icosahedron. The dramatic differences between 

CAd «/(5?o-[7,8-C2B9Hi 1]̂ " and CAp nido-[7,9-C2B 1 oH 12]̂ " ions in reducing power are 

usually overlooked. It has been well documented that CAp nido-[7,9-C2B i oH 12]̂ ' 

ions are very strong reducing agents that can reduce M^. (Group 4 metal 

and Ln3+ (Ln = Sm, Eu, Yb) to the corresponding divalent species.sib"丨 The redox 

reactions between CAp «/i/o-[7,9-C2B loH^] '̂ and R，BX2 may be superior to the ca-

pitation reactions, leading to the formation of C/050-R2C2B10H10. Thus we thought 

that lowering the reducing power of nzWo-[R2C2B1 oH 10] “ ions can promote the capita-

tion reaction, resulting in the synthesis of desired supercarboranes. Our group have 

developed a method to synthesize three regioisomers of m.cto-fRsCiBioHio] ‘ in a 

controlled manner in which the two cage carbons are in 7,8-, 7,9- and'7,10- positions, 
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r e s p e c t i v e l y . 4 5 The results show that the CAd nido-[lioHio]^' isomers are 
t 

weaker reducing agents than the CAp isomers, which offers a very valuable entry 

point to the synthesis of supercarboranes.'̂ ^ '̂̂  

1.3.1. Synthesis of CAd 13-Vertex Carboranes 

The "polyhedral expansion" method works well when CAd 

R2C2B10H10] • anions are employed as starting materials. Such a [12+1] protocol is 
« 

used as a general methodology for the synthesis of 13-vertex carboranes. Reduction 

of n-1 ,2-o-C6H4(CH2)2- 1 ,2-C2B 1 oH 1 w i t h excess Na metal in THF gives a CAd 

m^/o-L"-7，8-o-C6H4(CH2)2-7，8-C2BioHio][Na2(THF)4]，45b,c which is treated with 

PI1BCI2 in petroleum ether to afford a CAd 13-vertex carborane 5-Ph-^-l,2-o-

C6H4(CH2)2-1,2-C2BiiH|o in 6% yield (Scheme 1.18).^^ The yield could be improved 

if a small C，C,-linkage (CH2)3 is used. Reaction of//-l,2-(CH2)3-l,2-C2BioHio" with 

excess Na metal generates the CAd m.fifo-[//-7’8-(CH2)3-7,8-C2BioHio][Na2(THF)x:. 

Treatment of this salt with different dihaloborane reagents RBX2 produces a series of 

CAd 13-vertex carboranes 3-K-fx-1,2-(CH2)3-1,2-C2B 11H10 (R = H, Ph, Z-

EtCH=C(Et),五」BuCH=CH) in 20%-37% isolated yields (Scheme 1.19)7^ These re-

sults suggest that the C，C’-linkages and the nature of borane reagents have some ef-

fects on the capitation process. The electron-rich borane reagents and less-sterically 

demanding (CH2)3 C,C'-linkage led to higher yields than the 0-C6H4(CH2)2 unit. Sol-

vents also play an important role. Donor solvents, such as THF, DME, and EtsO that 

may react with RBX2 resulted in much lower yields. 

All structurally characterized GAd 13-vertex carboranes have a common henico-

sahedral geometry bearing one or two trapezoidal open faces constructed by the two 

cage carbons and boron atoms of the B5 belt (Figure 1.4). The more electronegative 

carbon atoms are less coordinated than the boron atoms. 
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Scheme J,18, Synthesis of CAd 13-Vertex Carborane 5-Ph-^-1,2-o-C6H4(CH2)2-1,2-

CzBiiHio. 

iDC 、 
xs Na 

、) 
[Na2(THF)4l 

J 

Scheme 1.19. Synthesis of CAd 13-Vertex Carboranes 3-R-/^-l’2-(CH2)3-l，2-

C2B11H10. 

xs Na 
[Na2(THF)x� 

RBXs 

R = H, Ph, (Z)-EtCH=C(Et). (E)-'BuCH=CH 

Figure 1,4. Trapezoidal open faces in the CAd 13-vertex carboranes. 

1.3.2. Electrophilic Substitution Reaction of CAd 13-Vertex Carborane 

Like 12-vertex carboranes, 13-vertex c/o^o-carboranes c即 undergo electrophilic • -

substitution reactions. Treatment of CAd //-1,2-(CH2)3-1,2-C2B 11H11 with an excess 

amount of Mel, B r � or I2 in the presence of a catalytic amount of A I C I 3 in C H 2 C I 2 at 

room temperature gives hexasubstituted CAd 13-vertex .c/050-carb0ranes 

8’9，10，ll，12，13-X6-;U-l，2-(CH2)3-l，2-C2BnH5 (X = Me, Br or I) (Scheme 1.20)7^ 

The results indicate that the BH vertices which are the farthest to the cage carbons 

are the most electron rich and the easiest to be attacked by electrophiles. On the other 
、 

hand, interaction of CAd fi-1,2-(CH2)3-1,2-C2B 11H11 with H2O2 leads to a complete 
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degradation of the cage, resulting in the formation of B(OH)3，which differs signifi-% 

cantly from its icosahedral cousins.^^ These substitution reactions can be closely mo-

nitored by " B NMR spectroscopy as the resultant hexasubstituted CAd 13-vertex 

carboranes have distinct " B chemical shifts. As shown in Figure 1.5, the electronic 

effects of substituents on the " B chemical shifts are significant. A similar phenome-

non is also observed in a [7,8,9,10,11,12-X6-1 -CB11 He]' s y s t e m T h e cage geometry 

is very similar to that of its parent 13-vertex c/o^o-carborane. 

Scheme 1,20, Electrophilic Substitution Reaction of CAd 13-Vertex Carborane. 

XY / AICI3 

X = Me. Y = l :X = Y = Br;X = Y = 

X = H 

X = Me 

X = Br 

X 

-6 -8 -10 ppm 8 6 4 2 0 -2 -4 

Figure 1,5. Stick representation of the chemical shifts and relative intensities in the 
t 

"B{LH} spectra of 8,9,10,11,12,13-X6-/i-1,2-(CH3)2-1,2-C2B,,H5. The hoilow and 

solid sticks represent the BH and BX vertices, respectively. 

1.3.3. Redox Reaction of C A d 13-Vertex Carboranes 
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13-Vertex c/ojocarboranes are much easier to be reduced than their 12-vertex 

analogues, presumably due to the presence of the trapezoidal faces. Treatment of 

CAd /^-l,2-(CH2)3-l,2-C2B,,Hn, 3-Ph-/^-1,2-(CH2)3-1,2-C2B,,H,o or ,2-o-C6H4-

(CH2)2- 1 ,2-C2B11 H 11 with an excess amount of finely cut Na metal in THF at room 

temperature give the corresponding CAd 13-vertex m^/o-carborane salts [/i-1,2-

(CH2)3-l，2-C2B"H"][Na2(THF)4]， [3-Ph-/M，2-(CH2)3-l，2-C2B"H 丨o][Na2(THF)4]， 

and [yU-l，2-t?-C6H4(CH2)2-l，2-C2BiiHn][Na2(THF)4]，respectively. These reactions 

proceeds very fast even in the absence of naphthalene. It is noteworthy that reduction 

of CAd /M，2-(CH2)3-1，2-C2BiiHii with excess Li metal in THF affords only the 

CAd 13-vertex mWo-carborane salt [/M,2-(CH2)3-l’2-C2BiiHii][Li2(THF)2(DME)2], 

after recrystallization from DME, which cannot be further reduced to the arachno-

species (Scheme 1.21)7'^ This indicates that the 13-vertex mWo-carboranes are 

stronger reductants than the 12-vertex mWocarboranes. 

Scheme 1.2L Reduction of CAd 13-Vertex Carboranes by Group 1 Metals. 

xs M 

[M2(LI)2(L2)2] 

M = Li. Lj = THF. L2 = DME 
M = Na. Li = 1_2 = THF 

[Na2(THF)4】 

[Na2(THF)4] 
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The CAd 13-vertex c/o^o-carboranes can also be readily reduced by alkaline earth 

metals. Reaction of CAd fi-1,2-(CH2)3-1,2-C2B 11H11 with excess activated Mg or 6a 

metal in THF generate the alkaline earth metal complexes of «zWo-carborane dianions 

[/M，2-(CH2)3-1，2-C2‘BuHii][M(THF)5] (M = Mg, Ca) (Scheme 1.22)7^ 
r ' 

Scheme 1.22, Reduction of CAd 13-Vertex Carborane by Group 2 Metals. 

[M(THF)5] 

M = Mg, Ca 

All CAd 13-vertex «/<io-carborane dianions have a similar bent pentagonal open 
I 

face with the out-of-plane displacement of the B atom ranging from 0.68 to 0.72 人 

and with the B. . .B separation being about 2.64 A. Formally, such an open face can 

be viewed as the result of breaking one B-B bond in the trapezoidal face of the 13-
-S- . 

vertex c/050-carb0ranes after two-electron uptake from reductant. The cations in 

these complexes are not incorporated into the cage, rather bind with the peripheral 

tenniiial BH moieties via M " . H - B bonding interactions, giving exo-nido species. 

bark-brown solution formation is observed during the reduction of /i-l’2-(CH2)3-

l,2-C2BiiHii with an excess amount of Na metal in THF, which slowly turns to a 

pale-yellow solution within 12 h and finally gives the CAd 13-vertex «/<io-carborane 

salt [/M，2-(CH2)3-l，2-C2BiiHii][Na2(THF)4] as colorless crystals. The dark-brown 
/ 

intermediate is isolated and characterized as the sodium salt of a carborane radical 

anion [{^-1,2-(CH2)3-l,2-C2BiiHii}•]{Na{\8-crown-6)(THF)2] after treatment of 

1 ,2-(CH2)3- 1,2-02^.11 P i 1 with 1 equiv of Na metal in THF at room temperature, fol-

lowed by recrystallization from a mixed THF/«-hexane solution of 18-crown-6 

(Scheme 1.23)7^ Cyclic voltammetry of //-1,2-(CH2)3-l ,2-C2Bi iHn shows one re-
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versible and one quasi-reversible peaks corresponding to two one-electron reduction 

processes (Figure 1.6). 

Scheme L23. Single-Electron Reduction of CAd 13-Vertex Carborane //-I ’2-(CH2)3-

1,2-C2BiiHII. 

1) 1 eg Na ,  
2) 18-crown-6 [Na(18-crown-6)(THF)2】 

•1000 -1500 -2000 -2500 -3000 -3500 
E / m V ( v s F c ) 

Figure 1.6, Cyclic voltammetry of fi-1,2-(CH2)3-1,2-C2B 11H11. 

This paramagnetic species exhibits an EPR signal with g = 1.994 (line width = 23 
f 

G in solution and 5.5 G in solid-state) at room temperature, which is similar to those 

observed in •CBiiMei2^^ and Single-crystal X-ray analyses reveal that 

this radical monoanion has a geometry similar to that observed in CAd 13-vertex clo-

so species with elongated C-B/B-B distances. This geometry is significantly different 

from that of CAd 13-vertex wzc/o-carborane dianion. This is the first example of fully 

characterized carborane radical ajiion with [2«+3] framework electrons. It is an in-

termediate between two well-established and abundant 2/7+2 {closd) and 2/7+4 {nido) 

systems. 
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1.3.4. Synthesis of 14-Vertex Metallacarboranes 

Group 1 metal salts of 13-vertex m<sto-carborane dianions are useful synthons for 

the preparation of 14-vertex metallacarboranes. For example, reaction of CAd [^-1,2-

(CH2)3-l,2-C2BiiHii][Na2(THF)4] with 1 equiv of (dppe)NiCl2 or (dppen)NiCl2 in 

THF affords CAd 14-vertex nickelacarboranes 8-dppe-"-2，3-(CH2)3-8,2，3-

NiCiBiiHii or 8-dppen-yu-2,3-(CH2)3-8,2,3-NiC2B,iH, i in 34% or 45% isolated yield 

(Scheme 1.24).74 These species are very air-sensitive and hygroscopic. They slowly 

decompose in solution at room temperature to regenerate the CAd 13-vertex closo-

carborane/M’2-(CH2)3-l，2-C2BiiHn and Ni(0) complexes. Single-crystal X-ray ana-

lyses reveal that the two nickelacarboranes adopt a similar distorted bicapped hex-

agonal-antiprismatic geometry with two seven-coordinate boron atoms sitting in the 

apical positions. The geometry of the CAd nido-cBiborane segments are similar to 

those observed in group 1 metal salts. It is noted that bidentate phosphines are neces-

sary to stabilize the above nickelacarboranes. Monophosphines often result in the 

decomposition of the resultant metal complexes, leading to the formation of CAd 13-

vertex c/asocarboranes and Ni(0) species. 

« 

.Scheme L24, Synthesis of CAd 14-Vertex Nickelacarboranes. 

[Na2(THF)4】J：^ 

= d p p e , dppen 

In sharp contrast, 14-vertex ruthenacarboranes are very stable to air and moisture. 

Treatment of CAd [/M，2-(CH2)3-l，2-C2BiiHii][Na2(THF)4] with [07-cymene)Ru-

Cl2]2 in THF affords a CAd 14-vertex ruthenacarborane 1 -(p-cymene)-/^-2,3-(CH2)3-

1,2,3-RUC2BIIHII in 72% isolated yield. It reacts with excess Na metal, followed by 
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treatment with HBBr2*SMe2 to give a regioisomer 1 -(/?-cymehe)-/z-2,8-(CH2)3-1,2,8-

RuCzBiiHii in very low yield with the recovery of 2,3-isomer (Scheme 1.25),o Two 

isomers can be separated by column chromatography on silica gel. As confirmed by 

single-crystal X-ray analyses, both adopt a bicapped hexagonal antiprismatic geome-

try with the Ru atom occupying one of the apical vertices and the two cage carbons 

being located at the 2,3- and 2,8- positions, respectively. Notably the geometry of 

CAd «/t/o-carborane unit in 14-vertex ruthenacarboranes is very different from those 

observed in the 14-vertex nickelacarborane and group 1 metal salts. The rearrange-

ment of cage atoms clearly takes place in the capitation process to accommodate the 

larger Ru(II). 

Scheme L25, Synthesis of CAd 14-Vertex Ruthenacarboranes. 

I 
2- .Ru 

[(p-cymene)RuCl2�2 

1.3.5. Synthesis of 14-Vertex Carboraaes 

Polyhedral expansion methodology can also be applied to the synthesis of 14-

vertex carboranes. Accordingly, two general approaches have been developed. One is 

the [12+2] protocol in which two [BH]2+ vertices are added to one open hexagonal 

and one open pentagonal faces of a CAd 12-vertex arac/zwo-carborane tetraanion, 

respectively. The other is called [13+1] protocol in which a [BH]2+ fragment is in-

corporated into an open pentagonal face of a CAd 13-vertex m'cfo-carborane dianion. 

The latter is more efficient than the former and offers a much higher yield of the. 14-
» 

vertex carborane. 
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Reaction of CAd 12-vertex carborane //-l，2-(CH2)3-l，2-C2BioHio with an excess 

amount of finely cut Li metal in THF gives a CAd 12-vertex arachno-\pL-\ ,2-{CW2)-i-

l’2-C2BioHio][Li4(THF)5] which consists of two adjacent hexagonal and pentagonal 
> 

bonding faces."*̂ ^ Treatment of this salt with 5 equiv of HBBr2.SMe2 in toluene af-

fords the first CAd 14-vertex carborane //-2,3-(CH2)3-2,3-C2B 12H12 in 7% isolated 

yield along with a CAd 13-vertex carborane //-1,2-(CH2)3-l,2-C2Bi|Hii (32% iso-

lated yield) and a CAd 12-vertex carborane {JL- 1,2-(CH2)3-1,2-C2B 1 oH 10 (2% isolated 
n t 1 

yield). Formation of the 14-vertex carborane indicates that two [BH] vertices can 

be added into a pentagonal and a hexagonal faces of a CAd 12-vertex arachno-

carborane in one reaction. Whether two capitation processes proceed simultaneously 

or sequentially is not clear yet. On the other hand, isolation of CAd 12-vertex closo-

carborane suggests that HBBr2 can oxidize arachno-[jx-1,2-(CH2)3-1,2-C2B 1 oH 1 o]'̂ ' to 

«/i/o-[w-l，2-(CH2)3-l，2-C2BioHio]2- and finally to closo-fx-1,2-(CH2)3-1,2-C2B,qH,0. 

The 13-vertex carborane may be formed either via capitation reaction of HBBr� with 

mV^0-[>-l，2-(CH2)3-l，2-C2BioHio]2- or oxidation of CAd 13-vertex niclo-\ju-\,2-

(CH2)3-1，2-C2BiiHii]2- as shown in Scheme 1.26. It is noted that reaction of CAd 12-

vertex arachno-caiboranc salt C"-l,2-o-C6H4(CH2)2-l，2-C2BioHio][Li4(THF)6]45b.c 

with excess HBBr2'SMe2 only gives a CAd 13-vertex carborane fi-\,2-o-

C6H4(CH2)2- 1 ,2-C2Bi iHi 1 and a CAd 12-vertex carborane fx-1,2-o-C6H4(CH2)2-1,2-

C2B10H10. No 14-vertex species is isolated (Scheme 1.27)7'* These results imply that 

the C’CMinkages play an important role in the capitation process. 

The CAd 14-vertex carborane yU-2，3-(CH2)3-2，3-C2Bi2Hi2 is also synthesized from 

the reaction of CAd 13-vertex mWo-carborane salt [ji-1,2-(CH2)3-1,2-C2B 11H11]-

[Na2(THF)4] with 1.5 equiv of HBBrj.SMe? in 30% isolated yield (Scheme 1.28). 
"i. 

The 2,8-isomer of CAd 14-vertex carborane /^-2,8-(CH2)3-2,8-C2B 12H12 is prepared 
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from the oxidation of a CAd 14-vertex mt/ocarborane salt [/ -̂(CH2)3C2B 12H12]-

[Na2(THF)4] (Scheme 1.29). The 2,8-isomer has been structurally characterized to 

adopt a bicapped hexagonal antiprismatic geometry, similar to that calculated for 

[BmHi4]2-. All 24 faces are triangulated with two apical boron atoms being seven-

coordinated 81 

Scheme 1.26. Reaction of arachno-[pi-1,2-(CH2)3-1,2-C2B 1 oH 10] with HBBr2. 

capita 
tion / \tion / \ 

HBBr2'SMe2 

oxida-

c a p i t a - A o x i d a - c a p i t a - A o x i d a -
t i o n / \ t ion t i o n / \t ion 

Scheme L27, Reaction of arac/zwo-Cu-l ,2-o-C6H4(CH2)2-l ,2-C2BioHio]'^' with HBBr2. 

HBBr2*SMe^ 
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Scheme L28, Reaction of nido-1,2-(CH2)3-1,2-C2B 11H i, with HBBrj 

[Na,(THF),] HBBrzSMe^ 

1.3.6. Reduction of 14-Vertex Carboranes and Synthesis of 15-Vertex Metalla-

carboranes 

Like CAd 13-vertex carboranes, CAd 14-vertex c/ojo-carboranes //-2,3-(CH2)3-

2,3-C2Bi2Hi2 or /z-2，8-(CH2)3-2，8-C2Bi2Hi2 react readily with excess Na metal in 

THF, to afford the same CAd 14-vertex wzWo-carborane salt [^-1’2-(CH2)3-1’2-

C2Bi2Hi2][Na2(THF)4] (Scheme 1.29).®° Single-crystal X-ray analyses reveal that it 

has a bent pentagonal open face which is larger and flatter than those observed in the 

CAd 13-vertex «/Jo-carboranes. This five-membered open face is constructed by 

formally breaking a B-B bond in the B5 belt after two-electron uptake from Na metal. 

Similar to the case of the CAd 13-vertex wz^/o-carboranes, this CAd 14-vertex nido-

[^-1’2-(CH2)3-1，2-C2BI2HI2]2- dianion is also resistant to further reduction by Li met-

al. 

Scheme 1.29. Two-Electron Reduction of/^-2，3-(CH2)3-2，3-C2Bi2Hi2 and Synthesis 

of>2，8-(CH2)3-2，8-C2Bi2Hi2. 

xs Na [Na2(THF)4] 
HBBrz'SMe； 

xs Na 

Treatment of CAd 14-vertex m^/o-carborane salt [a-l,2-(CH2)3-l,2-C2Bi2Hi2]-

[Na2(THF)4] with 2 equiv of HBBr2.SMe2 does not give the desired 15-vertex carbo-

rane, rather affords CAd 14-vertex carborane //-2，8-(CH2)3-2，8-C2Bi2Hi2.8� This re-
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suit shows that polyhedral expansion methodology, which works well in the prepai-a-

tion of 13- and 14-vertex carboranes, has been unsuccessful when applied to the syn-

thesis of 15-vertex carboranes. The reason could be ascribed to the stronger reducing 

power of CAd 14-vertex m'<5fo-carborane dianions over CAd 13-vertex nido- species. 

On the other hand, a metal fragment can be incorporated into a 14-vertex nido-

carborane to form a 15-vertex metallacarborane. Reaction of CAd |/̂ -l，2-(CH2)3-l，2-

••C2Bi2Hi2][Na2(THF)4] with 0.5 equiv of [07-cymene)RuCl2]2 in THF gives a CAd 

15-vertex ruthenacarborane 7-(p-cymene)-"-l’4-(CH2)3-7，l’4-RuC2Bi2Hi2 in 62% 

isolated yield (Scheme 1.30). It adopts a closo- structure bearing 26 triangulated 

faces, similar to that predicted for [BisHis]^" by theoretical calculations.66a'66c,d it jg 

noted that the cage geometry of CAd 14-vertex mWocarborane dianion in the sodium 
* 

salt differs significantly from that observed in the 15-vertex ruthenacarborane, sug-

gesting that cage rearrangements occur during the capitation reaction in order to ac-

commodate the large Ru(II) ion. 

Scheme L30. Synthesis of 7-(p-cymene)-//-1,4-(CH2)3-7,1,4-RuC2B12H12. 

[(P-cym—RUCI2J3 

Another CAd 15-vertex ruthenacarborane 7-(p-cymene)-//-l，6-(CH2)3-7，l，6-

RUC2B12H12 is prepared by the thermolysis of the CAd 14-vertex ruthenacarborane 1-

(p-cymene)-//-2,8-(CH2)3-l,2,8-RuC2Bi iHi 1 (Scheme 1.31).®^ It is suggested that the 

formation of this 15-vertex species may involve adventitious capture of a BH frag-

ment from the reaction system. 
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7 
Scheme 1.31, Thermolysis Formation of 7-(/7-cymene)-"-l’6-(CH2)3-7’l’6-

RUC2B12H12. 

1.4. Objectives 

Compared to the well studied chemistry of icosahedral carboranes, that of super-

carboranes is only at the beginning. The objectives of this dissertation are: 1) to study 

the role of the C’C，-linkage in the formation and stabilization of supercarboranes, 2) 

to synthesize other 13- and 14-vertex carboranes, and 3) to explore the nucleophilic 

reactions of supercarboranes. 



Chapter 2. Synthesis and Structure of 

13-Vertex c/o5o-Carboranes 

2.1. Synthesis and Structure of CAd 13-Vertex c/o5<?-Carboranes 

2.1.1. Synthesis of CAd 13-Vertex c/o50-Carboranes 

Our group has prepared a number of CAd 13-vertex carboranes, showing that the 

[12+1] protocol works well for this purpose.̂ "̂  In order to gain some insight of lin-

kage effects on the physical and chemical properties of the resultant 13-vertex carbo-

ranes, we synthesized several with different C，C，-iinkages. 

The 12-vertex starting materials ix-1,2-(CH2CH=CHCH2)-1,2-C2B ioH i o (1)尸 pi-

1,2-(CH2)3-1,2-C2BioHio (2)/^ and yU-l,2-(CH2)4-l,2-C2B,oHio were synthe-

sized according to the literature. 1,2-MeCH(CH2)2-1,2-C2B ioH io (4) was synthe-

sized in a similar manner, from reaction of 1,2-Li2-1,2-C2B i oH i o with 

BrMeCH(CH2)2Br under refluxing for 12 h in a toluene/ether suspension, and iso-

lated in about 80% yield after chromatographic separation (Scheme 2.1). 

Scheme 2.1, Synthesis of a 12-Vertex Carborane. 

H Lj 
2 "BuLi ^ f ^ j S；^ BrMeCH(CH2)2Br 

Complex 4 was characterized by several spectroscopic techniques and HRMS. Its 

" B NMR spectrum showed a more complicated pattern of 2:3:1:1:1:3 compared to 

the 2:2:2:4 that would be observed in symmetric 1,2-R2-1 .l-CiBioHio, due to the loss 

of symmetry by the Me substituent on the cyclopentane ring. Its structure was deter-

mined by single-crystal X-ray analyses and shown in Figure 2.1. 
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Figure 2,1. Molecular structure of 1,2-MeCH(CH2)2-1,2-C2BioHio (4). 

Reaction of f^-l,2-(CH2CH=CHCH2)-1,2-C2BioHio (1) with excess of Na metal, 

follo\Yed by treatment with 2 equiv of PhBCb, afforded a 13-vertex carborane 3-Ph-

//-1，2-(CH2CH=CHCH2)-1，2-C2BIIHIO (5a) in 5% isolated yield after column chro-

matographic separation. Isomerization of 5a to 3-Ph-"-l，2-(CH=CHCH2CH2)-l，2-
t 

C2B11H10 (5b) was observed after several months at room temperature (Scheme 2.2). 

The formation of 5b might be due to the C=C double bond isomerization that was 

catalyzed by a very small amount of residual acid in 5a. 

Scheme 2.2. Synthesis of Two 13-Vertex Carborane Isomers. 

1) xs Na 
2) PhBGIz' 

‘ C o m p o u n d s 5a and 5b were characterized by several spectroscopic techniques, as 

well as HRMS, which confirmed their identical molecular mass. While 5a exhibited 

a unique triplet at 5.69 ppm due to the splitting by the adjacent methylene group in 

the 'H NMR spectrum and-one peak at 122.9 ppm assigned to the CH unit in the '̂ C 
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NMR spectrum, 5b showed two dt peaks at 6.74 and 6.41 ppm in the NMR spec-

trum and two peaks at 139.2 and 133.4 ppm in the '̂ C NMR spectrum. The symme-

tric structure of 5a in solution was also reflected by signals of only one type of me-

thylene group at 3.41 ppm in the Ĥ NMR spectrum and at 44.0 in the '̂ C NMR 

spectrum, and cage carbon at 141.5 ppm, that were observed. The unsymmetric mo-

lecule 5b showed two types of the corresponding signals, in the NMR spectrum at 

2.81 (t) and 1.99 ppm (ddt) for the methylene units, and in the '̂ C NMR spectrum at 

39.1 and 20.4 ppm for the methylene units and at 136.0 and 135.2 ppm for the cage 

carbons. Their " B NMR spectra were also in different patterns. 

Their structures were also determined by single-crystal X-ray analyses as shown 

in Figure 2̂ 2. Although they are isomorphous and isostructural, the C12-C13 bond 

length of 1.319(2) A in 5a and C13-C14 bond length of 1.354(3) A in 5b clearly in-

dicates the distinct C=C double bond locations in the 6-membered ring of the 13-

vertex carboranes. This is consistent with their Ĥ and '̂ C NMR spectra. 

Figure 2,2. Molecular structures of 3-Ph-//-l ,2-(CH2CH=CHCH2)-l ,2-C2BnHio (5a) 

(left) and 3-Ph-//-l,2-(CH=CHCH2CH2)-l,2-C2B,iHio (5b) (right). 
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The 13-vertex carborane n-1,2-(CH2)3-1,2-C2BnHn (6) was synthesized accord-

ing to the literature method from compound In a similar manner, reaction of 

compounds 3 or 4 with excess Na metal in the presence of a catalytic amount of 

naphthalene followed by treatment of 2 equiv of HBBra.SMe!，gave the correspond-

ing 13-vertex CAd carboranes 1,2-(CH2)4-1,2-C2B n H11 (7), or yu-l，2-

MeCH(CH2)2-l，2-C2BiiHn (8) in 35% or 30% isolated yield after column chromato-

graphic separation and recrystallization (Scheme 2.3). 

Scheme 2,3. Synthesis of CAd 13-Vertex Carboranes. 

1)xs Na 
2) HBBr2«SMe2 

Complexes 7 and 8 were characterized by several spectroscopic techniques as well 

as HRMS. Both of them showed a similar 1:5:5 pattern in the '̂ B NMR, regardless 

of unsymmetric nature of compound 8. The structures of compounds 6 and 7 were 

confirmed by single-crystal X-ray analyses as shown in Figures 2.3 and 2.4. 

These reactions are not clean and contain many unidentified polar species that 

cannot be eluted by «-hexane, indicating that the reactions of CAd 12-vertex nido-• * 

carborane salts with HBBr2*SMe2 are complicated, which is not limited to the capita-

‘ 3 1 



tion processes and the redox reactions. Column chromatographic separation usually 

afforded 5% to 10% 12-vertex starting materials and a little amount of 14-vertex car-

borane isomers, in addition to 40% to 50% gross 13-vertex carboranes. These 14-

vertex carboranes may be formed from the reduction of 13-vertex carboranes by the 

reductant, such as Na or NaCioHg residue in the reaction system, followed by the ca-

pitation with borane reagent. 

Figure 2,3, Molecular structure of//-1,2-(CH2)4-l ,2-C2Bi iHi i (6). 

Figure 2.4, Molecular structure of ^-l，2-(CH2)4-l’2-C2BiiHii (7). 

‘32 



In the gross products of 13-vertex carboranes, we also observed a very small 

amount of 3-substituted 13-vertex carborane (cal. 5%) from " B NMR spectra. They 

were hard to purify by simple column chromatographic separation using «-hexane as 

elute, mainly because of the very similar polarities to the corresponding non-

substituted ones. Complex 3-Me-yu-1,2-(CH2)3-1,2-C2Bj iHio (6') was only distin-

guished from compound 6 in the Ĥ NMR spectrum (Figure 2.5), in which the me-

thyl group at 0.45 ppm was clearly observed. Fortunately, complex 3-Me-/M，2-

(CH2)4- 1 ,2-C2B 11 H 10 (7，）was able to be afforded in mil l igrams wi th more than 90% 

purity after repeated column chromatographic separation and recrystallization. It was 

characterized by several NMR spectroscopic techniques as well as HRMS. Its methyl 
� 

signals also appeared in the high field, at 0.11 ppm in the NMR spectrum, and at 

0.3 ppm (br) in the '^C NMR spectrum. The structure of complex 7，was confirmed 

by single-crystal X-ray analyses. As shown in Figure 2.6, it has similar cage geome-

try to those of other CAd 13-vertex carboranes, and with the methyl group substi-

tuted on the B3 atom. 

1 
1 Ji_Jl 

7.5 7.0 6.5 6.0 S.S S.O 4.0 3.5 3.0 l.S 2.0 1.5 1.0 0.5 

Figure 2,5, NMR spectra of 6 (top) and a mixture of 6 and 6' (bottom). 

The formation of 3-Me substituted 13-vertex carborane was unexpected. It would 

not likely be formed by electrophilic substitution reaction of a non-substituted 13-

vertex carborane as 3-position is the least electron-rich site.?* A possible pathway for 

I 

its formation is via direct insertion of a [MeB] fragment into the 12-vertex nido-

carborane dianion. On the other hand, we also found few crystals from the reaction 
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system, which was structurally characterized as [MesSJBr (Figure 2.7). This result 

may suggest the possible formation of MeBBr? species in the reaction mixture via 

acid-base reactions. 

C12A 

B5A 

Figure 2,6. Molecular structure of 3-Me-yU-1,2-(CH2)4-1,2-C2B11Hio (7,). 

Br1 

Figure 2.7. Molecular structure of [Me3S]Br. 

2.1.2. Structural and NMR Feature of CAd 13-Vertex ？-Carboranes 

All structurally characterized CAd 13-vertex carboranes have a common henico-

sahedral geometry bearing one or two trapezoidal open faces constructed by the two 

cage carbons and two boron atoms of the B5 belt. The more electronegative carbon 

atoms are less coordinated than the boron atoms. As a result, the cage C-C bond 

lengths in CAd 13-vertex carboranes are remarkably shorter, ranging from 1.40 to 

1.46 人，than those found in 12-vertex c/ojo-carboranes (Table 2.1). These distances 
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are even less than the normal C-C single bond,®'' indicative of increased bond order 

and more electrons filling in the bonding orbitals between them. 

Table 2.1. Cage C-C Bond Lengths (A) in CAd 13-Vertex Carboranes. 

Compd. Ccagc-Ccage bond length 

l,2-Me2-l,2-C2Bi,Hi,(17a) 1.421(5) 

/M，2-(CH2)3-U-C2BiiHn (6) 1.421(3) 

3 -Ph-^-1 ,2-(CH2)3- 1 ,2-C2B ,, H 10� 1.443(2) 

ix-1,2-Me2Si(CH2)2-1，2-C2Bi,Hn (16) 1.439(3) 

//-l,2-(CH2)4-l,2-C2BnHn (7) 1.425(4) 

3-Me-//-1 ,2-(CH2)4- 1 a -CiB 1,H,0 (7') 1.408(4) 

/^.l,2-o-C6H4(CH2)2-l,2-C2BnHn" 1.427(2) 

5-Ph-jW-1，2-o-C6H4(CH2)2- 1，2-C2B n H1 ( / 1.427(2) 

3-Ph-/^-l,2-CH2CH=CHCH2-1 ,2-C2BiiHio (5a) 1.414(2) 

3-Ph-//-l,2-CH=CHCH2CH2-1 ,2-C2BnHio (5b) 1.404(2) 

8,9,10,11,12,13-Me6-yW-1,2-(CH2)3-1，2-C2BnHs。 1.461(9) 

8,9,10,11,12,13-Bre-fi-l，2-(CH2)3-1，2-C2B,iHs。 1.420(10) 、 

{/^-l，2-(CH2)rl，2-C2BiiHii.}-c 1.447(12) 

�R e f . 74. b Ref. 69. ‘ Ref. 77. 

The " B NMR spectra of all CAd 13-vertex carboranes without substituents on the 

B atoms show a similar 1:5:5 pattern spanning in a small range from 6 to -1 ppm ex-

cept foryU-l,2'-Me2Si(CH2)2-l，2-C2BiiHii (16), in which two peaks are overlapped to 

exhibit a 1:10 pattern. On the other hand, different substituents on cage carbons 

clearly influence the pattern and chemical shifts of " B NMR spectra of the 12-vertex 

carboranes. This implies that the C-substituents have less effect on the '̂ B NMR 

spectra of 13-vertex carboranes. 
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The characteristic C chemical shifts of the less coordinated cage carbons in these 

13-vertex carboranes are observed at about 140 ppm，which are similar to those ob-

served in benzene analogues, but downfield shifted by up to 70 ppm compared to the 

12-veitex cousins (Table 2.2). The hybridization of a '̂ C atom is of decisive impor-

tance for the chemical shift, sp^ C atoms absorb at highest field, followed by sp C 

atoms and finally by sp^ C atoms at lowest field.®^ In this regard, the cage carbons in 

the CAd 13-vertex carboranes can be formally viewed as sp^ hybridized, while those 

in an icosahedron are sp hybridized (It is noted that despite of the sp hybridization 

bonding model of icosahedral carboranes, the calculated value is about sp、色 using 

13C-1H coupling c o n s t a n t . 16”.86 This is in accordance with the C-C bond lengths, 

which can be ascribed to the (partial) overlap of the remaining p-orbitals. Thus a hy-

pothetic bonding model of CAd 13-vertex carborane can be roughly described as 
s 

shown in Figure 2.8. The two cage carbons are sp hybridized and all cage borons are 

sp hybridized. A cage carbon would use one radial sp^ orbital to bind with the exo-

substituent, the second one to interact with another one on the other cage carbon in 

the same direction to form a a-bond, and the last one to take part in the forming of 

bonding and anti-bonding MOs with the tangential /7-orbitals of the boron atoms, K-

Bonding interaction would be resulted from overlap of the remaining /7-orbitals on 

the cage carbons. These two orbitals would also take part in the MOs formation in 

the whole cluster as a result of orbital overlap with the tangential p-orbitals of the 
boron atoms. In other words, it can be viewed that the ；r-electrons on the two cage � 

carbons would delocalized to the boron-cage part (Figure 2.9), thus the C-C bond 

lengths are between a normal C-C single bond and a normal C=C double bond. 

The anisotropic effect caused by this type of 7r-interaction on the cage carbons 

makes the peaks of the A-CH attached to cage carbons more deshielded and generally 
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shifted toward the low field, by 0.5 to 0.8 ppm, as the clusters change from 12-vertex 

to the 13-vertex ones. Meanwhile, the '̂ C chemical shifts of the a-CH units are also 

downfielded by 10 to 15 ppm. This influence is a little bit weaker when there is a 

substituent on the B3 atom, probably as a result of the electronic effect. These data 

are also comparable with those of the benzene analogues, which are also shifted to 

the low field. It indicates that the outer substituents are more deshielded in the 13-

vertex carboranes than those in the corresponding benzene derivatives. Thus, their 

cages can serve as strong electron-withdrawing groups. 

sp^ orbital p orbital 

equatorial vertical 
tangential p-orbital 

Figure 2.8. Hypothetic bonding model of a CAd 13-vertex carborane and possible 
* 

overlap and interaction of sp and p-orbitals on the sp -hybridized cage carbons with 

equatorial vertical tangential p-orbitals on the 577-hybridized cage borons, for exam-

ple. 
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Figure 2.9, Formal electron delocalization between a two-dimensional fragment 

(cage carbons) and a three-dimensional fragment (cage borons) in a CAd 13-vertex 

carborane. 
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2.2. Synthesis and Structure of CAp 13-Vertex c/oso-Carborancs and closo-

Metallacarboranes 

The successful synthesis of supercarboranes relies on the use of CAd carborane 

anions with a short C,C，-linkage, which have relative low reducing power compared 

to their CAp oounterparts.'̂ ® '̂̂  It was reported that reactions of CAp w/c/o-carborane 
4 

anions with several RJBX2 reagents afforded only 12-vertex carboranes, which were 

believed to be thermal decomposition products of the newly formed 13-vertex carbo-

ranes.67,69 These results lead to an assumption that the C,C'-linkage is crucial to sta-

bilize the 13-vertex carborane.̂ ®'̂ ^ To address the role of the C，C,-linkage in the 

formation and stabilization of 13-vertex carboranes, we intended to employ a 12-

vertex carborane with a potentially removable linkage for the synthesis of a 13-

vertex one by the polyhedral expansion method. The thermal stability of the 13-

vertex carborane without linkage will be examined after removal of the linkage. 

(Scheme 2.4). 

Scheme 2,4, Procedure to Investigate the Role of C，C，-Linkage in Stabilization of 

13-Vertex Carboranes. 

2.2.1. Screening the Ligand 

To achieve the goal mentioned above, a 12-vertex carborane with a potentially 

removable linkage should be prepared, which must meet the following conditions: (1) 

it can be used to synthesize a CAd 13-vertex carborane; (2) its linkage is stable under 

normal conditions; and (3) its linkage can be easily removed. Thus we chose some 
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compounds with unsaturated bond or heteroatom in the cyclic ring as candidates for 

our purpose, such as {x-1,2-(CH2CH=CHCH2)-1,2-C2B,oHio (I) ,…1 ’2-0(CH2)2-

1,2-C2BioHIO 广i，2_o(Me2Si)2-l’2-C2BioHio (10)95 ^ ^ ^-l,2-Me2Si(CH2)2-

1,2-C2BioHio (ll)’i7a which are shown in Figure 2.10. These complexes were pre-

pared according to the literature methods. 

Figure 2.10. 12-Vertex carboranes with potentially removable linkage. 

Compound 1,2-(CH2CH=CHCH2)-1,2-C2B ioHio (1) can be used to synthesize a 

13-vertex carborane 3-Ph-yu-1,2-(CH2CH=CHCH2)-1,2-C2BnHio (5a) as mentioned 

in Chapter 2.1. However, the C=C double bond in 1 was very stable under several 

reaction conditions examined. For example, it was unchanged in a 1:1 

C I C H 2 C H 2 C I / H 2 O mixture in the presence of 2 equiv NalO- and 0.1 equiv RuCb,^ 

or in a 3:1 THF/H2O solution in the presence of 2 equiv KMnOq at room tempera-

ture.̂ ^ Although 1 did react with NaI04 in the presence of RuCls in a 6:1 MeCN/HiO 

mixture, the messy NMR spectrum indicated complicated products formation 

(Scheme 2.5). Compound 1 is not a good candidate. 

Scheme 2.5, Proposed Oxidative Cleavage of C=C double Bond in 

(CH2CH=CHCH2)-1,2-C2BioHIO (1). 

O ‘ 

X » 
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Compound 1,2-0(CH2)2- i ,2-C2B ioHio (9) reacted readily with Na metal to give 
/ 

a mixture of products. Treatment of 9 with excess Na metal in the presence of a cata-

lytic amount of naphthalene in THF resulted in the formation of a dark red solution 

after one day. This solution was concentrated to afford some tiny yellow crystals, one 

of which was structurally characterized as [7’7，-(CH2CH2)-9，9’-Me2-7，7’’9,9,-

(C2BioHio)2][Na4(THF)i2] ([12a][Na4(THF)i2]). On the other hand, addition of 

excess 18-crown-6 to this dark red solution with stirring gave some crystals which 

were determined by X-ray diffraction as [/^-7’8-0(CH2)2-7’8-C2B9H9][Na2(18-crown-

6)] ([12b][Na2{18-crown-6)]). Treatment of the same solution with 2 equiv of 

HBBr2-SMe2 gave l,2-Me2-l,2-C2BioHio (13) in 5% isolated yield after column 

• � , 
chromatography using w-hexane as elute (Scheme 2.6). 

Scheme 2,6. Reaction of 1,2-0(CH2)2-1,2-C2BiqHio (9) with Na Metal. 

xs Na 

1) xs Na 
2) HBBr2«SMe2 

[Na4(THF)i2� 

[12a][Na4(THF)i2] 

1) X令 Na 
2) 18-crown-6 

[Na2(18-crown-6)】 

[12bj[Na2(18-crown-6)] 

Figures 2.11 clearly shows the structure of [12a] [Na4(THF)12], which tears two 

12-v6rtex «/^/o-carborane cages that are * linked by an ethylene unit. The exo-

substituents on the .cage indicated the cage carbon atoms are in 7- and 9-positions. 

The C71 -C71A distance of 1.419(7) A cannot determine whether it is a single bond 
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Figure 112. Two-dimensional polymeric structure of [/̂ -7，8-0(CH2)2-7，8. 

C2B9H9][Na2(l 8-crown-6)] ([12b][Na2(l 8-crown-6)]). 

4 4 

or a double bond, due to the poor resolution of the crystal, but the C-O bonds clea-

vage is doubtless. [12b][Na2(18-crown-6)] exhibits tw0-dimensional polymeric 

structure, as shown in Figure 2.12, in which the cages are linked by three types of 

Na+ counterions in different coordination environment. It clearly shows the nido-

C2B92- cage geometry with the C，C，-linkage being preserved. 

Figure 2,11, Molecular, structure of [7，7，-(CH2CH2)-9，9，-Me2-7’7’,9，9， 

(C2BioHio)2][Na4(THF)i2] ([12a][Na4(THF)i2]). The THF molecules are omitted. 



The structural identification of [12a][Na4(THF)i2] and [12b][Na2(18-crown-6)] 

suggested the complexity of reaction of 9 with Na metal. Cleavages of C-O bonds by 
* 

alkali metals or alkali metal aromatic radical anions to the corresponding group 1 

metal alkyls and alkoxides are well documented, and radical intermediates are re-
I 

garded to be involved i n the process, which are summarized i n earlier r ev iews .卯 

Thus, a possible mechanism can be proposed which involves several radical interme-

diate with the formation of NaiO. Hydrogen abstraction or radical coupling leads to 

several 12-vertex carboranes which can be reduced to the corresponding nido- anions. 

Na20 may cause deboration of 9 in THF to give nido-[\2\}f'. 

We then examined the suitability of fx-1,2-0(Me2Si)2-1,2-C2B iqH io (10), as it is 

reported that Ccagc-Si bonds of o-carboranes can be readily cleaved by TBAF to give 

the corresponding desilylated species in high yields.̂ ® Compound 10 reacted readily 

with excess Na metal in THF even without the presence of naphthalene to give a 

clear yellow green solution. Recrystallization from THF gave [^-7，10-0(Me2Si)2-

7,10-C2BioH,o][Na2(THF)4] ([14][Na2(THF)4]) as yellow crystals in 90% isolated 

yield. Treatment of this nido-carborme salt with excess HBBr2.SMe2 in tolu-

ene/CHzCb gave only 10 as observed from ' ' B NMR spectrum, without isolation of 

any 13-vertex species (Scheme 2.7). 

Scheme 2,7, Synthesis and Oxidation of a 12-Vertex nido-1,10-Carborane Salt. 

xs Na 

HBBro-SMe： 
lNa2(JHF)4] 

[14][Na2(THF)4] 

Compound was characterized by various spectroscopic tech-

niques as well as elemental analyses. Its " B NMR spectrum shows 4 peaks in a ratio 
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of 2:2:4:2 at 13.0, -2.4, -17.7 and -20.8 ppm, which is significantly different from its 

precursor 10. Single-crystal X-ray analyses showed that the cage carbons are in the 

7,10-positi6ns 惠ther than in the 7,8-positions (Figure 2.13), making the 6-membered 

open-face of the w/^/o-carborane anion highly distorted, which is similar to those re-

ported for 12-vertex mWo-carborane anions [//-7,10-R2-7,10-C2B1 qH 10]̂ " with linkag-

es (R2 = o-Ci2H8(CH2)2, (CH2)5, (CHzW.^sc.d The C…C separation of 2.763(7) A is in 

the range of 2.69-2.97 A that observed in these compounds. Formation of the 7,10-

isomer rather than the 7,8- one is probably due to the large ring size, which is caused 

by two big Si atoms. This linkage is just seated over the open face of /izc/o-carborane 

cage, which blocks the approach and insertion of a [BH]2+ unit upon treatment of 

[14][Na2(THF)4] with HBBr2.SMe2. 

Figure 2,13, Structure of [^-7,10-0(Me2Si)2-7,10-C2BioHio] ([14]^-), in [14][Na2-

(THF)4]. 

/i-l，2-Me2Si(CH2)2_l，2-C2BioHio (11), which bears a smaller ring than compound 

10’ was selected for testing. Treatment of 11 with TBAF only afforded deboration 

products as monitored by " B NMR spectrum. On the other hand, it is documented 

that 1-R-2-TMSCH2-1 ,2-C2BloHio can react with «-BuLi to cleave the C-Si bond, 
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affording the transmetallation product 1 -R-2-LiCH2-1,2-C2B ioHiq.̂ ^ In a similar 

manner, compound 11 was treated with 2 equiv MeLi in Et20 at room temperature 
I 

for one day, to afford intermediate 1 -TMSCH2-2-LiCH2-1,2-C2BioHiq. Subsequent 

quenching of the reaction by HCl afforded 1 -TMSCH2-2-Me-1,2-C2B,oH i o (15) in 

almost quantitative yield (Scheme 2.8). It was noted that excess MeLi did not gave 

the bis-metallated product 1,2-{LiCH2)2-1,2-C2B i oH i o, making the reaction easy to / 
handle. ~ 

Scheme. 2,8, Cleavage of One C-Si Bond of>l’2-Me2Si(tH2)2-l，2-C2BioHio (11). 

Si, MeLi f TMS 

Compound 15 was characterized by various spectroscopic methods as well as 
% 

HRMS. Its " B NMR spectrum showed a pseudo 2:2:6 pattern which is similar to that 
m 

of compound 11, but their and ^̂ C NMR spectra were distinct from each. 

2.2.2. Synthesis of /^-l，2-Me2Si(CH2)2-l，2-C2BiiHii and Unprecedented C-Si 

Bond Cleavage 

.Compound 11 was readily reduced by excess Na metal in THF even in the ab-

sence of naphthalene, which gave the corresponding «/^/o-carborane salt [^-7,8-

Me2Si(CH2)2-7,8-C2BioHio][Na2(THF)x] as viewed from " B NMR. Addition of 2 

equiv of HBBr2.SMe2 to a toluene suspension of this salt at -78°C to 0 °C gave a 

^slurry yellow solution. The " B NMR spectrum of the solution phase showed two 

major peaks at about 3 and 0 ppm in a.ratio of about 1:10，which were for those of 

the product fx-1,2-Me2Si(CH2)2-1,2-C2B11H11 (16). However, column chromato-

graphic separation did�.riot afford the desired product, rather gave a major species 
’:V 

with 3 peaks in the region of 5 to 0 ppm in a molar ratio of 1:5:5 in the " B NMR, 

4 7 



which indicated the desired product is not stable toward silica gel. We reexamined 

the reaction. Recrystallization form CHsCh/w-hexane was performed to afford com-

pound 16 in 39% isolated yield after the solution stood at room temperature for one 

day (Scheme 2.9). 

Scheme 2.9. Synthesis of a CAd 13-Vertex Carborane. 

I xs Na 
[Na2(THF)x� 

HBBrz'SMea 

C13 

C12 

Figure 2.14. Molecular structure of>-l’2-Me2Si(CH2)2-l，2-C2BiiHii (16). 

It was flilly characterized by 'H, '^C, and 丨丨B NMR spectroscopy as well as 

HRMS. The " B NMR spectrum showed a 1:10 not a 1:5:5 pattern which may be 
< 

caused by coincident overlap of the peaks. Two singlets at 2.55 and 0.31 ppm attri-

butable to the methylene and methyl units, respectively, were observed in the 
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NMR spectrum. Single-crystal X-ray analyses confirmed that 16 has a henicosahe-

dral structure which is similar to that of the known 13-vertex carboranes (Figure 

2.14). 

When subjected to column chromatography on Si02 using «-hexane as elute, 

compound 16 can be totally desilylated and 1,2-Me2-1,2-C2B n H11 (17a) and 1,12-

Me2-l,12-C2BiiHii (17b) were isolated in 60% and 30% yields, respectively 

(Scheme 2.10). Compounds 17a and 17b have the identical HRMS, indicating that 

they are isomers. The " B NMR spectrum of 17a showed a clear 1:5:5 pattern, while 

that of 17b exhibited a pseudo 1:10 pattern where a broad peak is not well resolved. 

The NMR spectra displayed only one singlet of the methyl protons at 2.73 ppm 

for 17a and two singlets at 2.63 and 1.89 ppm assignable to the two different methyl 

groups for 17b. Accordingly, two resonances at 140.6 (cage Q and 34.8 ppm (CH3) 

and four peaks at 120,7，83.0 (cage Q and 35.6, 27.3 ppm (CH3) were observed in 

the 13c NMR spectra of 17a and 17b, respectively. These spectroscopic data suggest 

that the two cage carbon atoms in 17b have different coordination environments 

compared to 17a: one may be more connected than the other. The molecular struc-

ture of 17a was confirmed by single-crystal X-ray analyses, as shown in Figure 2.15. 

The cage geometry is almost the same as that observed in 16 with the two cage car-

bon atoms remaining in adjacent positions. Compound 17a represents the first 13-

vertex carbqrane without a C,CMinkage. 

Compound 17a was not stable in solution and would slowly isomerize to 17b. 

This process was favored upon heating in a toluene solution and quantitative conver-

sion occurred within one day, suggesting that 17b resulted from 17a and was a ther-

modynamically stable product. No decomposition was observed during this process 

as evidenced by NMR spectra. These results show clearly that the C,C-linkage does 
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not have any obvious effects on the stability of 13-vertex carboranes, and 17b is 

thermodynamically more stable than its structural isomer 17a, which is well consis-

tent with the properties of 12-vertex carboranes. '̂̂  

Scheme 2,10. Unprecedented Disilylation of fi-1,2-Me2Si(CH2)2-1,2-C2B 11H11 (16). 

H+ 

xs TfOH 

Si02 

17a 

heat 

SiOz 
X -

17b 

Figure 2,15, Molecular structure of l,2-Me2-l,2-C2BiiHii (17a). 

On the other hand, compound 16 can also undergo mono-desilylation. Although it 
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was stable in the solid state, it would slowly decompose in the ^-hexane mother liq-

uor to give a sticky oil after one week. Subsequent extraction by «-hexane afforded a 

mixture of 17b (minor) and presumably, 1 -HOMe2SiCH2-12-Me-1,12-C2B11H11 (18b) 
( 

and l，r-0(Me2SiCH2)2-12’12，-Me2-(U2-C2BnHii)2 (18b，）(major), according to 

the NMR spectra. Compound 17b can be removed by thoroughly drying at 60 °C via 

vacuum for 6 h, leaving a mixture of 18b and 18b' in about 60% yield. This mixture 

exhibited a very similar " B NMR spectrum to that of 17b, although the signals were 

broadened, indicating the nature of CAp 13-vertex carborane. The NMR spectrum 

showed two different MeiSiCHi units, while the Me substituents on the B12 atoms 

of the two complexes overlapped. Meanwhile, the '^C NMR spectrum also showed 

overlapping signals of 18b and 18b’. However, two signals at 4.6 and 3.0 ppm in a 

ratio of ca. 5:2 were observed in the ^̂ Si NMR spectrum. When treated with excess 

TfOH in a C2D2CI4 solution, the mixture can be converted to a single product 1-

TfOMezSiCHz-12-Me-1,12-C2B, 1H,, (18b，，）in situ as evidenced by 丨H, '^C and ^̂ Si 

NMR spectra. The Ĥ and '^C signals of the Me2SiCH2 unit were upfield shifted by 

the influence of the strong electron withdrawing Tf group. Moreover, the correspond-

ing Si signal was observed at 37.3 ppm, which was comparable to that of 44.0 for 

TfOTMS.丨。。This complex was very hygroscopic and converted to the mixture of 

18b and 18b’ upon contact with water and not isolated. 

Formation of 18b and 18b’ would result from mono-desilylation of 16 to form a 

CAd 13-vertex carborane intermediate 18a. Complex 18a would isomerizes to 18b, 

which then underwent partial dehydration to afford 18b' in solution (Scheme 2.11). 

This mixture of 18b and 18b，was stable toward silica gel even in refluxing C D C I 3 , 

without detection of 17b, which indicated different desilylation pathways. 

51 



Scheme 2,11. Proposed Mechanism for the Formation of 18b and 18b’. 

ShOH 

18a 

OH 

To understand the reasons for facile desilylation of compound 16 over silica gel, 

we examined the properties of a 13-vertex ruthenacarborane analogue of 16. Reduc-

tion of compound 11 by excess Na metal in THF to afford its salt 

Me2Si(CH2)2-7’8-C2BioHio][Na2(THF)x]. Treatment of this salt with 0.5 equiv of [(p-

cymene)RuCl2]2 gave 4-(p-cymene)-/^-1,2-Me2Si(CH2)2-4,1,2-RuC2B i oH i o (19) in 

about 50% isolated yield after column chromatographic separation on silica gel 

(Scheme 2.12). 

Scheme 2.12. Synthesis of a 13-Vertex Ruthenacarborane. 

\ 

[Na2(THF)x� 
[(p-cymene)RuCl2]2 Si 

Compound 19 was characterized by various spectroscopic techniques as well as 

HRMS. Its " B NMR shows a 2:2:1:1:2:2 pattern in the range 7 to -17 ppm, which is 

parallel to that observed in 4-(p-cymene)-/^-l,2-(CH2)3-4,l,2-RuC2B|oHio."' Its 

structure was unambiguously determined by single-crystal X-ray analyses as shown 

in Figure 2.16，which is also similar to that of 4-(p-cymene)-/^-l，2-(CH2)3-4，l’2-

RUC2B10H10. Also, it contains a trapezoidal open face like that of a CAd 13-vertex 

carborane. 
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\ 

C14 

Figure 2.16. Molecular structure of 4-(p-cymene)-yU-1,2-Me2Si(CH2)2-4,1,2-

RUC2BIOH,O(19). 

However, complex 19 was stable toward silica gel even when heated at 70 °C in 

C D C I 3 . Besides, several 12- and 14-vertex carboranes, and'14- and 15-vertex ruthe-

nacarboranes bearing the same Me2Si(CH2)2 linkage, such as / l̂，2-Me2Si(CH2)2-I，2-

CzBioHio (11)，/^-2,3-Me2Si(CH2)2-2,3-C2Bi2Hi2 (28a), /̂ -2，8-Me2Si(CH2)2-2，8-

C2B12H12 (28b), l-0>cymene)-//-2，3-Me2Si(CH2)2-l，2，3-RuC2Bi|H|| (32a), \-(p-

cymene)-//-2,8-Me2Si(CH2)2-1,2,8-RuC2B nHn (32b)，and T-O-cymene)-/^-1，4-

Me2Si(CH2)2-7，l，4-RuC2Bi2Hi2 (35)，were also stable toward silica gel (Chapter 3). 

It gave an assumption that the nature of the cluster itself influences the desilylation 

process. In this regard, we compared several structural data of the corresponding car-

boranes or ruthenacarboranes as listed in Table 2.3. The structure of 11 was deter-

mined by single-crystal X-ray analyses and shown in Figure 2.17，although it is a 

known compound. It was hard to get X-ray quality crystals of 32b, thus it was not 
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used for comparison. 

Table 2,3. Comparison of Selected Bond Lengths (A) and Bond Angles (°) of Carbo-

ranes or Ruthenacarboranes bearing Me2Si(CH2)2 Linkage. 

Compd. No. Vertex Ccage-Ccagc C-Si-C (ring) 

11 12 1.702(5) 97.3(2) 

16 13 1.439(3) 89.5(1) 

19 13 1.459(7) 94.8(2) 

28a 14 1.648(3) 95.6(1) 

28b 14 1.663(5) 97.8(2) 

32a 14 1.702(7) 97.3(3) 

I 
Ru 

35 15 1,715(4) 96.6(1) 
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B5A 

Figure 2,17, Molecular structure of 1,2-Me2Si(CH2)2-1,2-C2B ioHio (11). 

The data listed in Table 2.3 give a general idea on the relationship of geometry of 

the cage and structure of the 5-membered silacyclopentane ring. We found that the 

corresponding Wl2-Si bond lengths of 1.887(3) A and 1.888(3) A in 13-vertex carbo-

rane 16 are in the range of 1.88 to 1.90 人 in these compounds but not elongated, in-

dicating the bonds would not be specifically weakened. However, great distinctions 

are reflected in the Ccogc-Ccagc bond distances and the C-Si-C bond angles in the 5-

membered ring. The corresponding values in the 13-vertex ruthenacarborane 19 and 

carborane 16 are remarkably reduced to 1.459(7) A and 1.439(3) A, and 89.5(1) ° for 

16, respectively. In this regard, we think that the specific structure of 13-vertex car-

borane with the short Ccagc-Ccagc bond leads to small C-Si-C angle in 16. Such a ring-

strain makes the Si atom easily attacked by nucleophiles, facilitating the C-Si bond 

cleavage and disilylation process (Figure 2.18). 

H 

H. / 0 � 

/ ^ o / \ 

ca^C—/-CHa' T ^ ^ S i 
c a g e C _ C ^ / / 

small angle 
Si-
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Figure 2.18. Proposed desilylation process facilitated by ring-strain. 

2.2.3. Direct Synthesis of 13-Vertex CAp Carboranes and Structural Characte-

rization 

As the CAp 13-vertex carborane .1,12-Me2-1,12-C2B n H11 (17b) is much more 

stable than the CAd 13-vertex carborane 1,2-Me2-1,2-C2B 11H11 (17a), we are 

prompted to re-examine the reaction of CAp /?/Wo-C2BioHi2 "̂ with RBX2 reagent. 

Treatment of compound 1,2-Me2-l,2-C2BioHio ( 1 3 ) i � with excess Na metal in the 

presence of a catalytic amount of naphth^ene gave CAp [7,9-Me2-7,9-C2B 1 oH 

followed by reaction with 2 equiv of HBBr2.SMe2 in toluene/CH^Cb，gave, after 

chromatographic separation, 17b and 13 in 5% and 17% isolated yields, respectively 

(Scheme 2.13). The remaining product is a mixture of inseparable highly polar bo-

ron-containing species. 

Scheme 2.13, Direct Synthesis of a CAp 13-Vertex Carborane. 

xs Na HBBr2*SMe2 
other 

Although the synthetic yield is rather low, this is the first time to show that CAp 

13-vertex carborane can be directly prepared via capitation reaction of [mWo-7，9-R2-

7,9-C2BioHio]Na2 with a dilialoborane reagent. It is reasonable to assume that the 

two cage carbon atoms in 17b remain in meta positions after the capitation reaction, 

giving a thermodynamically more stable all-triangulated docosahedral structure with 

the cage carbons being likely located in the 1,6-positions, that is, 1,6-Me2-1,6-

C2B11H11，as shown in Figure 2.19, based on the reaction mentioned above. However, 
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X-ray diffraction studies failed. 

Figure 2,19. Previously proposed cage geometry of CAp 13-vertex carborane. 

In order to get the unambiguous structure of the CAp 13-vertex carborane, several 

reactions were tried to direct synthesize the 13-vertex carboranes using CAp 12-

vertex m'̂ /o-carborane anions. Reaction of 1 -TMSCH2-2-Me-1,2-C2B i oH io (15) with 

excess of Na metal followed by treatment with HBBr2.SMe2 afforded I-TMSCH2-

12-Me-l,12-C2BiiHii (20) in 5% isolated yield after chromatographic separation 

(Scheme 2.14). 

Scheme 2,14, Synthesis of a 13-Vertex CAp Carborane. 

TMS 1) xs Na 
2) HBBrg'SMe； 

TMS 

Compound 20 was characterized by various spectroscopy and HRMS. It has 

common spectroscopic features with other 13-vertex CAp carboranes mentioned 

above, as listed in Table 2.4. Its NMR spectra showed a pseudo 1:10 pattern at 

11.7 and -6.9 ppm, which was very similar to those of 17b and 18b, indicating they 

would have similar cluster structures. Two types of cage carbon signals were ob-

served. One was in the lower field at about 125 ppm, which was close to that ob-
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served for the CAd 13-vertex carborane at about 140 ppm, and regarded as the less 

coordinated carbon atom. The other kind in the higher field at about 80 ppm was 

comparable to that of a 12-vertex carborane, thus belonged to the more coordinated 

carbon. The two-dimensional 丨H-i3c HMBC experiment indicated that the less coor-

dinated cage carbon attached to the alkyl group with downfielded signal, while the 6-
t • 

coordinate cage carbon attached to the methyl group at high field. This indicated the 

differences of electronic environment of the cage carbons and corresponding de-

shielding bffect on the C-substituents. No products with opposite arrangement of the 

substituents were detected or isolated. 

Table 2.4. Summary of ' 'B, and ^̂ C Chemical Shifts (ppm) of CAp 13-Vertex 

Carboranes 1 -R-12-R’ -1 ’ 12-C2B11H n. 

Compd. 

17b ° 

R = C H 3 

R，= CH3 

18b + 18b’。 18b，，̂  

R = CH2SIME20X 

R，= CH3 

20^ 

R = CH2TMS 

R’ = CH3 

丨丨BNMR 13.3(1) 11.8(1) 14.5(1) 11.7(1) 

-6.6(10) -6.9(10) -5.1 (10) -6.9(10) 

'HNMR R 2.63 2.72, 2.70 2.99 2.70 

0.15,0.14 0.58 0.07 

R， 1.89 1.89 1.91 1.89 

丨 3C NMR CI 120.6 127.8 121.5 129.7 

C12 83.2 83.3 84.0 83.1 

R 35.7 45.3 40.7 44.4 

0.85 -0.9 -1.2 

R， 27.4 27.3 27.0 27.3 

a in CDCI3. b in C2D2CI4. 

The structure of compound 20 was further confirmed by single-crystal X-ray 
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lyses as shown in Figure 2.20. It adopts an all-triangulated docosahedral geometry, 

which is similar to that predicted by theoretical calculations for BjsHn '̂.̂ ^^ However, 

the cage carbons are not in the 1,6- positions, rather in the 1,12- positions. The dis-

tances between the 6-coordinated CI2 atom and the neighboring 6-coordinated boron 

atoms are around 1.7 A which are similar to those observed in the 12-vertex carbo-

ranes. On the other hand, the distances of 1.541(3) or 1.515(3) A between the low-

coordinated CI atom and the 6-coordinated B2 or B3 atoms are much shorter, while 

the C1-B4 or C1-B5 bond lengths of 1.769(3) or 1.799(3) A are a bit longer. The 

TMSCH2 group is attached to the CI atom while the Me group is attached to the CI2 

atom, which is well consistent with the spectroscopic feature. 

C25 

Figure 2,20, Molecular structure of 1-TMSCH2-12-Me-1,12-C2B11Hn (20). 

A 1,6- isomer 1-R-6-R’-1,6-C2BhHii might be initially formed from the reaction, 

and 1,2- to 1,12-isomerization of MezCiBiiHii might also involve the 1,6- isomer as 

ail intermediate. This process can be explained by "Extended RTF、process (Scheme 
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2.15).io,13 However, we have not observed any spectroscopic evidence of 1,6-Me2-

1,6-C2Bii eithei： in the isomerization process or in the capitation process, while 1,2-

Me2-l,2-C2BnHii (17a) can survive in solution for some time. Thus, the 1,2-isomer 

would be stable than the 1,6-isomer, which might be due to the additional stabiliza-

tion caused by the preference of a henicosahedron geometry than a docosahedron. 

More exactly, it would like to say that the activation barrier for isomerization from 

the 1,2-isomer is higher than that for a 1,6- one, which is caused by the trapezoidal 

open face and the short Ccngc-Ccagc bond or enhanced bond strength. Thus the first 

step is slow and rate-determining while the latter one is quick so that the 1，6- inter-

mediate is not observable. 

Scheme 2.15, Proposed Isomerization Process of 13-Vertex Carborane without Lin-

kage. .... 

A similar process of 4,1,6- to 4,1,12- isomerization in 13-vertex metallacarborane 

6 0 



system, where 4- position is the metal fragment had been r e p o r t e d . I n this regard 

we would like to qualitatively examine thermal stability of the 4,1,2- and 4,1,6- 13-

vertex metallacarborane analogues. Using the same transmetallation method in the 

reaction of 1,2-Me2Si(CH2)2-1,2-C2B ioHjo with MeLi, treatment of 4-(p-cymene)-

/M，2-Me2Si(a^2)2-4’l，2-RuC2BioHio (19) with 2 equiv of MeLi in EtzO for 2 d fol-

lowed by quenching with excess HCl afforded a CAd 13-vertex metallacarborane 4-
« 

(p-cymene)-l-YMSCH2-2-Me-4，l，2-RuC2BioHio (21a) in about 40% isolated yield 

after column chromatographic separation. Its 4,1,6-isomer 4-(p-cymene)-l -TMSCH2-

6-Me-4,1 ,6-RuC2B IqH 10 (21b) was directly synthesized in 50% isolated yield from 

reduction of 1 -TMSCH2-2-Me-1,2-C2BloHio (15) by excess Na metal followed by 

treatment with 0.5 equiv of [(p-cyinene)RuCl2]2 (Scheme 2.16). 

Scheme 2.16, Synthesis of Two 13-Vertex Ruthenacarborane Isomers. 

1)MeLi 

2) [H]+ 

21a 

TMS 1) xs Na TMS 
2) [(p-cymene)RuCl2]2 

21b 

Compound 21a and 21b were characterized by several spectroscopic techniques 

and HRMS. They showed distinct " B NMR spectra indicative of different symmetry 
I 

of the cage C atoms. Their molecular structures were determined by single-crystal X-

ray analyses and shown in Figures 2.21 and 2.22, respectively. To our knowledge, 

compound 21a represents the first 4,1,2- 13胃vertex carborane without C，C，-linkage 
V"-， 

(Recently the Welch group has reported synthesis of 4-C9H7-1,2-(CH3)2-4,1,2-
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CoC2BioHio)’57b but its trapezoidal open face is somehow distorted compared to that 

of 19 (Figure 2.23). This phenomenon was also observed in some 4,1,2- 13-vertex 

metallacarborane with C,C-linkage.^^" Compound 21b has a similar structure as those 

of 4,1,6- 13-vertex metallacarborane that have been reported. 

Although 21a also has a distorted trapezoidal open face, it is stable both in the sol-

id state and in solution for several weeks. It is also resistant to change under heating 

up to 110 °C for several days in a C2D2CI4 solution as monitored by 'H NMR. How-

ever, 21b began to isomerize at 50 although the rate was rather slow. This implied 

that like the 13-vertex carboranes, the isomerization barriers in the 13-vertex ruthe-

nacarborane system are also higher for a 4,1,6- one than for a 4,1,2- one. 

Figure 2.2 L Molecular structure of 4-(/7-cymene)-1 -TMSCH2-2-Me-4,1,2-

RuC2BioHio(21a). 
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C13 

Figure 2,22, Molecular structure of 4-(p-cymene)-1 -TMSCH2-6-Me-4,1,6-

RuC2BioH,o(21b). 

1.459(7) 
C1 C2 
(97.7(4) 97.7(4)\ 

.824(8)] .809(8) 1.847(1) 

.513(1) 

82.4(6) 108.2(7V 

81.9(3) 82.7(3)1 口 § 2 . 0 ( 6 ) 

DO  
76.5(6) 

.757(2) 

B9 
.943(9) 

19 

.841(2) 
21a 

Figure 2.23, Trapezoidal open faces in compound 19 and 21a, showing the differ-

ences in the bond lengths (A) (outside) and internal angles (°) (inside). 

2.3. Summary 

Several CAd 13-vertex carboranes were synthesized and characterized using CAd 

12-vertex «/<io-carborane anions. They had similar cage structures with short Ccage-

Ccagc bond lengths, which indicated increased electron delocalization between the 
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two cage carbons. The '^C chemical shifts of the cage carbons are down fielded to 

about 140 ppm thus shows the “sp:” hybridization character. The 'H and '̂ C chemi-

cal shifts of the a-CH groups attached to the cage carbons are also down fielded, in-

dicating the more deshielding effect of the 13-vertex carborane cages. 

To study the role of C，C’-linkage in the formation and stabilization of 13-vertex 

carborane, a 12-vertex carborane with removable linkage was employed and lead to 

the formation of a 13-vertex carborane fi-1,2-Me2Si(CH2)2-1,2-C2B 11H11. This carbo-

rane would undergo facile desilylation, which is believed to be induced by the spe-

cial structure of 13-vertex carboranes, to afford CAd and CAp 13-vertex carboranes 

without linkage. This indicates C，C，-linkage does not have any obvious effects on 

the stability of 13-vertex carboranes. The CAp 13-vertex carborane can also be di-

rectly synthesized using CAp 12-vertex mWo-carborane anions, but in much lower 

yield due to the very strong reducing power of the CAp nido-caxboranc dianions. The 

role of the linkages is just to lower the reducing power of the m'^/ocarborane di-

anions, facilitating the capitation reaction. 

The structure of CAp 13-vertex carborane was determined as 1,12-isomer but not 

1,6-isomer. An initial formation of a 1,6-isomer followed is believed in the process 

but would subsequent isomerize to the 1,12-isomer and was not observed, which in-

dicated the barrier of isomerization process is lower for the 1,2-isomer'than for the 

1,6-one. A similar phenomenon is also observed in the 13-vertex ruthenacarboranes, 

in which 4,1,2-isomer is thermo stable than the 4,1,6-one. 
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Chapter 3. Synthesis and Structure of 

c/(?50-Carboranes and ctoso-Metallacarboranes 

with More than 13 Vertices 

3.1. Synthesis and Characterization of 13-Vertex /iiV/o-Carborane Dianions 

The 13-vertex nido-coxhormt dianions are potential synthons for the synthesis of 

14-vertex c/o^o-carboranes via insertion of a [RB]2+ unit. Indeed, the first CAd 14-

vertex carborane /^-2,3-(CH2)3-2,3-C2Bi2Hi2 can be prepared from the corresponding 

1 ,2-(CH2)3- 1 ,2-C2B 11 H 11 ][Na2(THF)4] salts and HBBr2.SMe2 reagent.^' However, 

the C,C，-linkages greatly influence the formation of 14-vertex carborane. When the 

linkage was changed from (CH2)3 to oC6H4(CH2)2，no 14-vertex carborane was iso-

lated by the same method, which is mainly regarded as the steric effect. And the 

knowledge of the 14-vertex c/oyo-carboranes is only confined to two isomers bearing 

the (CH2)3 linkage. Thus other 14-vertex carboranes became our target molecules 

and are of great importance for more detailed and comprehensive understanding of 

their properties and potential applications. For this reason, synthesis of different 13-

vertex w/^/o-carborane dianions is the first step to pursue. 

3.1.1. Synthesis 

Our group has systematically studied the synthesis of CAd 13-vertex nido-

carborane dianions via reduction of CAd 13-vertex carboranes by group 1 or group 2 

metals.74 These reduction processes take place very quickly even in the absence of 

naphthalene and usually finish within several hours. This easiness is usually ascribed 

to the existence of the trapezoidal open faces in the CAd 13-vertex c/ojo-carboranes. 

:^4fccordingly, [pi-1,2-(CH2)3-1,2-C2B,,H,,][Na2(THF)4] ([22][Na2(THF)4]) was pre-
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pared based on the literature from compound fx-1,2-(CH2)3-1,2-C2BuH j i (6)7'' Simi-

lady, treatment of CAd 13-vertex carboranes n-1,2-Me2Si(CH2)2-1,2-C2B 11H11 (16), 

/^-l,2-(CH2)4-l,2-C2Bi,Hn (7)，ii-1,2-MeCH(CH2)2-1,2-C2B,,H,, (8) and 1，2-Me2-

1,2-C2BiiHii (17a) with excess Na metal in THF gave dark red solutions at once, 

which indicated single-electron reduction processes.^^ The red solution was further 
t 

stirred and fainted to pale yellow or colorless within several hours demonstrating the 

completion of the two-electron reduction. After recrystallization, the corresponding 

13-vertex mWo-carborane salts [ix-1,2-Me2Si(CH2)2-1,2-C2B 11H i, ] [Na2(THF)4] 

([23][Na2(THF)4])，[/^-l,2-(CH2)4-l,2-C2B,,Hn][Na2(THF)4] ([24][Na2(THF)4])，[pi-

l,2-MeCH(CH2)2-l，2-C2BiiHii][Na2(THF)4] ([25][Na2(THF)4]) and [1,2-Me2-1,2-

C2B11H11 ][Na2(THF)4] ([26a][Na2(THF)4]) were isolated in almost quantitative yield 

as colorless crystals or white solids, as shown in Scheme 3.1，and the numbering sys-

tem is shown in Figure 3.1. 

Figure 3, J. Numbering system for 13-vertex m^/ocarborane dianions. 

The CAp 13-vertex carborane was also readily reduced by excess Na metal to af-

ford the corresponding CAp 13-vertex nido-caiboranQ salt. Treatment of I,12-Me2-

1，12-C2BiiHii (17b) with excess Na metal in THF also gave a red solution at the be-

ginning and fainted to pale yellow within several hours. Recrystallization from 

THF/«-hexane gave [ 1,3-Mez-1,3-C2B,,H,,][Na2(THF)4] ([26b][Na2(THF)4]) as co-

lorless crystals in about 80% isolated yield (Scheme 3.1). 
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Scheme 3.1. Synthesis of 13-Vertex /7/Wo-Carborane Salts. 

:Si 

16 

17a 

xs Na 

[Na2(THF)4] 

[23][Na2(THF)4] 

[Na2(THF)4j 

[241[Na2(THF)4� 

[Na2(THF)4] 

[25][Na2(THF)4] 

[Na2(THF�4] 

[26a】[Na2(THF)4] 

[Na2(THF)4� 

[26b�[Na2(THF)4l 
17b 

6 7 



3.1.2. Characterization 

The molecular structures of CAd 13-vertex mt/o-carborane salts [23][Na2(THF)4l 

and [26a][Na2(THF)4] were determined by single-crystal X-ray analyses and shown 

in Figures 3.2 and 3.3, respectively. They are one dimensional coordination polymers 

in the solid state as those of other 13-vertex carboranes salts with [Na2(THF)4]2+ ca-

tion that were reported, in which the sodium ions link the m^ f̂o-carborane cages via 

Na . H-B interaction.74 The coordination environments of the two Na atoms are 

symmetric, one of which is coordinated to B3-H and B12-H of one /7/t/o-carborane 

unit, and to BIO-H, B11-H and B13-H of another unit to form infinite zigzag poly-

meric chains. A typical one of [26a][Na2(THF)4] is shown in Figure 3.4. 

B2A 

Figure 3.2. Structure of [JJL- 1,2-Me2Si(CH2)2-1,2-C2B,, Hi , ( [23]^ ' ) , in [23][Na2-

(THF )4] . 

The structural features of the dianions [23] _ and [26a] ‘ are also very similar to 

other structurally characterized CAd 13-vertex cousins and bear bent 5-membered 

open faces with long B3 - B7 separations. The cage C-C bond lengths are elongated 

by more than 0.1 人 in these anions and the B3 - B7 distances are elongated by more 
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than 1.0 人，respectively，after taking up two electrons of the corresponding closo-

species from the Na metal, and these data are listed in Table 3.1. It is noted that re-

duction of 17a, a 13-vertex carborane without linkage, also gave the CAd 13-vciiex 

mV/o-carborane anions, in which the cage B-B bond is broken but the cage C-C bond 

remains contact, although a little longer. This is very different from the reduction of 

the 12-vertex analogues, in which the cage C-C bond is usually broken and leads to 

the formation of a CAp 12-vertex wzV/o-carborane dianion.42 This result further indi-

cates that the trapezoidal open faces greatly influence the chemical properties of the 

13-vertex CAd carboraiies. 

C11A 

Figure 3.3. Structure of [ 1,2-Me2-1,2-C2B11H11([26a]^") in [26a][Na2(THF)4] (left) 

and [l,3-Me2-l,3-C2Bi,Hnf" ([26b]^-) in [26b][Na2(THF)4] (right). 

The structure of the CAp 13-vertex m.̂ /o-carborane salt [26b][Na2(THF)4] was al-

so determined by X-ray diffraction and shown in Figure 3.3. The geometry of the 

anion is similar to that observed in its CAd isomer [26a] "̂ with a five-membered 

open face on which the two cage carbons are located. However, these carbon atoms 

are separated and at the CI and C3 positions. The formation of the meta- but not pa-

3 

ra- «/V/o-carborane anions is consistent with that in a 12-vertex carbOrane system, in 
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which the me^a-isomer is more 

s t a b l e . 们 T h e C 1 - B5 distance is 2.379(10) A and 

regarded as non-bonded, thus the CI atom is 4-coordinaled and a distorted trapezoid-

al open face also exists in the anion. The average C l - B bond length of 1.602(7) A is 

shorter than the average C3-B bond distance of 1.666(8) A, in which the C3 atom is 

5-coordinated. This CAp 13-vertex nido-carhorane salt also forms one-dimensional 

polymeric network in the solid state through Na - H-B interactions, but in an un-

symmetric manner compared to its CAd isomer [26a][Na2(THF)/j] (Figure 3.4), 

t v 

Figure 3,4, Na- H-B interactions in the one dimensional polymeric chains of [1,2-

Me2-1，2-C2B 丨丨 H丨 ,][Na2(THF)4] ([26a][Na2(THF)4]) (top) and [ 1,3-Me2-l ,3-

C2Bi,Hii][Na2(THF)4] ([26b][Na2(THF)4]) (bottom). The THF molecules are omit-

ted. 
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Table 3,1, Ccagc-Ccagc Bond Lengths (人）and B - B Separations in 13-Vertex closo-

and /7/<io-Carboranes. 

Ccagc'Ccagi c bond lengths B- B distances 

The 13-vertex c/oj^o-carborane closo- nido- closo- nido-

species species “ species species ° 

/.-l,2-(CH2)3-l,2-C2BnH,, 1.421(3) 1.529(8)6 1.959(4) 2.677(6)b 

1，2-(CH2)3-3 -Ph-1，2-C2B iiHio 1.443(2” 1.552(6) c 1.940(4)c 2.653(6)c 

H-1 ,2-O-C6H4(CH2)2- 1，2-C2B nHn 1.427(2)" 1.553(5 广 1.975(2)" 2.584(8)" 

H-1，2-Me2Si(CH2)2-1，2-C2B nHi, 1.439(3) 1.568(6) 1.964(5) 2.628(7) 

1,2-Me2-1,2-C2B,,H,, 1.421(5) 1.556(1 1) 1.937(5) 2.746(8) 

The cation is [Na2(THF)4]2+. ^ Ref. 8 1 / R e f . 74. 

These complexes were also characterized by several spectroscopic techniques as 

well as elemental analyses. The CAd 13-vertex /7/<^o-carborane salts all exhibited 

very similar " B NMR spectra in solution with peaks at about -10, -15 and -26 ppm in 

a ratio of 1:5:5, regardless Ihe substituents on the cage carbons, which was the 

same as those reported in literature.74 This pattern was not consistent with the low 

symmetries observed in the solid-state structures. Even complex [25][Na2(THF)4]， 

with an unsymmetric linkage on the cage carbons, showed the same pattern. And its 

'̂ C NMR indicated that only one set of signals was observed in solution. The 'H 

NMR spectra of other compounds with symmetric linkages also showed no differen-

tiation of the signals corresponding to the exo- and endo-\\ atoms referred to the five-

membered open faces. Thus, it is reasonable to assume thai these anions undergo rap-

id dsd processes in solution as shown in Figure 3.5. 

The highfield signals of the cage borons indicate the influence of the negative 

charges on the cages of these CAd 13-vertex m.^/ocarborane dianions. This effect is 

Xi 
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also reflected in the chemical shifts of the cage carbons in their ^̂ C NMR spectra, 

which are significantly upfielded (at less than 20 ppm) compared to the correspond-

ing 13-vertex c/o^o-carboranes. These data are listed in Table 3.2. 

Figure 3.5, Topology representation of proposed dsd process of CAd 13-vertex nido-

carborane dianipn in solution (the para-B atom to the cage carbons are not presented). 

The enc/o-H atom is the one on the same side of 5-membered open face with the cage, 

while the exo-H atom is the opposite one. 

Table 3.2, Comparison of the '^C Chemical Shifts of the Cage Carbons in 13-Vertex 

nidO'Caxhorane Dianions and Their Corresponding closo- Species. 

13-Vertex ctoo-carborane 
Chemical shifts of the cage carbons (ppm) 

closo- species nido- species 

/M，2-(CH2)3-1，2-C2BiiHU 136.4 16.0 

k 1,2-Me2Si(CH2)2-1 ’ 2-C2B nHn 144.5 11.2 

/^-l,2-(CH2)4-l,2-C2BnHn 142.5 10.3 

fi-1,2-MeCH(CH2)2-1,2-C2B nH,i 142.3, 136.1 19.2，16.6 

l,2-Me2-l,2-C2BiiHii 140.7 7.3 

l,12-Me2-l,12C2Bi,Hi, 120.6,83.2 44.4’ 35.7 

�i n C D C I 3 . b in t/s-pyridine. 

The CAp 13-vertex carborane salt [26b]{Na2(THF)4] exhibited a 2:2:2:2:2:1 pal-
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tem within -2.7 to -33.1 ppm in the B NMR spectrum in a THF solution and this 

pattern changed to 2:1:5:2:1 in a solution of ^/s-pyridine. Its 'H NMR showed two Me 

peaks in different environment at 2.47 and 2.11 ppm. Accordingly, two distinct peaks 

at 29.8 and 31.5 ppm were observed in the '^C NMR spectrum together with 35.7 

and 44.4 ppm corresponding to the two cage carbons, which were also upfielded 

compared to the closo- species 17b. 

3.2. Synthesis and Structure of 14-Vertex Carboranes 

3.2.1 Synthesis 

With several 13-vertex mcfo-carborane salts in hand, we attempted the synthesis of 

desired 14-vertex carboranes. Following the [13+1] protocol, the 14-vertex carbo-

ranes /̂ -2，3-(CH2)3-2，3-C2Bi2Hi2 (27a) was synthesized by treatment of 

[22][Na2(THF)4] with 2 equiv of HBBr2.SMe2 in a toluene/CPhCh suspension, ac-

cording to the literature, in 20% isolated yield after column chromatographic separa-

tion.®' Besides, its isomer ；u-2,8-(CH2)3-2,8-C2Bi2Hi2 (27b) was isolated in about 0.5% 

yield. Similarly, other 14-vertex carboranes with C’C，-linkage were also synthesized. 

Reaction of [23][Na2(THF)4] with the same borane reagent lead to isolation of /i-2,3-

Me2Si(CH2)2-2,3-C2B,2H,2 (28a) in about 5% yield and 广2’8-Me2Si(CH2)2-2，8-

C2B12H12 (28b) in about 1% yield, respectively. Interaction of [24][Na2(THF)4] with 

HBBr2-SMe2 gave …2,3-(CH2)4-2，3-C2Bi2Hi2 (29a) in about 0.5% yield and YU-2,8-

(CH2)4-2,8-C2B|2Hi2 (29b) in about 10% yield (Scheme 3.2). It is noted that we only 

obtained a mixture containing 29a and 29b in a ratio of 2:1. Complex 29a was not 

able to be flirthcr purified by column chromatography on silica gel, which may be 

due to the loss in the purification process. The same method also worked using 

[25][Na2(THF)4] as evidenced by the " B NMR spectra of the reaction mixtures. 
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However, the products were hard to be purified and isolated, mainly because of the 

methyl substituent on the linkage, which would result in the formation of four possi-

ble isomers rather than two. 

Scheme 3,2, Synthesis of 14-Vertex Carboranes with C，C’-Linkage via a [13+11 Pro-

tocol. 

[Na2(THF)4l 

l22][Na2(THF)4] 

[Na2(THF)4] 

[23][Na2(THF)4】 

[Na2(THF)4� 

[24](Na2(THF)4] 

HBBrz'SMez 

27a 

28a 

27b 

29a 

The same [13+1] methodology can also be used in the synthesis of 14-vertex car-

boranes without linkage. Treatment of CAd [26a][Na2(THF)4] with 2 equiv of 

HBBr2.SMe2 in a toluene/CH2Cl2 suspension resulted in the formation of several 

isomers of Me2C2Bi2Hi2, besides cal. 10% 13-vertex MezCzBiiHii isomers 17a and 

17b (Scheme 3.3). In these 14-vertex carborane isomers, a trace amount of 2,3-Me2-

2,3-C2Bi2Hi2 (30a) was detected according to the " B NMR spectra, which had a 

similar pattern as that of 2，3-(CH2)3-2，3-C2Bi2Hi2 (26a),®' but not isolable. About 2% 

2,8-Me2-2,8-C2Bi2Hi2 (30b) was isolated as white solids, and cal, less than 0.5% 2,4-
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Me2-2,4-C2B 12H12 (30c), presumably, was also afforded, after repeated column 

chromatographic separation using w-hexane as elute. A 13-vertex CAp carborane B-

0(CH2)4Br-C，C，-Me2-C2BnHio (31), which might be 4-0(CH2)4Br-l’12-Me2-l,12-

C2B11H10, was also isolated in about 5% yield as colorless liquid. It ' 'B NMR spectra 

showed three peaks in an 1:5:5 pattern at 17.0, -4.8 and -10.8 ppm, one of which was 

at the lowest field as a singlet in the 'H coupled spectrum and linked to the oxygen 

atom. Four methylene units together with two diastereotopic methyl groups were ob-

served in the and '^C NMR spectra. Two corresponding cage carbons were ob-

served at 96.6 and 84.3 ppm. The EI MS spectrometry showed one signal group cen-

tered at m/z 199 corresponding to the Me^CaBiiHioO fragment and two isotopic 

peaks at m/z 135 and 137 corresponding to the (CH2)4Br fragment. 

Scheme 3.3. Synthesis of 14-Vertex Carboranes without C,C'-Linkage via a [13+1] 

Protocol. 

[Na2(THF)4] 

[26a】[Na2(THF)4] 

HBBr2.SMe2 

[Na2(THF)4� 

[26b][Na2(THF)4] 

HBBr2.SMe2 

0(CH2)4Br 

A CAp 14-vertex carborane can also be synthesized from CAp 13-vertex nido-

carborane salt. Treatment of [ 1,3-Me2-1,3-C2B11H, 1 ] [Na2(THF)4] ([26b][Na2(THF)4]) 
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with 2 equiv of HBBr2.SMe2 in a toluene/CH^Ch suspension gave 2,9-Me2-2,9-

C2B12H12 (30d) in 0.5% isolated yield (Scheme 3.3), In addition, the 13-vertex CAp 

carborane 17b was recovered in 20% yield. 

The [12+2] protocol, that is the capitation of a 12-vertex arac/7«o-carborane with 

two [BH]2+ units on both open faces, is introduced in the synthesis of the first 14-

vertex CAd carborane 27a. Indeed, this method is also useful in the synthesis of 14-

vertex carboranes with C,C'-linkage 28a, 28b, 29a and 29b. Reduction of /i-1,2-

Me2Si(CH2)2-l,2-C2B,oH,o (11) or /i-l,2-(CH2)4-l,2-C2B,oH,o (3) with excess Li 

metal afforded the corresponding 12-vertex arachno-cd^xhox^nt salts 

Me2Si(CH2)2-l,2-C2BioH,o][Li4(THF)x] or [/i-1,2-(CH2)4-l,2-C2B,oH,o][Li4(THF)5]. 

Treatment of these two complexes with 3 equiv of HBBr2.SIvle2 in a tolu-

ene/CHzCh suspension gave 28a in 3% isolated yield and 28b in 0.5% isolated yield, 

and 29b in 5% isolated yield (Scheme 3.4). Trace amount of 29a was also observed 

in the gross product by " B NMR spectrum. 

Scheme 3.4, Synthesis of 14-Vertex Carboranes with C,C'-Linkage via a [12+2] Pro-

tocol. ** 

1)xs Li 

2) HBBra'SMe^ 

28a 

29a 

In these reactions, besides a small amount of the 12-vertex starting materials, lots 

7 6 



of 13-vertex carboranes were isolated, indicating that redox reactions dominated, 

thus leading to low yields of 14-vertex carboranes. This was the same as the prepara-

tion of 27a. On the other hand, isolation of 4-0(CH2)4Br-1,12-Me2-1,12-C2B, 1H10 

(31) in the reaction of [26a][Na2(THF)4] with HBBivSMes indicated that THF 

ii 

would also influence the 'reaction. C - 0 bond cleavage and ring-opening of THF by 

HBBr2-SMe2, which lead to the formation of R2BO(CH2)4Br,'°^ would account for 

the formation of it. Thus donor solvent should be avoided as possible. 

3.2.2. Characterization 

The structures of 27a, 28a, 28b, 29b and 30d were determined by single-crystal 

X-ray analyses, and are shown in Figures 3.6-3.10. Compound 27a was cocrystal-

lized with one equiv of naphthalene. They all adopt a bicapped hexagonal antipris-

matic geometry as that predicted for [B^H^]^' by theoretical calculation,^^^ with two 

cage carbons located at 2- and 3- positions for 27a and 28a, or 2- and 8- positions for 

28b and 29b, or 2- and 9- positions for 30d. 

Figure 3.6. Molecular structure of -(CH2)3-2,3-C2B12H12 (27a), in 27a.CioH8. 
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Figure 3.7. Molecular structure of>-2，3-Me2Si(CH2)2-2，3-C2Bi2Hi2 (28a). 

Figure 3.8. Molecular structure of>-2，8-Me2Si(CH2)2-2’8-C2Bi2Hi2 (28b). 

B7A 

Figure 3.9. Molecular structure of//-2,8-(CH2)4-2,8-C2B 12H12 (29b). 
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Figure 3.10. Molecular structure of 2,9-Me2-2,9-C2B 12H12 (30d). 

The relative bond distances of these 14-vertex c/o5o-carboranes are listed in Table 

3.3. The C-C bond lengths of CAd 14-vertex carboranes are longer than their 13-

vertex analogues but comparable to those observed in 12-vertex carboranes. The Bl-

Cent(up), Cent(up)-Cent(low) and Cent(low)-B 14 distances are comparable among 

them. 

Table 3,3. Relative Bond Distances (A) in the 14-Vertex Carboranes. 

Compd, Cage C-C Bl-Cent(up) Cent(up)-Cent(low) Cent(low)-B14 

27a 1.608(4) 0.848(6) 1.494(6) 0.831(6) 

28a 1.648(3) 0.840(5) 1.489(5) 0.824(5) 

27b ^ 1.599 (3) 0.841(3) 1.506(3) 0.841(3) 

28b 1.663(5) 0.857(8) 1.501(8) 0.840(8) 

29b 1.622(3) 0.899(8) 1.520(8) 0.899(8) 

30d / 0.837(5) 1.496(5) 0.837(5) 

°Ref. 81. 

Compounds 28a, 28b, 29b, 30b, 30c and 30d were also characterized by spectros-

copic techniques as well as HRMS. Complex 29a was characterized from a mixture 

containing 29b. The 2,3-isomers generally had low symmetry and the " B NMR 
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spectra of 28a showed a accordant 1:2:2:1:2:1:2:1 pattern in the range 7 to -24 ppm. 

Complex 29a showed a similar 1:2:2:2:1:2:1:1 (or 1:2:2:1:2:2:1:1 as il cannot be well 

resolved in the mixture) pattern in the 8 to -25 ppm range. The ' 'B NMR spectra of 

28b exhibited a pseudo 2:6:2:2 pattern in the range 3 to -18 ppm, and for 29b, it ex-

hibited a 2:2:2:2:2:2 pattern in the range 5 to -17 ppm. For Me^CsBizHi�（30)，there 

are 6 possible cage structures according to positions of the two cage carbon, in which 

the cage carbons taking up the 7-coordinated 1- or 14- position is not considered. The 

theoretical and observed ' 'B NMR spectra patterns of these isomers are listed in Ta-

ble 3.4. 

Table 3,4. Theoretical and Observed " B NMR Spectra Patterns for Six Isomers of 

Me2C2B,2Hi2. 

Cage carbon positions Theoretical pattern� Observed pattern ^ Range (ppm) 

2,3- 1:1:1:1:2:2:2:2 1:2:2:1:2:1:2:1 8 to -26 

2,4- 1:1:1:1:2:2:2:2 2:2:2:2:1:1:1:1 5 to -25 

2,5- 1:1:2:4:4 / / 

2,8- ^̂  • ̂^ • ̂^ • ̂^ • ̂^ • ̂^ 2:2:4:2:2 410-17 

2,9- 2:2:2:2:2:2 2:4:4:2 4 to-19 

2,10- 2:2:2:2:2:2 / / 

a arrangement according to the relative intensities. ^ arrangement according to the 
chemical shifts. 

The chemical shifts of the cage carbons in 14-vertex carboranes are generally ob-
Ik 

served at high field, compared to the corresponding 13-vertex carboranes and close 

to that of the 12-vertex analogues. These distinctions indicate the different electronic 

environments of the cage carbons in the clusters. Generally, the 5-coordinated carbon 

atoms in the 13-vertex carboranes are more electron-deficient than the 6-coordinated 

8 0 



carbon atoms in the 14- and 12-vertex carboranes. Moreover, cage carbon signals in 

the 2,3- (or 2,4-) isomers are always upfielded by about 12-18 ppm relative to those 

in the 2,8- (or 2,9-) isomers. These data are listed in Table 3.5. These differences can 

be ascribed to the electronic effects of which the cage carbons are on the same 6-

membered belt or both of the belts. 

Table 3.5. Cage Carbon Chemical Shifts (ppm) of 14-Vertex Carboranes in C D C I 3 . 

Compd. C，C’-substituent Cage C positions 6 (cage C) A6 (cage C) 

27a 2,3- 72.3 
(CH2)3 17.7 

27b 2,8- 90.0 

28a 2,3- 76.2 
Me2Si(CH2)2 r/ 14.7 

28b 2,8- 90.9 

29a 2,3- 66.0 
(CH2)4 12.4 

29b 2,8- 78.4 

30b ^ 2,8- 76.8 / 

30c Me2 2,4- 63.7 
14.9 

30d 2,9- 78.6 

“ T h e cage carbon signal overlapped with that of the C D C I 3 and was deter-
mined by HMBC experiment. 

3.3. Synthesis and Structure of 14-Vertex Ruthenacarboranes 

13-Vertex m^/o-carborane dianions are also useful synthons for the synthesis of 

14-vertex metallacarboranes. Treatment of [23][N尹2(THF)4] with 0.5 equiv of [(p-

V 

cymene)RuCl2]2 in THF gave 14-vertex ruthenacarborane isomers 1 -(/O-cymene)-/ -̂

2,3-Me2Si(CH2)2-l,2,3-RuC2BiiHii (32a) as yellow crystals in 25% yield and \-(p-

cymene)-yU-2，8-Me2Si(CH2)2-l，2;8-RuC2BiiHii (32b) as cream-colored micro crys-

tals in 20% isolated yield, respectively (Scheme 3.5). 
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Scheme 3.5. Synthesis of 14-Vertex Ruthenacarboranes. 

[Na2(THF)4] 

[23][Na2(THF)4] 

[(jD-cymene)RuCl2]2 

32a 

The CAp 14-vertex mthenacarborane was also synthesized in a similar manner. 

Treatment of [26a][Na2(THF)4] or [26b][Na2(THF)4] with 0.5 equiv of [{p-

cymene)RuCl2]2 in THF generated the same 14-vertex mthenacarborane 

cymene)-2’9-Me2-l，2，9-RuC2BiiHii (33) in 19% (from [26a]^-) and 75% yields 

(from [26b]2-)，respectively (Scheme 3.6). In addition, about 60% of 1,2-Me2-1,2-

C2B11HH (17a) was recovered from the former reaction as evidenced from " B NMR. 

Scheme 3,6. Synthesis of a CAp 14-Vertex Ruthenacarborane. 

[Na2(THF)4� 

[26a][Na2(THF)4] 

[Na2(THF)4] 

[26b][Na2rHF)4] 

[(jO-cymene)RuCl2]2 

The molecular structures of 32a and 33 were confirmed by single-crystal X-ray 

analyses (Figures 3.11 and 3.12). They both adopt a bicapped hexagonoal antiprism 

geometry with the Ru atom taking up one apical vertex, which is similar to \-{p-
<T 

cymene)-//-2，3-(CH2)3-1,2,3-RuC2BiiHi 1 and 1 -(/?-cymene)卞-2，8-(CH2)3-1,2,8-

RUC2B1 iHi 1, but with the two cage carbons being located at different positions. The 

Rul-cent(up), cent(up)-cent(low) and cent(low)-B 14 distances are also comparable 
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to those observed in other 14-vertex ruthenacarboranes RUC2B11 and listed in Table 

3.6 80 

Figure 3.11. Molecular structure of 1 -(p-cymene)-^-2,3-Me2Si(CH2)2-1,2,3-

RuCzBiiH,, (32a). 

Figure 3.12. Molecular structure of 1 -(p-cymene)-2,9-Me2-1,2,9-RuC2B 11H11 (33). 
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Table 3.6. Relative Bond Distances (人）in the 14-Vertex Ruthenacarboranes. 

Compd, Rul- Ru- Cent(up)- Cent(low)-
Cent(Ar) Cent(up) Cenl(low) B14 

1.776 1.455 1.498 0.835 

1.773 1.445 1.489 0.807 

a 1.767 1.404 1.501 0.833 

1.769 1.410 1.496 0.824 

a Ref. 80. 

Complexes 32a, 32b and 33 were also characterized by spectroscopic techniques 

as well as HRMS. The 丨丨B NMR spectrum of 32a exhibited a 2:2:1:2:2:1:1 pattern in 

the range -6 to -23 ppm range, which was well consistent with its symmetry, while 

that of 32b showed a 1:1:1:1:1:1:1:1:2 pattern in the range 0 to -24 ppm. On the other 

hand, that of complex 33 exhibited a 2:1:2:1:1:2:1:1 pattern in the range -3 to -27 

ppm as a result of coincident overlap of the peaks. Compound 32a showed two dif-
- . 

ferent types of chemical non-equivalent hydrogen atoms of the methylene units at 

2.43 and 1.78 ppm, while its isomer 32b exhibits four corresponding hydrogen atoms 

with different chemical shifts, which are consistent with their symmetry in solution. 
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Compound 33 showed two non-equivalent methyl groups in both the at 1.94 and 

1.84 ppm, and '^C NMR spectra at 34.5 and 34.7 ppm, respectively. 

3.4. Reduction of 14-Vertex Carborancs and Synthesis of a 15-Vertex Ruthena-

carborane 

Reduction of the 14-vertex carboranes //-2，3-Me2Si(CH2)2-2，3-C2Bi2Hi2 (28a) and 

/^-2,8-Me2Si(CH2)2-2，8-C2Bi2Hi2 (28b) can easily take place even in the absence of 

naphthalene, but give different products as suggested by the '^B NMR spectra (Fig-

ure 3.13). Treatment of 28a or 28b with excess Na metal in THF gave the corres-

ponding 14-vertex /7/<io-carborane dianion [34a]^' or [34b]^", respectively. The 丨丨B 

NMR spectrum of [34b]^' exhibits a 1:2:2:3:2:1:1 pattern in the range -1 to -47 ppm, 

which are similar to that of [l,2-(CH2)3-l,2-C2BiiHi2]^". This result may indicate the 

similarity in structures. On the other hand, [34a] '̂ shows a 1:1:1:3:1:1:1:1:1:1 pattern 

in the range 6 to -34 ppm, indicative of a more unsymmetric structure. The proposed 

structure is shown in Scheme 3.8. This phenomenon was different from the reduction 

process of the two 14-vertex carborane isomers 27a and 27b with a (CH2)3 linkage. 

However, it was observed that [34a] “ would slowly isomerize to [34b]"' as moni-

tored by " B NMR spectra. This indicated that [34b]^" was a thermodynamically 

more stable product. Both anions can be oxidized to a mixture of the 14-vertex car-

borane isomers 28a and 28b in a ratio of about 1:1 upon treatment with CuCb 

(Scheme 3.7).'°^ 

Treatment of [34b][Na2(THF)x], which is directly prepared from reduction of 28b 

by excess Na metal, with 0.5 equiv of [(p-cymene)RuCl2]2 in a THF solution led to 

the isolation of a 15-vertex ruthenacarborane 7-(/7-cymene)-l，4-Me2Si(CH2)2-7’l，4-

RUC2B12H12 (35) in 50% yield, after column chromatographic separation (Scheme 
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3.7). 

r34bV 

10 • 1 0 •40 ppm 

Figure 3,13. " B NMR spectra of different 14-vertex mWocarborane dianions formed 

by reduction of two 14-vertex carborane isomers with Na metal. 

Scheme 3,7. Reduction of 14-Vertex Carboranes and Formation of a 15-Vertex Ru-

thenacarborane. 

Si, xs Na 

28a 

f xs Na 

CuCI-

CuCl2 

28a + 28b 

[34b]' 

[(p-cymene)RuCl2】2 

Complex 35 was characterized by various spectroscopic techniques as well as 

HRMS. Its Hb NMR spectrum exhibited a 1:1:2:1:1:1:1:1:1:1:1 pattern in the range 

14 to -30 ppm, which was similar to that of 7-(p-cymene)-l，4-(CH2)3-7，l，4-
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RUC2B12H12. Four diastereotopic methylene protons were observed in the H NMR 

spectrum. The structure of complex 35 was confirmed by single crystal X-ray ana-

lyses (Figure 3.14), with solvation of one equimolar CH2CI2, which was also very 

similar to that of 7-(p-cymene)-l,4-(CH2)3-7,l,4-RuC2Bi2Hi2.^° 

C23 

Figure 3.14, Molecular structure of 7-(/7-cymene)-l，4-Me2Si(CH2)2-7，l，4-

RUC2B12H12 (35)，in 35-CH2C12. 

3.5. Summary 

13-Vertex CAd and CAp mWo-carborane dianions can be easily synthesized from 

reduction of the corresponding CAd and CAp 13-vertex c/o^o-carboranes by Na met-

al, They have similar structural features containing bent five-membered open faces 

with cage carbons at ortho- or meta- position. The cations are not coordinated to the 

open faces but to the exo- B-H bonds to form one dimensional polymeric network. 

Reduction of CAd 13-vertex c/o^o-carborane without C,C'-linkage also gave the 

CAd w/flfo-carborane anion with the cage C-C bond intact, which is significantly dif-

Xi 
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ferent from that of the 12-vertex carboranes, indicating the trapezoidal open face in 

the 13-vertex CAd carboranes greatly influences the reduction process. Their chemi-

cal shifts of the cage borons and carbons are greatly upfielded compared to the 12-

vertex analogues after two-electron uptaking. 

These 13-vertex CAd and CAp m<io-carborane dianions are useful synthons for 

the synthesis of 14-vertex CAd and CAp c/ojo-carboranes via a [13+1] protocol. 

They can react with HBBr2'SMe2 to give 2,3- and 2,8- 14-vertex carborane isomers 

or 2,9- 14-vertex carborane. The^ield is low and many 13-vertex c/o仍-carboranes 

are recovered, indicative of the higher reducing power of these nido- anions, com-
- > 

pared to the 12-vertex analogues. The same CAd 14-vertex carboranes can also be 

synthesized fror^ 12-vertex arac/zwo-carborane anions and HBBr2-SMe2 via a [12+2] 

protocol, but in much lower yields. The chemical properties of these 14-vertex carbo-

ranes are significantly different from their 13-vertex analogues but close to the 12-

vertex ones. Moreover, the 13-vertex /7Z<io-carborane dianionic salts are also good 

synthons for the synthesis of CAd and CAp 14-vertex metallacarboranes. 

The 14-vertex carborane isomers Me2Si(CH2)2-2’3-C2Bi2Hi2 (28a) and 

Me2Si(CH2)2-2，8-C2Bi2Hi2 (28b) can also be reduced by Na metal to give different 

14-vertex carborane dianions, which leads to the synthesis of a 15-vertex ruthenacar-

borane by treatment with [(p-cymene)RuCl2' 
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Chapter 4. Cage Carbon Extrusion Reaction of CAd 
w 

‘ \ 
13-Vertex Carborane ;/-l，2-(CH2)3-l，2-C2BiiHii 

Nucleophilic reactions of icosahedral carboranes and subicosahedral carboranes 

were well studied in literature，2b.c'2f,3e especially for the deboration reactions. As our 

group had studied electrophilic substitution reaction of CAd 13-vertex carborine /u-

1，2-(CH2)3-1’2-C2BiiHii’74 we were interested in the reaction of supercarboranes 

with nucleophiles. To our surprise, unprecedented cage carbon extrusion products 

were isolated instead of the expected deboration species after treatment of 13-vertex 

carborane with nucleophiles. 

4.1. Reaction of//-l,2-(CH2)3-l,2-C2BnHii with Alcohols 

Followed by a routine procedure, reaction of /x-1,2-(CH2)3-1,2-C2B 11H11 (6) with 

MeOH was first attempted. When it was heated in refluxing MeOH in the presence 

of an excess amount of NaOH, a mixture of inseparable products was afforded. It 

was found that compound 6 was very reactive toward MeOH as evidenced by its ' 'B 

NMR in a MeOH solution in the absence of base. In sharp contrast, its icosahedral 

cousin //-1,2-(CH2)3-1，2-C2BioHio (2) is very stable in refluxing MeOH for several 

days without change. But it can be converted to nido- species [/i-7’8-(CH2)3-7’8-

fi? 

C2B9H10]" after NaOH was added to this refluxing MeOH solution. A MeOH solution 

of compound 6 was stirred at room temperature for 12h to give, after addition of 

[MeaNHJCl, C"-I,2-(CH2)3CH(OMe)-l-CBi,Hio][Me3NH] ([36a][Me3NH]) in 75% 
r 

isolated yield. When the reaction was performed at room temperature in a prolonged 

time up to 4 d, or at 70 °C for 24 h, a mixture of [36a][Me3NH] and 

(CH2)2CH(OMe)CH2-l-CBiiHio][Me3NH] ([36b][Me3NH]) was obtained in 80% 
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isolated yield in a ratio of about 1:1 with the observation of a very little amount of 

[//-l，2-(CH2)2CH=CH-l:CBiiHio][Me3NH] ([37][Me3NH]) (Scheme 4.1). Complex 

[36b][Me3NH] was isolated in 35% yield after purification by thoroughly washing 

the mixture with water and repeated recrystallization from acetone. It was noted that 

the reaction would hardly proceed even when 10 equiv of MeOH was used in reflux-

ing benzene. 

Scheme 4.1. Reaction of 6 with MeOH. 

MeOH 
OMe 

OMe 

[36a] [36b]- [37]-

very little 

Compound [36a][Me3NH] and [36b][Me3NH] were characterized by several 

NMR techniques as well as elemental analyses. The characteristic NMR data of these 

1 I 

CBn" anions were summarized in Tables 4.1 and 4.2. The " B NMR spectra of 

[36a][Me3NH] showed a 1:1:6:3 pattern while that of [36b][Me3NH] exhibited a 

1:1:7:1:1 one. The signal of substituted B2 atom in [36a][Me3NH] was clearly dis-

tinguished from others at -7,7 ppm as a singlet in ' 'B NMR spectra, and that of 

[36b][Me3NH] was at -7.0 ppm. The a-C carbons bonded to the B2 atoms were un-

ambiguously identified as they appeared to be broad signals caused by coupling of 

" B nucleus in the '^C NMR spectra, at 74.2 ppm for [36a][Me3NH], and at 21.5 ppm 

for [36b][Me3NH], which indicated the different chemical environments. 

Single-crystal X-ray analyses confirmed the molecular structures of [36a][Me3NH] 
« 

and [36b][Me3NH] as shown in Figures 4.1 and 4.2，respectively. The icosahedral 

cages in these complexes have the same structural features of monocarba-c/o5o-
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dodecaborate a n i o n . T h e structural features of these CBi f anions are summarized 

and compared in Table 4.3. The CI 1-C1-B2-C14 atoms are almost coplanar and the 

6-membered rings adopt a cyclohexene conformation with the bulky Nu substituents 

taking up the e-positions. 

C11 €13 

01 

Figure 4.1. Structure of [M- 1,2-(CH2)3CH(OMe)-1 -CBn 1 i,o]' ([36a]-), in [36a]-

[MesNH]. 

Figure 4.2. Structure of 1,2-(CH2)2CH(OMe)CH2-1 -CB,,Hio]" ([36b]-), in [36b]-

[MeaNH]. 
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Table 4.1. Characteristic Chemical Shifts of [ji-1,2-(CH2)3CH(Nu)-1 -CB,, Hio]' 

Compd. 5 B 2 ba-CH bp-CHj 5 y-CHi 5 S-CH2 
Nu 6a-CH 6/?-CH2 5y-CH2 5 S-CH2 6 cage C 

[36a]- b -7.7 3.11 1.68，1.39 1.45, 1 21 1.81 

OMe 74.2 29.6 23.2 36.7 69.2 

[38a]- b -7.7 3.19 1.68，1.29 1.43，1.17 1.77 

OEt 71.5 29.9 23.1 36.1 69.2 

39 -9.4 3.36 2.01, 1.63 1.51, 1.39 1.85 

N'BuHi 44.5 29.3 23.2 35.1 68.9 

40a / 3.40 2.00, 1.53 1.68，1.38 1.98, 1.79 

NEtiH 54.4 24.7 24.5 35.5 69.1 

41 / 3.73 2.13, 1.47 1.64, 1.57 1.99’ 1.64 

PPha 17.4 24.9 25.3 
尋 

36.2 67.7 

[42厂 -7.9 3.12 1.71, 1.38 1.55, 1.20 1.86 

S(4-MeC6H4) 
、 

31.7 29.5 23.5 36.5 68.2 

[ 4 3 ” 
-7.2 0.89 1.35 1.29 1.83 

H 14.2 22.8 26.0 36.5 67.9 

46a / 3.54 2.17, 1.63 1.72, 1.38 2.00, 1.81 

NEt3 66.0 24.5 25.5 36.3 69.4 

53a -8.7 4.73 2.30, 2.07 1.80’ 1.54 2.08, 1.95 

N C 5 H 5 65.6 29.9 24.7 35.4 68.8 

a In "6-acetone. ^ The cation is [Me3NH]+. “ The cation is [PPN]+. “ The cation is 
[Me4N]+. 

Compound 6 can also react with EtOH in a similar manner, but the ratio of the 

products is different. A EtOH solution of 6 was stirred at room temperature for 24 h 

to give, after addition of [MeaNHJCl, a mixture of [w-l,2-(CH2)3CH(OEt)-l-

CBiiH,o][Me3NH] ([38a][Me3NH]) and [u-l,2-(CH2)2CH=CH-l-CBi,H,o][Me3NH] 

([37][Me3NH]) in a ratio of about 1:0.5 in 70% isolated yield with the observation of 

a little amount of |//-l,2-(CH2)2CH(OEt)CH2-l-CB,,Hio][Me3NH] ([38b][Me3NH]) 
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(Scheme 4.2). Several conditions were tried and compound [38a][Me3NH] or 

[37][Me3NH] cannot be isolated in the pure form by recrystallization from different 

solvents. The two products were not able to separate by column chromatography on 

silica gel or even by HPLC. Shortening the reaction time also gave a mixture of 

products. Thus the NMR spectra of the mixture were recorded and those signals of 

[38a][Me3NH] and [38b][Me3NH] were separated from [37][Me3NH] according to 

the spectra of [37][PSH] and distinguished from each other by intensities of the 

peaks as well as COSY, HSQC and HMBC techniques. 

Several single-crystals were obtained from the reaction mixture after recrystalliza-

tion from acetone and structures of [38a][Me3NH] and [37][Me3NH] were characte-

rized by X-ray analyses and shown in Figures 4.3 and 4.4. 

Table 4.2. Characteristic Chemical Shifts of \ji-1,2-(CH2)2CH(Nu)CH2-1 -CB11H,o]' 口 

Compd. 5 B 2 5 a-CH2 hP-CH 5 y-C//2 6 d-CH2 

Nu ha-CRi hp-CH 5y-CH2 bS-CR2 5 cage C 

[36b]- b -7.0 1.49，0.74 3.21 1.55, 1.28 2.02，1.92 

OMe 21.5 79.9 31.9 36.1 67.7 

[38b]- b / 1.41,0.74 3.27 1.52, 1.24 1.97, 1.88 

OEt 22.2 77.7 32.0 35.8 67.5 

40b -8.2 1.39,1.23 3.59 1.80，1.70 2.16, 2.03 

NEtzH 14.7 63.4 27.5 35.8 66.4 

46b -8.0 1.50，1.37 3.54 2.07，1.69 2.19, 2.03 

NEts 15.5 72.7 27.0 36.8 66.3 

47b e / 1.28, 1.07 3.34 1.68, 1.53 2.10 

C14H18N2 22.6 35.3 32.3 36.0 66.8 

53b -8.1 1.74，1.65 4.87 2.22, 1.96 2.24 

N C 5 H 5 24.6 73.6 33.1 36.2 66.2 

° In ^/6-acetone unless otherwise noted. ^ The cation is [MesNH]. In <i6-DMS0. 
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Table 4.3, Corresponding Bond Lengths (A) of the CBi f anions. 

Compd. t36a]- a [38a]-。山 39 40a 41 

Nu OMe OEt N'BuHi NEt2H PPh3 

C1-B2 1.721(4) 1.725(2) 1.709(2) 1.695(3) 1.724(4) 

C l - C l l 1.527(4) 1.532(2) 1.526(2) 1.515(3) 1.517(4) 

C11-C12 1.519(5) 1.524(3) 1.526(3) 1.540(4) 1.532(5) 

C12-C13 1.520(5) 1.527(2) 1.518(3) 1.504(5) 1.523(5) 

C13-C14 1.527(4) 1.527(3) 1.534(2) 1.526(3) 1.560(4) 

C14-B2 1.603(4) 1.599(3) 1.601(2) 1.601(3) 1.625(4) 

CM-Nu 1.459(4) 1.464(2) 1.531(2) 1.521(3) 1.815(3) 

av. C-B • 1.714(4) 1.721(3) 1.715(3) 1.715(4) 1.717(5) 

av. B-B 1.771(5) 1.780(3) 1.773(3) 1.770(4) 1.773(5) 

Compd. [ 4 3 ] - c ' � 46a d 53a 57a 

Nu H NEt3 N C 5 H 5 NC5H4Me 

C1-B2 1.700(6) 1.729(5) 1.714(3) 1.716(5) 

C l - C l l 1.507(9) 1.519(5) 1.525(3) 1.525(5) 

C11-C12 1.528(8) 1.527(6) 1.520(4) 1.534(6) 

C12-C13 1.517(9) 1.603(7) 1.541(3) 1.522(6) 

C13-C14 1.527(9) 1.581(6) 1.536(3) 1.517(5) 

C14-B2 1.681(10) 1.679(6) 1.612(3) 1.610(4) 

C14-NU / 1.573(5) 1.507(2) 1.502(4) 

av. C-B 1.718(7) 1.705(5) 1.717(3) 1.714(6) 

av. B-B 1.740(11) 1.758(10) 1.774(4) 1.777(7) 
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CJ2 NU 

C14 

Compd. 

Nu 

[36b]-� 

OMe 

46b 

NEt3 

47b 

C14H18N2 

[ 3 7 r 

/ 

C1-B2 
r 

1.718(3) 1.704(4) 1.715(11) 1.705(5) 

C l - C l l 1.528(3) 1.519(4) 1.521(10) 1.536(5) 

C11-C12 1.520(3) 1.528(4) 1.509(10) 1.523(8) 

C12-C13 1.510(4) 1.530(4) 1.516(11) 1.549(8) 

C13-C14 1.517(3) 1.517(3) 1.519(9) 1.285(6) 

C14-B2 1.594(3) 1.597(4) 1.597(11) 1.590(6) 

C13-NU 1.455(3) 1.561(3) 1.521(11) / 

av. C-B 1.714(4) 1.712(5) 1.702(12) 1.717(7) 

av. B-B 1.774(4) 1.771(5) 1.767(14) 1.775(9) 

° The cation is [MesNH" b Space group is Pna2\. c The cation 
is [Me4N]+. d Disordered problems. ® The cation is [PSH] 

Scheme 4,2, Reaction of 6 with EtOH. 

Eton 
OEt 

[38a] 

OEt 

0.5 

[38b] 

very little 

The short C13-C14 bond distances of 1.319(7) A in [37]' clearly indicates the 

C=C double bond character, which is in accordance with the resonances at 5.85 ppm 

in the Ĥ NMR spectrum and a sharp signal at 131.8 and a broad one at 132.7 ppm in 

the 13c NMR spectrum, thus confirming the formation of the alkenyl product [37]". 
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^ ^ 、 
Figure 43. Structure of [pi-1,2-(CH2)3CH(OEt)-1 -CB,,H,o]" ([38a]-)，in [38a]-

[MeaNH], 

C11 

Figure 4.4. Structure of [pL-1,2-(CH2)2CH=CH-1 -CBi,Hio]" ([37]-)，in [37][Me3NH]. 

In order to figure out how these products were formed[’ solvolysis of compound 6 

using deuterated solvents was performed and closely monitored by and '̂ C NMR. 

It showed clearly that initial formation of [36a]' or [38a]' accompanied with decreas-

ing of the starting material. Corresponding peaks of [36b]" or [37]" were observed 

after several hours and the mixture finally arrived at a ratio of about 1:1 or 1:0.5 at 
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Several experiments were done to support this acid catalyzed elimination-

/isomerization mechanism. 1) [36a][Na], which was prepared in a MeOD solution by 

treatment of [36a][Me3NH] with excess of NaOH, was stable for several days under 

refluxing conditions without any detectable change in the 'H NMR, indicating the 

isomerization process would not proceed under basic media. 2) The diluted MeOD 

solutions of [36a][Me3NH] were heated at refluxing temperature in the presence of 

acids for 24 h. When conc. HCl was used, only about half conversion from [36a]' to 

[36b]' was observed from Ĥ NMR; while in the presence of TfOH, almost full con-

version occurred. Thus acid catalyzed isomerization processes were confirmed and 

these evidences indicated that the ratio of the final products is greatly influenced by 

both of the acidity of the acid and ROH that used. 

9 7 

room temperature. After heating these solutions for 24h at refluxing temperature, the 

spectra did not show obvious changes. With these results in hand, it would be ex-

pected that [36a]' or [38a]" is directly formed from compound 6, which would under-

go isomerization via alcohol elimination/addition under acidic med i a , a s shown in 

Scheme 4.3. 

Scheme 4.3, Proposed Isomerization Mechanism. 



4.2. Reaction of ；<-l,2-(CH2)3-l,2-C2Bi,Hn with 'BuNHj, EtzNH, PPhj, (4-

MeQH4)SNa and NaBHU 

The 13-vertex carborane /M’2-(CH2)3-l，2-C2BiiHii (6) reacted readily with sev-

eral neutral nucleophiles to give the zwitterionic species. Treatment of 6 with 10 

equiv of 'BuNH2 or EtzNH in a toluene solution from 0 °C to room temperature with 

stirring for 12 h followed by removal of the volatile materials gave pale yellow solids. 

Recrystallization from CHzCl^/hexane afforded zwitterionic species ^-1,2-

(CH2)3CH(N'BuH2)- 1 -CB, 1 H,0 (39) or 1,2-(CH2)3CH(NEt2H)-1 -CB,,H,o (40a) in 

90% and 91% isolated yield. Compound 6 can also react with PPha in toluene. The 

reaction was slow at room temperature but completed in 24 h at 110 °C. A zwitterio-

nic compound fx-1,2-(CH2)3CH(PPh3)-1 -CB 11Hio (41) can be isolated in 80% yield, 

after recrystallization from CH2CI2 (Scheme 4.4). 

Scheme 4.4. Reactions of 6 with 'BuNHz, EtzNH, PPha, (4-MeC6H4)SNa and NaBH”. 

40a 

EtzNH 

PPh‘ 

(4-MeC6H4)SNa 
S(4-MeC6H4) 
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Complexes 40a and 41 were characterized by several spectroscopic techniques 

as well as HRMS. The characteristic peaks of the B(2) atoms were observed at -9.4 

ppm for 39，as a singlet in the coupled " B NMR spectra, while those for 40a and 

41 overlapped with other cage B peaks, and were hardly resolved (Table 4.1). The 

NMR spectrum of 41 exhibits one sharp peak at 32.7 ppm, supportive of a ter-

tiary phosphonium saltJ的 The structures of compound 39，40a, 41, were characte-

rized by single-crystal X-ray analyses and shown in Figures 4.5 to 4.7. 

C12 

C17 

Figure 4,5. Molecular structure of>-l，2-(CH2)3CH(N'BuH2)-l-CBiiHio (39). 

C12 

C11 

C15 

Figure 4,6, Molecular structure of//-1,2-(CH2)3CH(NEt2H)-1 -CB nHio (40a). 
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Figure 4.7. Molecular structure of fx-1,2-(CH2)3CH(PPh3)-1 -CB i, H,o (41), in 

41-CH2C12. 

C11 

Figure 4,8, Structure of [//-l,2-(CH2)4-l-CB,,H,or ([43]-), in [43][Me4N]. 

It can also react with some anionic nucleophiles to give similar results. Reaction 

of 6 with (4-MeG6H4)SNa in refluxing THF for 48 h, followed by addition of 

[PPNjCl and recrystallization from MeOH, gave [/M，2-(CH2)3CH(S(4-MeC6H4))-l-

CBiiHio][PPN] ([42][PPN]) in 80% yield. Complex 6 reacted with NaBH4 in reflux-

ing THF for 12 h to afford, after addition of 18-crown-6 or [Me4N]Cl, [/M ’2-(CH2)4-



l-CBiiHio][Na(18-crown-6)(THF)2] ([43][Na( 18-crown-6)(TI lF)2l) or [43][Me4NJ 

in 80% or 85% isolated yield after recrystallization (Scheme 4.4). [43][Na(l 8-crown-

6)(THF)2] suffered from poor resolution and [43][IVle4N] gave a much belter result, 

although it suffered from disordered problems at the (CH2)4 unit. The structure of 

[43「was shown in Figure 4.8. Complexes [42][PPN] and [43][Me4Nl were characte-

rized by several spectroscopic techniques as well as elemental analysis. The charac-

teristic peaks of the B(2) atoms arc observed at -7.9 ppm for [42]' and -7.2 ppm for 

[43]" as singlets in the 'H coupled 丨丨B NMR spectra. 

4.3. Reaction of fi-1,2-(CH2)3-1,2-C2BiiHn with NaH—Unprecedented Dcproto-

nation of a-CH 

As BH3.THF was a byproduct in the reaction of //-U2-(CH2).i-l,2-C2BiiHii (6) 

with NaBH4, we intended to get the desired product in an atomic economic manner 

thus the reaction of 6 with NaH was performed. However, the phenomenon and the 

product were totally different from the former. When NaH was added to a THF solu-

tion of 6，bubbles were gradually evolved indicating the generation of II2 gas 

(Scheme 4.5)，and solution was changed from colorless to brown. This process was 

completed within 2 h as no gas further came out. A very similar phenomenon was 

also observed in the reaction of 1,2-(CIl2)4-1,2-C2B 11H11 (7) with NaH. The two 

solutions exhibited very similar " B NMR spectra. A 1:5:5 pattern was observed, 

which is the same as that observed in the CAd 13-vertex carboranes, but the chemical 

shifts were remarkably different with the peaks appearing at about 7,-1,-21 ppm. 

In order to confirm the structures of the anions, several attempts were tried. Addi-

tion o f 18-crown-6 to their THF solutions facilitated the crystallization. However, the 

crystals of [pi-1,2-(CH2)2CH-1,2-C2Bj,H,il|Na( 18-crown-6)CnIF)2] {l44][Na(18-
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crown-6)(THF)21) were suffered from weak diffraction and those of [^-1,2-

(€H2)3CH- 1 ,2-C2B n H ,11 |Na( 18-cro wn-6)(THF)2] ([451INa(l 8-crown-6)(THF)2]) 

were suffered from highly disordered problciTTs. Cation exchange reaction of 

fPPN]Cl with the sodium salts afforded [44][PPN1 or [45][PPN| as brown crystals in 

50% or 90 % isolated yields, respectively. It is noted that although the deprotonation 

reactions were almost quantitative as monitored by " B NMR, f44|[PPNl would be 

deteriorated in the process of purification, leading to low isolated yield whereas 

[45J[PPN| is much more stable. 

Scheme 4.5. Deprotonation of 13-Vertcx Carboranes. 

X-1 THF 

X = H, OMe, O^Bu, 
PPh2. NH-2,6-'Pr2-C6H3 

HX 

HX 

Both of them were characterized by several spectroscopic Icchniqucs as well as 

elemental analyses. Besides the very similar " B NMR spectra, their 丨II NMR and 

13c N M R spectra also had common features. Two methylene units or three were ob-

served for [44][PPN] or [45][PPN]. Besides, a characterized triplet at 5.45 ppm with 
t • 

J= 3.1 Hz in [44][PPN], and one at 5.76 ppm with J = 4.8 Hz in [45][PPN], were 
» 

observed in the 'H NMR spectra, indicative of the a-CH that were splittcd by the 

neighboring methylene groups. Correspondingly, the '^C shifts of the a-CH, which 

was unambiguously determined by HSQC experiments, was observed at 
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140.6 ppm in [44]', and 150.1 ppm in [45]', respectively. These data were in accor-

dance with the sp^ hybridization properties of the corresponding carbon atoms. 

Their structures were determined by X-ray diffraction studies and the anions are 

shown in Figures 4.9 and 4.10. The preservation of the integrity of 13-vcrt€x closo-

cage geometry is unambiguously confirmed. The 5-membered ring of [44]" is suf-

fered from disordered problems, while the 6-membered ring in [45]' are definitely 

determined. The C I - C I 1 bond length of 1.364(5) A in [45]' is,much shorter than the 

other C-C bonds in the linkage (av. 1.519(5) A), showing a typical C=C double bond 

character, which is in accordance with the NMR spectroscopic features. The C14-C2-

C l - C l 1-C12 five atoms are almost coplanar with the C13 atom out of this plane. 

Another structural feature is that it contains two trapezoidal open faces, compared to 

only one observed in its precursor 7, as a result of the formation of C1 =C 11 double 

bond and pumping electron into the cage. The cage C1-C2 distance of 1.448(4) A in 

[45]" is only slightly longer than that of 1.425(4) A in compound 7, indicating that 兀-

bonding interaction still exists between the two cage carbons. 

C11 

Figure 4.9. Structure of Cu-1,2-(CH2)2CH-l,2-C2B, iHi i] ([44]-)，in [44][PPN]. 
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Figure 4.10. Structure of [pi-1,2-(CH2)2CH-1,2-C2Bi,H,,] ( [45]、in 145][PPNJ. 
\ 

N 

Formation of this type of 13-vertex c/oio-carborane anions can be ascribed to the 

negative charge delocalization into the cage cluster as shown in Figure 4.11. As dis-

cussed in Chapter 2, the N M R spectroscopic properties of 13-vertex carboranes indi-

cated that they could serve as electron withdrawing group which induced strong de-

shielding effect. The alkyl anionic structure IV -A , which would be expected after 

deprotonation、，was in resonance with the borate anionic structure IV-B, after dona-

tion o f the lone pair electrons to the cage. As a result o f the Tzr-conjugation, a formally 

C=C double bond, together with an additional trapezoidal open face, was formed. As 

the negative charge is delocalized over the cluster, the anion is stabilized. Indeed, 
• • 、 

• I • 

structure IV -B should be much more representative for the anions [44]" and [451". 

The upfielded signals indicated this negative charge would mainly distributed on the 
• • ‘ 、 • . V 

• ， 

two cage carbons and the five cage borons on the upper 5-membered belt. 
该 、 

冬 , * -

We further found that this deprotonation proceeded not only by Nai l, but also by 

other bases even not strong. Reactions of 1,2-(CH2)3-1 ^ - C i R 11H11 (6) with NaNH-
, 身 

2,6-'Pr2-C6H3 or NaOMe in THF gave the deprotonation product [44]' quantitatively 



as evidenced by " B NMR. Treatment of fi-1,2-(CH2)4-1,2-C2B,,H,, (7) with KPPhz, 

NaNH-2,6-'Pr2-C6H3, NaOMe or KO'Bu also led to the formation of [45]-. These 

primary results indicated that deprotonation of the a-CH proton would be a compet-

ing reaction to the carbon extrusion reaction when 13-vertex carboranc is treated 

with anionic nucleophile. Which pathway the reaction undergoes would be depen-

dent upon the relative nucleophilicity to the cage and basicity to the proton. 

IV-A IV-B 

Figure 4J1. Resonance structures of deprotonated 13-vertex carborane. 

4.4. Unusual Reaction of //-l，2-(CH2)3-l，2-C2BiiHii with Tertiary Amines 

Reactions of 6 with tertiary amines are not as facile as those with primary or sec-

ondary amine. No obvious change was observed when a benzene solution of 6 and 10 

equiv of EtsN was heated to 90 °C for several days. When compound 6 was dis-

solved in pure Et3N, a yellow solution was formed immediately but without any 

change for several days at room temperature. When it was healed at 90 °C, a yellow 

solid was precipitated out and the reaction completed until no " B signal was detected 

within 48 h. After column chromatographic separation and recrystallization, /i-1,2-

(CH2)3CH(NEt3)-l-CB,,Hio (46a), /M，2-(CH2)2CH(NEt3)CH2-l-CBiiHi。(46b), and 

a mixture of [37][Et3NH] and [43][Et3NH] in a ratio of about 1:0.5, were afforded in 

80%, 5%, and 10% yield, respectively (Scheme 4.6)r^ 

Complexes 46a and 46b were characterized by several spectroscopic techniques 

as well as HRMS. Their isomeric properties were confirmed by the identical molecu-

lar masses. The characteristic singlet B(2) resonance was observed at -8.0 ppm for 
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46b but cannot be distinguished for 46a in the " B N M R spectra. The different broad 

peaks o f a-C at 66.0 ppm for 46a and 15.5 ppm for 46b indicated the distinct groups 

attached to these carbon atoms. The structures of compounds 46a and 46b were fur-

ther confirmed by single-crystal X-ray analyses and shown in Figures 4.12 and 4.13, 

which were consistent wi th their spectroscopic features. Compounds [37][Et3NHl 

and [43][Et3NH] were hard to separate, which were regarded as the similar polarities 

of the two species, but could be determined according to the known spectra of those 

containing the same anions. 

Scheme 4.6. Reaction of 6 with EtaN. 

EUN 

46a 

[EtaNH] 

r -

[37][Et3NH] 

[EtgNH] 

l43][Et3NH] 

C12 

C11 

Figure 4,12. Molecular structure of>-l，2-(CH2)3CH(NEt3)-l-CB"Hio (46a). 
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C11 

Figure 4.13. Molecular structure o f f^-1,2~(CH2)2CH(NEt3)CI h-1 -CB,, H ,o (46b). 

Complex 6 can also react with PS (Proton Sponge, C14I I18N2), although the latter 

is not an N-nucleophile due to the steric effect but can serve as weak C-nucleophile 

to interact wi th strong electrophiles.'®^ Compound 6 and 5 equiv of PS was dissolved 

in 10 mL of THF and the solution was heated at 90 °C. The reaction was very slow 

and even not completed after 28 d. The resulted yellow suspension was separated. 

The solid was collected affording /^-l,2-(CH2)2CH(4'-C,oH5-r,8'-(NMe2)2H)CH2-l-

CBi iHio (47b) in 30% gross yield, which was purified by rccryslallization from 
•» « 

MeCN in 25% isolated yield. The l iquid was dried and thoroughly washed with EtzO 

to give [37][PSH] in 55% gross yield, which was purified by recrystallizalion from 

MeOH in 50% isolated yield (Scheme 4.7). 
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Scheme 4.7. Reaction of 6 with PS. 

P S 

47b 

[PSH] 

C11 

Figure 4.14. Molecular structure of>-l，2-(CH2)2CH(4’-CioH5-l’’8’-(NMe2)2H)CH2-

l -CBnH,o(47b) . 

Compounds 47b and [37] [PSH] was characterized by several spectroscopic tech-

niques as well as HRMS or elemental analyses. The solubility of 47b is very low in 

6/6-acetone and other common polar organic solvents with low boiling point. I lowev-
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er, it is much more soluble in ^/e-DMSO thus facilitating the characterization. The " B 

NMR only shows one broad and sharp signal caused by overlap of the peaks. On the 

other hand, its N M R clearly shows 5, peaks with relative intensity of 1 For each in 
、 

the aromatic region. Correspondingly, the '^C and DHP'l l 35 spectra indicated 5 CH 

and 3 tertiary carbon atoms in the aromatic region. The CH2CH2CIICI I2 linkage is 

determined by two-dimensional HSQC and COSY experiments. l:hc 'H NMR spcc-

trum of [37][PSH] in t^-acetone was in accordance with that of [37][Me3NIlJ and 

exhibiting a peak at 5.90 ppm with relative intensity of 2 in the alkene region and 

two peaks at 2.01 and 1.92 ppm indicative of the two C I I 2 group. The two anisotrop-

ic CI I unit can be distinguished from each other in a solution of C D 2 C I 2 , at 5.99 pm 

for /?-CH, and 5.93 ppm for a-CH. Their '^C NMR spectra arc also comparable. The 

structures of 47b and [37][PSHJ were further confirmed by singlc-crystal X-ray ana-

lyses and shown in Figures 4.14 and 4.15. 

C12 

C11 

Figure 4.15, Molecular structure of [ / /- l ,2-(CH2)2CH=CII- l-CBiiH,ol[PSH] 

([37][PSH]). 
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Formation o f the alkene product [37]" and the 广-substituted product 46b is very 

similar to the results of reactions o f compound 6 with primary alcohol. It seems that 

the mixture was formed via a similar elimination/addition process from 46a via the 

intermediate [37]". Considering the reaction media is basic but not acidic，a Hoff-

mann type elimination was proposed (Scheme 4.8). 
秦 

Scheme 4.8. Proposed Mechanism for the Formation o f [371' and 46b. 

NEt Hoffmann 
® 3 Elimination re-addition^ 

46a [37】[Et3NH】 46b 

However, this mechanism was not supported by the fol lowing experiments. Com-

pound 46a was heated in refluxing acetone, or EI3N or pyridine at 90 °C for 48 h. In 

all cases no obvious changes were observed in the ' l l NMR. Under the same condi-

tions, 46b was also stable. We further heated the mixture of f371[El3NHJ and 

43][Et3NH] in refluxing EtaN, still no obvious formation of 46a or 46b was detected. 

Moreover, [37][PSH] was heated at 90 °C in THF either with or without the prcscncc 

of 5 equiv PS giving no 47b after 14 days. These results indicated that the formation 

of a-substituted, /^-substituted and alkene products should be from different pathways 

and they are not interchangeable via elimination/isomcrization process under the 

reaction conditions examined. 

Formation o f the (CI 12)4 linked product [43]" is unexpected and the reason is not 

dear, but it might result from hydrogenation of [37]". Thermolysis of a mixture of 

[36a][Mc3NHJ and [36b][Me3NH] at 150 °C for 24 h gave mainly [43]" as viewed - • 

from 丨H and " B NMR. But under the same condition, a mixture of [36a][Na(18-

crown-6)] and |36b][Na(l 8-crown-6)] gaVc messy products. It would be expectcd 
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that [36a][H] and |36b][H] might be formed by thermal decomposition of the 

[Me3NH|‘ salts, but not the Na+ salts. Thus the formation of [43]'rrom [37]" would be 

possible. 

4.5. Mechanistic Study of Carbon-Extrusion Reaction 

The primary experimental results indicated that in the reactions of 13-verlcx car-

borane 1,2-(CH2)3-1,2-C2B11H11 (6) with several nucleophilcs, one of the cage car-

bons is extruded to give monocarba-c/oio-dodccaborate anions in which the nuc Ico-

phile is attached to the carbon atom or related spccies. This is significantly different 

from those of o-carborancs, in which the cage boron atoms arc attacked by nucleo-

philcs to give deboration products. Furthermore, cage carbon extrusion from carbo-

rane clusters is very rare although some examples arc reported. A rcccnt closo-io-

closo example is the transformation of [ 1 -H2N-67asY;-CB 11F11 J" to [i-UC-closo-

BiiFio]^" via deprotonation, which is limited to highly fluorinated boron clusters严 

Another one is the conversion of [7-R-yU-(9,10-HR'C)-7-/7/^/o-CBioHn 1' to [l-R-6-

CH2R'-1 -C/OA'O-CBi；! Is]", in which the cage carbon extrusion is suggested to proceed 

I ̂ o 

after removal of one BH vertex. However, in both cases, although some view-

points or mechanisms were prompted, no experimental evidences were given. 

In our cases, most of the closo-CBw' products in the above reactions arc the ones 

with nucleophilcs bonding to the a-C to the cage B2 atom. Formally, it can be 

viewed both of the Nu group and one hydrogen atom attached to the cage boron add-

ing to one of the cage carbons and pull it out of the cage. It gives a clue for the for-

mation of the a-isomers but still cannot explain the formation of the //-isomers and 

the alkenyl product. Another problem is why the nucleophilcs attack the cage carbon 

but not the boron which should be more electron-deficient than the former. 
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4.5.1. Reaction Intermediates 

[36i'l-

[40i']-

[42ir 

[43il', from 6 i NaBl h 
BHJ.THFa , i _ 

[43i]', from [22f + PhCHjCOOH 

NaBHa 

50 10 0 

Figure 4.16. " B NMR spectra of observed and isolated intermediates. 

With the above-mentioned questions in mind, we carefully monitored the reac-

tions by " B NMR at room temperature. No detectable intermediate was observed in 

the reaction of compound 6 with PPhs, EtsN or PS. The reaction with excess NaBI l4 

in THF at room temperature gave, however, two sharp peaks at about -7 and -20 ppm 

together with some broad signals indicative of the formation of a possible interme-

diate [43i]' which increased gradually and reached its maximuiri amount usually in 

20-24 h accompanying with the disappearance of complex 6, These long-lived inter-

mediate can survive in solution for a long time and slowly transfer to the final prod-

uct [43]-. A similar situation was observed in the reaction of 6 with (4-McC6l l4)SNa’ 

but the reaction is much fast. The starting material disappeared within 10 min. At 

least two intermediates were observed at this stage: a short-lived one [42i-lJ" with 
* 

characteristic peaks at about 11，-28 and -38 ppm. These peaks almost disappeared 
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after 1 h. The other is a relatively stable intermediate (42iJ" (Figure 4.16). Again, 

[42i]' disappeared within 2 d to give the final product. In Ihc reaction with McOI I 

and ElOn, intermediates similar to [42i-l]" were detected with peaks at about -27 

and -41 ppm in either case after 10 min besides a majority of the starting material. 

These peaks remained in relatively low intensities and finally disappeared until all 

the starting material was transferred to the CBn anions. Intermediates similar to 

f42i]" were also detected, but the signals were even weaker. Under all circumstanccs 

mentioned above, we were not able to isolate the intermediates. 

Finally, wc found that the toluene solution of 6 and ca 10 cquiv of FA2NH showed 
f 

within 10 min a species with distinct " B NMR spectrum from that of the product 40a 

but similar to the observed [42i]". This intermediate 40i is stable up to 14 days at 

room temperature without obvious change. We thought it might be isolablc. However, 

we repeated the experiment many times and every time only 40a was isolated after 

workup. Since it was stable in solution, we intended to get structural information in 

solution. We reexamined this reaction: 8.5 equiv of Et2NH was added to a 0.5 mL 

solution of 0.1 mmol of compound 19 in CJ^e in an NMR tube, and the solution was 

slowly warmed from 0 °C to i t with the formation of 40i as evidenced by NMR spec-

tra. It was characterized by " B , '^C and various 2D NMR experiments. The 'H-

13c HSQC (figure 4.17) and 'H- 'H COSY experiments clearly illustrated the forma-

tion of a (CH2)3CH unit, suggesting that an H atom had migrated to one cage carbon. 

This CH group exhibited a characteristic signal at 1.87 ppm in the 'H NMR spectrum 

and a peak at 12.7 ppm in the '^C NMR spectrum, which indicated that it is not at-

tached to the N atom, thus the attack of the nuclcophile should be after the migration 

of the H atom. An equimolar amount of Et2N group was also seen in the l spcctrum 

with non-equivalent chemical shifts of the GH2 and CH3 units, showing it is attached 
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to the cage in an unsymmetric environment. The downfield signal at 39.8 ppm 

I 'B N M R indicated a low coordinated boron atom, which might be bound to 

atom. Reaction with 'BuNHi also gave similar results, but the reaction is much 
I 

It was noted the formation of 39 made the N M R spectra more complex. 

in the 

the N 

faster. 

J 
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Figure 4,17. Two-dimensional HSQC spectra o f 40i. The dashed lines indi-

cate the correlation of the CH unit. ‘ 

In order to structurally characterize the intermediate, several other attempts were 

tried. Finally, we found that treatment of 6 wi th one equiv o f LiNEt2 in THF afforded 

a spccies wi th a very similar " B N M R to that o f 40i. Cation cxchangc with 1 equiv 

o f [PPN]C1 gave, after recrystallization . from CH2CI2, [^-":":"-7，8’10-

(CH2)3CHB(N'Et2)-7-CB,qH,0][PPN] ([40i ' ] [PPN]) in 90% isolated yield. On the 

other hand, addition o f compound 6 with 5 equiv o f PS in MeOH also gave \ju-rj:rj:rj-

7,8,10-(CH2)3CHB(OMe)-7-CB,oHio][PSH] ([36i，][PSH]) as a white precipitate in 

95% yield (Scheme 4.9). Product w i th the same anion cannot be prepared by reaction 
* 

of 6 wi th NaOMe in THF, in which only the deprotonation product [44]" was af-

forded ，as viewed from the ^'B N M R spectrum. 
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Scheme 4,9, Reaction o f 6 with Bases. 

[PSH] MeOH/PS 

[36i'][PSH] 

LiNEt 2 

[PPN]CI 
[PPN] 

[40I'][PPN] 

Compound [40i ' ] fPPN] and [36i*][PSHJ were characterized by several spectros-

copic teclmiqucs as well as elemental analyses. The " B N M R spectra of [40i，j[PPN] 

was almost the same as that observed for 40i. Complex [36i ' ] [PSl I] also had a simi-

lar " B N M R spectra although with some differences. The specific boron atoms, 

which were adjacent to the heteroatoms, were observed at low field at 42,5 ppm for 

[36i']" and 38.8 ppm for [40i*]'. The ^H and '^C as well as various two-dimensional 

N M R spectra were well consistent with formation of (CH2)3CH，indicative of the H-

transfer process. 

The structures of compounds [36i'][PSH] and [40i,l[PPNl were determined by 

single-crystal X-ray analyses and are shown in Figures 4.18 and 4.19. Anion [36i'" 

is composed by a niclo-CB]o cage and a (CH2)3CIIB(OMe) linkage, which is seated 

above the five-membered face of the CBio part，bridging two of the boron atoms by 
z , 

CUB unit, and terminal bonding to the cage carbon by the trimethylene linkage. The 

sum 0 f the C14-B12-0, 0-B12-B10, B10-B12-C14 angles is 357.8(3)。indicated 

that these atoms are almost coplanar and the B12 atoms, can be regarded as three 

coordinated and .y/?^-hybridized. The B-O bond length o f 1.37J(5)、入，falls in the 
t' 

range of 1.43 to 1.33 人，which is regarded to have double bond character.“)(） 
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Figure 4.18, Structtire of[//-,7:":"-7，8,10-(CH2)3CHB(OMe)-7-CB|oHior ([36i'l'), in 

[36i '][PSHl. 

C31A 

C32A 

Figure 4,19, Structure o f L"-7:?7:v-7,8,10-(CH2?3CHB(NEt2)-7-CBioH,o]' ( f40i ' ] ' ) , in 
、 . 

[40i，][PPN]，showing one of the two crystallographic independent molecules. 

There were two crystallographic independent molecules in the unit cell o f 
、 

[40i'][PPNJ, which also suffered from disordered problems. However, a similar 
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；r-donation 3c-2e bond 

Figure 4.2L Compensation of electron-deficiency in classic boranes. 
> 

On the other h ^ d , ambiguities exist in describing the structure of the cage, espe-

cially the bonding interaction around the boron atom bonded to the Nu group. Al-

though the anion can be viewed as a derivative of an 11 -vertex nido-CE\Q\ it is also 

a type of 13-vertex mWocarborane anion (Figure 4.20). In a classic borane com-

pound, the three coordinate boron atom contains 6e' in the valence orbitals. This 

electron-deficiency is usually compensated by electron donation from lone pair elec-

trons of the adjacent heteroatom, or by forming 3c-2e bond (Figure 4.21). In this re-

gard, both types of interaction would exist in the 13-vertex «/c/o-carborane [//-":『"-

7，8，10-(CH2)3CHB(NEt2)-7-CBioHior，the relative strength of which is dependent 

‘ t, - - • ( 

^upon the et^troh-donating ability o f the heteroatom. In '[36i']" and [40i，]•，the exact 

boron atom wonld tend to have a weak multicenter bonding interaction as a result of 
V•… 
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structure of the anion to thai of [36i']' can be depicted. The average corresponding 

sum of bond angles around the boron atom of 359.8(8) ° and B-N bond lengths of 

1.414(11) A, also support the .vp^-hybridi/^ation of boron atom that was attached to 

the nitrogen atom and a B=N double bond character. * ⑴‘ 

卜、！ 

Figure 4,20. Two ways to describe the structure of the anion. 

R 
B — : 

R 
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strong 7i-interaction with the MeO or Et2N group. B=S double bond would also exist 

in [/i-;/:7:"-7，8，10-(CH2)3CHB(S(4-MeC6H4))-7-CBioHior ([42i]-), as a result of 

electron donation from one of the lone pair electrons on the sulfur atom.'" However， 

no such interaction would be for the possible structure of [43i]' ([//-?7：/7：?7-7,8,10-

( C H 2 ) 3 C H B H - 7 - C B i o H i o ] - ) , and multicenter bond would be expected among the 

whole cage (Figure 4.22). 

S(4-MeC6H4) 

I43i] 

Figure 4,22. Possible structures of intermediate [42i]" and [43i]'. 

4.5.2. Formation of the Intermediates 

t 

Formation of the intermediate [//-?7:7/://-7，8，10-(CH2)3CHB(Nu)-7-CBioHior indi-

cated that attack of nucleophile on one of the cage borons and H-transfer from BH to 

，cage carbon. It is well documented in literature, that neutral or anionic nuclcophiles 

can attack cage boron atom of a c/o5o-carborane or subicosahedral carboranc, lead-

ing to cage opening and formation of zwitterionic or anionic mWo-carborane species, 

after donation of 2e to the cage.2b’c，2f The external Nu group is terminal bounded to 

the cage boron while the original terminal H atom is maintained, or changed to a 

bridging one, depending on the structure of the product. Two types of geometry are 

shown in Figure 4.23, taking a 5-membered open face for example. One is bridged 

structure, in which the HB(Nu) group is seated on an open face, while the other is a 

flattened structure in which the B(Nu) unit is a part o f the open face. However, the 

definition of teiroinal and bridging is somehow ambiguous for these types of H 

atoms, which would be better described as non-exo ones, corresponding to the exo-
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ones which point to the center of the cage along the B - H bond. 

non-exo, 
terminal H 

bridging H 

•Nu 

bridged structure flattened structure 

Figure 4,23. Two possible types o f structures o f nido- species that from nucleophilic 

reaction of an icosahedral or subicosahedral carborane. 

On the other hand, the transfer o f uon-exo (bridging) H atom to the cage carbon 

has been wel l established in the CAp 12-vertex wzWo-carborane monoanions, which is 

defined as kinetic to thermodynamic isomerization upon protonation of the corres-

ponding m^/o-carborane dianions.42 That is isomerization from [7-R-9-R'-7,9-

C 2 B 1 0 H 1 0 H ] " to [7-R-;/-9，10-CR,H-7-CBioHior."2 Although formation o f the corre-

ponding thermodynamic CAd nido- species only involves the cage rearrangement 

which still has a bridging hydrogen atom,々，屯45c 也已 corresponding arachno- monoa-

nion does undergo the H-transfer process.45。While these are often described as 

“isomerization，，，the “H-migrat ion” process is overlooked, to our knowledge. Despite 

of it, i t offers a clue to reasonable assume the subsequent H-transfer in the formation 

of the [;U-":/7:"-7,8’10-(CH2)3CHB(NU)-7-CBIOHIO]- intermediate. 

Two types o f possible pathways are shown in Scheme 4.10, based on two possible 

"k inet ic" structure of the nucleophilic adduct of 13-vertex carborane 6. Nucleophilic 

attack at the 7-coordinate cage boron atom gives a bridged intermediate I V - C l , 

which bears a 6-membered face, or a flattened one IV-C2 that contains a 5-

membered open face. Subsequent B -H addition to one of the cage carbons followed 

by several cage bonds cleavage and formation process give the [//-”:”:”-7’8’l0-
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( C H 2 ) 3 C H B ( N U ) - 7 - C B 1 OH 1 O]' intermediate. In either I V - C l or IV-C2, the cage car-

bon, to which the H atom transferred, may be regarded as a "carbenoid" as a result of 

a formal B -H insertion. 

Scheme 4.10. Possible Pathways for the Fomation of 厂?7-7，8,l 0-

( C H 2 ) 3 C H B ( N U ) - 7 - C B l o H i o ] " Intermediate. 

Nu 〜 Nu 

IV-C2 

Scheme 4,11. Protonation o f [ 1,2-(CH2)2-1,2-C2B n H i 

xs PhCHzCOOH xs PhCHzCOOH 

heat 

isomerization 

{[221[H]} 

Wi th the mechanism proposed above, we wondered whether protonation of the 

corresponding 13-vertex nido-caiborane dianion [ 1 ,-2-(CH2)2-1,2-C2B 1 1 H n ( [ 2 2 ] ^ ' ) 

can give the similar "thermodynamic" product 10-(CH2)3CHBH-7-
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CBioHio]' ([43i]"). Treatment of [22][Na2(THF)4] with excess PhCI hCOOH in THF 

gave [43i]' at once (Figure 4.16), as evidenced by " B NMR spectrum (Schemc 4.11), 
I 

which was partially converted to f"-l，2-(CH2)4-l-CBiiIlio「（[43]-) upon heating at 

70 °C. It-indicates that structure IV-C2，which bears a five membered face as that of 

[22]2-’ might be preferred for the first-step intermediate. It is also supported by the 

structure of 3-NEt2H-/^-1,7-(CI 12)4-1,7-C2B, 1H,, (67) (Chapter 6). 

4.5.3. Formation of the a-isomer 

The structurally characterized two intermediate analogues were quite stable in 

CD2CI2 solutions without any change for several weeks at room temperature. The 

[40i']|PPN] was even resistance to heating at 70 °C in THF for several days. Howev-

er, protonation of these two anions by strong acid afforded the corresponding CBn' 

species immediately. Treatment of a CH2CI2 solution of [40i ' lLi , which was directly 

prepared from 6 and equimolar amount of LiNEt2, with conc. HCl from 0°C to rt 

gave 40a in 80% isolated yield after recrystallizalion. In a similar manner, to a 

CD2CI2 solution of [36i，][PSH] was added excess conc. HCl and a mixture of [36a「 

and [36b]' was observed in the 'H NMR (Scheme 4.12). Protonation would occur at 

the more basic site一the heteroatom N or 0，leading to the possible formation of the 

reactive boron cation intermediate, which quickly isomerizes to the final product 

with substituent at l^e a-C position. In this regard, the observed long-lived interme-

diate 40i in the reaction of 6 with Et2NH would not be a real boron cation 网:rj'.rj-

7,8,10-(CH2)3CHB(NEt2H)-7-CBioHio as it would not survive in solution but quickly 

convert to 40a upon formation. It may be more likely [//-f/:;/:;/-7,8,10-

(CH2)3CHB(NEt2)-7-CB,oHio][H(NEt2H)J ([40i'][H(NEl2H)；,]). This is also in ac-

cordance with the basicity of X2B=NEt2 and Et2NH, the former is much weaker base 

due to the donation of the lone pair electrons to the empty p-orbital of the i'/7 -̂boron 
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center, leading to the stabilization of the species by leveling effect. 

Scheme. 4.12. Protonation of the Intermediate Analogues. 

Et 

[40IT 

conc. HCI 

conc. HCI 

NEtzH 

Based on these results, a possible simple migration mechanism is proposed for the 

formation of zwitterionic CBn" clusters'in the reaction o f 6 with neutral nucleophiles 

from a boron cation intermediate, as shown in Scheme 4,13. 1,2-Migratiori of the Nu 

group in the reactive boron cation intermediate I V - D l , as soon as it is formed, from 

the boron atom to the nearby CH group, as well as C(H)-B(H) bond broken and cage 

closure, leads to the product with Nu group substituted at the a-C to the cage boron. 

Scheme 4,13. Proposed Mechanism for the Formation o f a-Substiluled CBn" Anions. 

IV-D1 

migration of a neutral Nu group 
from a boron cation intermediate 

IV-D2 

migration of a anionic Nu group 
from a boreirw intermediate 

Formation of the boron cation intermediate IV-Dl， is highly reactive and not able 

to be isolated, but is supported by direct evidences. It offers a new aspect on the 

chemistry o f carborane based boron cation, in which rare examples have been re-
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ported, despite o f more developed chemistry of classic boron cation.'。The 2:1 Nu 

adducts of o-carboranes, such as 10-BII(py)2-7-Br-7,8-C2B9lIio and 10-BH(NnC)2-

7-Br-7,8-C2B9Hio (NHC = N-heterocarbene), which are deboration intermediate 

models, are almost the only examples of structurally characterized species." '̂ 

CB i |Mcn Boronium ylide was reported by Michl group as an active intermediate."'^ 

An analogy between the structure and reactivity of the boronium ylidc and those of 

intermediate I V - D l is shown in Schemc 4.14. The boronium ylide has a naked boron 

vertex, in which the vacant exo- radial orbital can be arrested by nucleophile to com-

pensate the charge. On the other hand, the boron cation intermediate I V - D l , classicly 

as a borcnium ion, is not electronically stabilized. Although its one exo- sp: orbital is 

filled by accepting a pair of electrons that is donated by the Nu group, the remaining 

empty p orbital is still vacant, thus multi-center bond would be formed with other 

cage boron atoms, in another resonance structure IV-Dl，. It would be expected thai 

this cleclron-deficiency at the boron center, would be one of the important factors 

governing the cage closure process. Saturation of the CH group, after the cleavage of 

C-B bond, would also be reformed by accepting the electrons from the Nu group. 

This boron cation mediated migration pathway would also be paralleled with reac-

tion of organoborane. 1,2-Migration reactions dominate much of the reactivity of or-

ganoborates (Scheme 4.15)."^ The tetrahedral borate species is formed by nucleo-

philic attack of X Y on the empty p orbital on the boron atom of organoboranes. I f Y 

is a leaving group, the 1,2-migration occurs very easily. And the product is usually 

stabilized as forming B f X double bond. In a similar manner, in the proposed 1,2-

migration of intermediate IV-Dl， the nido-CBio carborane cage can serve as the 

leaving group, which formally bears a dicalionic boron center and a dianionic cagc. 

Attack of the electron rich cage to the electron deficient boron atom gives the prod-
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ucl. It is noted that this step-by-step pathway is only to describe the n/Jo-CBio cage 

as a leaving group but would not be the real proccss. 

Scheme 4.14. Analogy between Boronium Ylide and Intermediate I V - D l 

Nu 

©Nu 

Nu® 

iv-Dr 

Scheme 4.15, Analogy between Organicborate and Intermediate I V - D l 

leaving group 

R > Y 
R々'登—X " 

migratory group\R 

R", 
' B — X 

R 

migratory grotyp;^^. 

M 
leaving group 

In either analogy, the migratory ability of the Nu group and electron deficiency of 

» 

the formal three coordinate boron is crucial to reconstruct a closo- cage. It would be 

the same in the reaction of compound 6 with anionic nucleophiles, despite of the or-
I 

ganoborane property o f the intermediate as shown in Scheme 4.13. Wc noted, that 

both intermediates [36i ' ] ' and [40i']" were very stable in solution for a long time 
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without any formation o f the CBn" anions. Considering the electronic slruclurc of 

these two species discusscd earlier, formation of the B = 0 or B=N double bond, 

which is short and strong than a corresponding single bond, would inhibits the bond 

broken and migration process. Meanwhile, as the boron ccnter is no longer electron 

deficient, forming multicenter bond with other atoms on the cage is also not possible, 

which means that attack of electrons on the anionic carborane cage to that boron 

atom is also prohibited. Thus, both factors would make the 1,2-migration hard to oc-

cur. 

On the other hand, intermediate [^-"://:"-7’8，10-(CH2)3CHB(S(4-McC6H4))-7-

CBioHiol" ([42i]"), which would be cxpccted to have a similar structure as that of 

|36i ' ] ' or [40i ' | ' , was not stable in solution and isomerized to CBn" anion [42]'. In 

order to exclude the possibility that the migration was from a boron cation center 

which was catalyzed by trace amount of acid (4-MeC6H4)SH in the (4-MeC6H4)SNa, 

the reagent was treated with excess Na i l in a suspension o f THF, then the saturated 

solution of (4-McC6ll4)SNa in THF was added to excess //-I，2-(CH2)3-l J-C^BhH i i 

(6). In this circumstance, formation of intermediate [42i] ' and subsequent migration 
I 

were still observed as usual. Therefore it is suggested that the migration took placc 

from a borane ccnter but not a boron cation. In this regard，the possible B=S double 

bond in [42i]', would not as strong as a B=N or B = 0 double bond. Although it seems 

probable that the strengths of the B - 0 and B-S n bonds are very similar in R2B-E'R 

(E’ = 0，S) compounds," 1 the overall bond strength would be much weaker for the 
« 

heavier sulfur atom.^^^ The soft base nature of the sulfur atom makes the thiolate 

both a good leaving group and a nucleophilic reagent. These might account for the 

instability of [42i] ' and its easiness to convert to [42 j : Thus, the migratory ability of 

a nucleophile in the intermediate I V - D would be neutral Nu (MeOH, EtsNH，etc.) > 
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soft anionic Nu (SR.) > hard anionic Nu (H" >> NEt2', OMe ). 

This sequence is different from that of nucleophilicity, the latter of which would 

determine the easiness for the attack of Nu to the cage boron and be reflected on the 

rate of intermediate formation. For those reactions with McOH, EtOH, PPhj, NEti 

and PS, in which trace amount or no intermediate was detected, subsequent reactions 

took place very quickly and happened as soon as the intermediate was formed, thus 

the rate-determining step(s) should be the formation of the intermediate. In the reac-

tions with anionic compounds NaBH4, (4-MeC6H4)SNa, MeOH/PS, or EtiNLi, mi-

gration is much slower than the intermediate formation, cspccially for the latter two 

cases, the anionic intermediates are even stable. In the reactions with HI2NH or 

^BuNIh, both steps are quick in each case. Given to the observed reaction rates, the 

nucleophilicity toward 13-vertex carboranes is suggested as follows: EtoN", MeO" 

(MeOII/PS), 'BUNII2, EtzNH > (4-MeC6H4)S- > BHn" > PPh] > MeOH, EtOH > 

NEt3 > PS. The anionic nucleophiles are generally more reactive than the neutral 

species. It is noted that compound 6 reacts quickly with MeOH and EtOH if they are 

used as solvent, but no reaction is observed in CeDs. 

Lastly, this proposed migration/cage closure mechanism can proceed via three 

possible manners, at least: 1) intramolecular pathway, in which the migration and 

cage closure take place simultaneously; 2) dissociation-addition pathway, in which 

the Nu dissociates from the cationic boron center, then attacks the a-C; 3) intermolc-

cular process, in which another Nu attacks the a-C concurrently with the Nu elimina-

tion from boron cation, as shown in Scheme 4.16. 

The dissociation-addition pathway seems unlikely to happen in the formation of 

40a from Et2NLi followed by protonation of f40i，]- with HCl. Otherwise, the free 

Et iNH, dissociated from the boron cation, would be further protonalcd by the large 
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excess amount of HCl, to afford [Et2NH2]Cl and other possible boron-containing j 

products (Scheme 4.17). They are not detected by and " B NMR spectra. Also, 

formation of a naked boron cation without stabilization is energetically highly unfa-

vorable. In the same case, inlermolccular process is also infcasible as there is no 

excess Et2NH in solution. We also monitored the reaction of 6 with insufficient 

amount (less than 0,1 equiv) of (4-MeC6H4)SNa, the transformation from interme-

diate f42i]' to [42]" took place as usual, which also diminish the possibility of the in-

tcrmolecular pathway. Hence the intramolecular pathway is reasonable. 

Scheme 4.16. Possible Pathways for the Nucleophile Migration. 

intramolecular 

dissociation 
-addition 

intermolecular 

Scheme 4.17, Possible Products Formation via Dissociation-Addition Pathway. 

X = CI. OH 

© 

4.5.4. Formation of the p-isomer and alkenyl CBn" anions 
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On the other hand, the formation of the ^-substituted and the alkenyl CB| i" anions 

is still not clear. As the a-CH2 group to the cage carbon in the 13-vertex carboranes 

can be deprotonated under basic conditions, which is the ^-posit ion to the B2 atom in 

the C B , r , wc initially thought that the [//-1,2-(CH2)2CH-1,2-C2B,,H,,]• ([441.) might 

be the source of the two kinds o f products. But when a freshly prepared [22] [Na] was 

healed in EtsN or THF with 5 equiv of PS under the same conditions, no desired 

products after quenching the reaction by I M HCl were detected from H NMR spcc-

trum in the mixture. Such an assumption should be incorrcct. 

Wc then turned our attention back to the boron cation intermediate I V - D l and 

thought why it would not act as the intermediate. We found that the reaction of 6 

wi th E t iNH in C6D6 -was exoergic when it was repeated at room temperature, and be-
4 

sides those for 4Da, peaks at about 6 ppm in the ^H N M R spectrum were observed 

indicative, of the formation o f alkene product [37]'. We then freshly prepared the so-

lution of 40i in CbD^ at 0 °C and heated this solution at 90 °C for 2h. Two phases ap-

pealed and the N M R spectrum exhibited only one sharp and broad signal at 

about -11 ppm, indicative o f the disappearance o f 40i. After removal of CeDf, and 
'，、’ 1 13 

Et2NH，c^-acetone was added. This time, the H and C N M R spectra clearly 
« 

showed the formation of [37]" and yU-1,2-(CH2)2CH(NEt2H)CH2-1 -CBi,H,o (40b) 

wi th 40a as a major product. The preparative experiment was performed under a sim-

ilar condition \n toluene from I mmol of 6. After column chromatographic separation 

and recr>^stallization, 40a was afforded in 75% isolated yield and 40b was in 5% 

yield (Scheme 4.18). [37][Et2NH2] was not isolated from the column as it is an ionic 

salt. 

負 

Scheme 4.18. Thermolysis o f 40i. 
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CBiT Anions. 

IV-D1 

NEt2 

[H(Et2NH)J 

90 °C. 2 h 

NEtzH 
® 2 

[EtzNH] 

[37][Et2NH] 
ca. 10% 

Scheme 4.19. Proposed Mechanism for the Formation o f /^-Substituted and Alkenyl 

4.5. Summary 

The 13-vertex carborane 1,2-(CH2)3-1,2-C2B 11H n can react wi th several nuc-

Icophilcs lo give monocarba-cteo-dodecaborate anions [ /M ’2-(CH2)3CH (Nu)- l -

CB"HIO]-, \JU-1 ,2-(CH2)2CH(NU)CH2- 1 -CB ,, H , O] and Lw-1，2-(CH2)2CH=CH-1-

CBi iHio] ' . Mechanistic study indicated the formation o f the boron cation or borane 

imerrnediate ["-":":"-7，8，10-(CH2)3CHB(Nu)-7-CBioHior. While intramolecular Nu-

migr'ation gives a-substituted product 1,2-(CH2)3CH(Nu)-1 -CB 11H loj', H-

129 ‘ 

IV-E 

Nu 

heat 



migration would give /^-substituted product 1,2-(CH2)2CH(Nu)CM2-1 -CB11Hlo]", 

and alkenyl \pi-1,2-(CI l2)2CI I=CH-1 -CB11H io]". In the reactions of>-l ’2-(CH2)3-l ’2-

CzBnHn with ROM (R = Me, Et), 1,2-(CH2)2CH(Nu)CI h -1 -CB,, 11 lo]' and. 

1,2-(Cn2)2Cri-CI l - l - C B i iHioJ" can also be obtained via acid catalyzed isomerization. 
、 

The ratio of the products in these reactions is dependent on the nucleophilcs and the 

reaction conditions. 

The 13-vertex carborane f j-1,2-(CH2V 1,2-C2BnH11 {n = 3, 4) can also be depro-

tonated by several bases in dry THF to afford anions |/i-l,2-(CH2)n-iCI 1-1,2-

C2B11H11]’. This indicated competition between the nuclcophilic attack on the cage 

boron atom and on the a-CH of the cage carbon. 
\ 
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Chapter 5. Cage Boron Extrusion Reaction of 

. CAd 13-Vertex Carboranes 
\ 

//-l,2-(CH2Vl,2-C2BnHn {n = 3，4) 

5.1. Reaction of 13-Vertex Carborane //-1,2-(CH2)„-l,2-C2Bi iHi i (w = 3’ 4) with 

Basic McOH 

As mentioned in Chapter 4，formation of messy products was observed in the in-

itially attempted reaction of 1,2-(CH2)3-1,2-C2B 111111 (6) with hot McOl I in the 

presence of excess amount of NaOH. Later, several weaker bases were tried to con-

trol the reaction. When the reaction was performed in a closed vessel in the presence 

of Na2C03 in a 10:1 MqOU/UjO solution after one day，the ' ' B N M R spectra 

showed clearly one singlet and nine doublets, suggesting the formation of a single 

product. Similar results were also observed i f K2CO3 or RtsN was used instead. This 

pattern, which is distinct from those o f closo-CB\i' anions, was regarded to belong to 

nido- species as there are two characteristic peaks observed at about -30 and -34 ppm. 

This result led to an assumption that one boron vertex had been removed from the 

13-vertcx cluster. However, when the reaction mixture was treated in the open air’ 

messy products were detected. Two new doublets at about -31 and -33 ppm were ob-

*’ 1 1 1 s(irved besides the original ones at -30 and -34 ppm in the H coupled B NMR 

spectrum. A n 11 -vertex mdo-CB\o salt was isolated, after addition of [MesNHJCl， 

from the above solution and structurally characterized as |//-7，8-(CH2)3CHOH-7-

CBioHi i ] [Me3NH]. It was believed that this is the oxidative or hydrolysis product of 

the initially formed air-sensitive or hygroscopic species. Another experiment was 

performed to isolate such a compound. 
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The reaction of compound 6 in a dry MeOH suspension of NaaCCh proceeded a 

little slower, which might be due to the low solubility of the solid base. Use of EIbN 

gave a better result and also facilitated purification under inert atmosphere. In either 

case, the intermediate L"-/7:":"-7’8，10-(CH2)3CHB(OMe)-7-CBioHior ([36i ' ] ') was 

initially observed in the " B N M R spectra, and gradually turned to the desired prod-

uct, Heating was not necessary but much better for a preparative reaction to guaran-

tee the completion of the reaction within 24h. Alter removal of the volatile materials, 

the 11-vertex fndo-CB\o salt [e/7^/o-//-7,8-(CH2)3CHB(OMe)2-7-CB,qHi,][EtaNI\] 

([48][Et3NH]) was obtained as a sticky solid. In order to structurally characterize the 

product, cation exchange was performed by addition of excess amount of PS to gave 

[e«<ic^-/^-7,8-(CH2)3CHB(OMe)2-7-CBioHii][PSH] ([48][PSH]) as a while solid in 

about 90% yield (Scheme 5.1). Recrystallization from THF gave the product as co-

lorless crystals. 

Scheme 5.1. Reaction of"- l ,2-(CH2)3-l ,2-C2BnHii (6) with EtsN/McOH. 

EtaN / MeOH [EtaNH] EtgN / MeOH 

(MeO)2B [Et3NH] 

[36r][Et3NH] 

PS 

[48][Et3NHl 

Complex [48][PSH] was characterized by several spectroscopic techniques as 
t 

well as elemental analyses. Its " B NMR spectrum clearly exhibited a broad signal at 

about 32 ppm indicative of the R5(OMe)2 unit, a singlet at about -2.1 ppm assignable 

to the boron atom attached to the exo- alkyl group, and 9 doublets. The broad signal 
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of a-C that attached to the cage boron atom was observed at about 11.4 ppm in the 

13c N M R spectrum. The corresponding signal o f a -C / / was observed at about 0.5 

ppm in the N M R spectrum，together with a broad signal at about -3.2 ppm with a 

relative intensity of 2 indicating two bridging H atoms on the 5-mcmbered open face 

of the nido- anion. These spectroscopic data of anions are summarized in 

Tabic 5.1. 

The structure o f [48][PSH] was confirmed by singlc-crystal X-ray analyses and 

shown in Figure 5.1. The cage geometry of the anion is very similar to those of the 

known nido-CB\Q anions."^ The exo- 6-membcred ring is in a pseudo half-chair con-

formation like a cyclohexene. A planar (OMe)2B group is attached to the C I4 atom 

at the e-position, which is directly attached to the cage B8 atom. As this boryl group 

and the cage are on the same side o f the 6-membered plain, an ‘‘endo,’ configuration 

is assigned. The corresponding bond distances are listed in Table 5.2. 

Figure 5,1. Structure o f [e/?c/o-/^-7,8-(CH2)3CHB(OMe)2-7-«/^/r>CB,oHi ([48]"), in 
\ 

[48][PSM]. 
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Table 5.2. Selected Bond Distances (A) of L£i-7’8-(CH2)”CH(R)-7-mWo-CBioHi,厂（/? 

=3 , 4) Anions. 

Bond 48 48， 51 50 52 

C7-B11 1.660(3) 1.665(4) 1.658(5) 1.633(9) ].665(3) 

C7-B8 1.669(3) 1.654(4) 1.656(4) 1.615(9) 1.650(3) 

C7-C11 1.531(3) 1.525(4) 1.529(4) 1.520(8) 1.534(3) 

C11-C12 1.518(3) 1.516(4) 1.525(5) 1.534(9) 1.520(3) 

C12-C13 ‘ 1.521(3) 1.516(5) 1.510(5) 1.501(10) 1.517(3) 

C13-C14 1.548(3) 1.553(4) 1.522(4) 1.368(9) 1.516(4) 

C14-C15 / / / 1.553(7) 1.519(4) 

C14(15)-B8 1.619(3) 1.616(4) 1.590(4) 1.676(8) 1.606(3) 

C14(15)-X 1.569(3) 1.558(4). 1.453(3) 1.531(10) 1.450(3) 

X B B 0 B 0 

av. Cage C-B 1.675(3) 1.674(4) 1.679(5) 1.663(9) 1.674(3) 

av. Cage B-B 1.793(3) 1.789(5) 1.786(6) 1.758(13) 1.787(4) 

The above experimental results indicated that the intermediate [36i'J" would un-

dergo different reaction pathways based on the acidity/basicity of the reaction media 

and a proposed mechanism was shown in Scheme 5.2. While acidic media resulted in 

the C-B bond cleavage to form closo-CB]\' anion, basic media would lead lo nucleo-

philic attack at the sp^ boron center and B-B bond cleavage to form intermediate V-A. 

A possible reason for controlling the reaction pathway is that the acidic media would 

weaken the nucleophilicity of MeOH and facilitate it as a leaving group. On the other 

hand, bases would increase the nucleophilicity of MeOH as MeO" and prevent the 

migration of the methoxy group. The intermediate V-A would undergo terminal-to-

bridging H-lransfer and protonation to afford monoanion [48]". 
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Scheme 5.2. Possible Mechanism for the Formation of | 48]' 

MeO" 

OMe 
H— 

[36i.] 

(MeO)2B 

B(OMe)2 

V-A 

terminal ‘to bridging 
H-transfer 

H 
< —  (MeO)2B 

Scheme 5.3. Reaction of /^- l ,2-(CH2)4-l,2-C2B, ,H,, (7) with EtaN/McOIL 

c
 

MeO 

[EtaNH] EtgN / MeOH 
rt 

[49][Et3NH] 

EtgN / MeOH 
70。C 

PS I MeOH 
MeO 

(MeO)2B [EtgNH] PS (MeO)2B 

[50][Et3NH] 

In a similar manner, treatment of fi-1,2-(CH2)4-1,2-C2B 11H11 (7) with excess EI3N 

in MeOH at room temperature gave a 13-vertex m^/o-carborane salt [3-OMe-/^-l,2-

(CH2)4-1，2-C2B丨丨H丨丨][Et3NH] ([49][Et3NH]) immediately that was isolated as a 

white powder after removal of the volatile materials in almost quantitative yield 

(Scheme 5.3). Unlike [36i ' ] ' which under the same condition would quickly convert 

to the nido-CBu)' anion [48]', complex [49][Et3NHl is much more stable, although it 
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would also be decomposed at a much slower rate. However, when it was healed at 

70 °C in the MeOH solution in the presence of excess amount of Et jN for 24 h in a 

scaled tube, the nido-C^^^； salt [em/o-/^-7’8-(ai2)4CHB(OMe)2-7-CBioHii][Et3NHj 

([50][Et3NH]) was formed. Cation exchange with 5 equiv of PS followed by subse-

quent purification gave [e/7"o-yu-7’8-(CH2)4CHB(OMe)2-7-CBioHi i jtPSHj 

{[50][PSHJ) as a white.solid in about 80% isolated yield (Scheme 5.3). 

Single-crystal o f |49|[Rl3NI I] was grown from a CI I2CI2 solution, but its resolu-

tion was very poor. When PS was used instead of RI3N, [49][PS1 \] was isolated as a 

white solid after purification in about 90% yield (Scheme 5.3). Single-crystal of 

|49][PSH] was grown from a THF solution. Its structure was confirmed, by singlc-

crystal X-ray analyses, and that of the anion was shown in Figure 5.2. It is signifi-

cantly different from the general structures of the mc/o-carborane anions, which are 

formed by nucleophilic addition reactions of a c/avo-carborane with the niiclcophilcs 

bound to a bridging BH unit or a boron vertex on the planar open face.’。’之丨 The 

structure of [49]' bears'a bent 6-membercd C2B4 open facc with a dihedral angle of 

119.4(3) It is regarded that the bridging H atom is located on the B5 and B6 atoms. 

This cage geometry is also different from the 13-vertex "/Wo-carborane dianions. The 

MeO group is attached to the 7-coordinated B3 atom，which is not on the open facc. 

The B - 0 distances of 1.437(5) A falls in the range 1.37 - 1 . 4 1 A normally observed 
r 

in alkoxy-siibstilutcd c a r b o r a n e s ? ”，’丨 

Complexes [49][Et3NH] and [49][PSH] were also characterized by several spec-

troscopic techniques as well as elemental analyses. For [49][PSHJ, its " B NMR 

“spectrum exhibited a 1:2:1:4:2:1 pattern in the range 1.7 to -26.0 ppm, in which the 

signal o f the B3 atom thai attached to the external methoxy group was unambiguous-

ly confirmed as a singlet at 1.7 ppm. The chemical shift of the "tertiary" cage car-

1 3 7 



bons was found at 140.7 ppm in the '^C NMR spectrum, which was closc to 142.5 

ppni observed in its parent complex 7, indicative of their electron deficient nature. 

BIO 

B9 

Figure S.2. Structure o f [3-OMe-/^-1,2-(CI 12)4-1,2-C2B,,H1,J' (i49]-), in |491[PSH]. 

Complex [50J[PSH| was characterized by several N M R spectroscopic techniques 

as well as elemental analyses. Its spectroscopic properties were very similar to those 

of [481[PSH1. Its " B { ' H } NMR spectrum clearly exhibited a broad signal at about 

32.2 ppm indicative o f the presence of an Ri?(0Me)2 unit, a singlet at about 0.6 ppm 

assignable to the B% atom and other 9 doublets. The broad signal of a-C that attached 

to the cage B8 atom was observed at about 15.1 ppm in the '^C N M R spcctrum. A 

broad signal at about -3.3 ppm with relative intensity o f 2 was dctccled in the 'H 

NMR spectrum, indicating two bridging H atoms on the 5-mcmbered open face of 

the nido- anion. 

Single-crystal of [50][PSH] was grown' from a THF solution. X-ray diffraction 

studies indicated that the anion adopts a similar structure as that o f [48]", although the 
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resolution is poor (Figure 5.3). An “cmch” configuration is observed for the B(OMe)2 

group and the cagc. However, this boryl group takes up the (/-position not the c-

position in the twist-chair conformation of the 7-membcrcd ring. 

C14 

Figure 5.3. Structure of [e/7t/o-//-7,8-(CH2)4CHB(OMe)2-7-CB,oH11]" ([50] )’ in 

[501[PSH]. 

The above results indicated that the 13-vertex carborane 7 with a tetramethylene 

linkage can be converted to the 11 -vertex n/V/o-CBio' anions as that of 13-vcrtex car-

borane 6 wi th a Irimethylcnc linkage. Isolation of the stable intermediate [49]', in 

which the cage carbons were not attached to any I I atom, showed that the H-

migration was diff icult to occur at room temperature in the 6-mcmbered carbon ring 

system. It suggests that the reaction of 13-vertex carboranes with nucleophiles is also 

affected by the length of the C,C'-linkage. At this stage, it was hard to tell whether 

the attack o f another MeO" al the B3 atom and H-migration proceed stepwise or si-

multaneously. A proposed mechanism is depicted in Scheme 5.4. 

1 3 9 



Scheme 5.4. Possible Mechanism for the Formation of [50]' 

(MeO)2B^ 

H 

(Me〇)2B • 

As boronic esters, complexes f48][PSHJ and [501[PSH] are air sensitive. The C-B 

bonds would be slowly oxidized in the presence of a little amount of base such as 

HtiN or Na2C03, which explained why messy products were afforded when the reac-

tions were treated in the open air. These processes could be accelerated by using 

112O2 as an oxidant. Treatment of f48][Et3NH] or [501[Et3NI l ] , which was prepared 

in situ without separation, with excess amount of H2O2 followed by cation exchange 

with PS, gave [£?«^/o-/^-7,8-(CH2)3CIlOII-7-CB,oH,,][PSII] ([51][PSIIJ) or [emh-fi-

7’8-(CH2)4CHOH-7-CBioHii][PSH] ([521[PSH]) as a white powder in about 75% 

isolated yield, respectively (Scheme 5.5). 

Scheme 5.5. Oxidation of Boronic Esters [48]' and [50]' 

(MeO [EtaNH] 

l48][Et3NH] 

(MeO)2B [EtgNH] 

l501[Et3NH] 

1) H2O2. EtgN/MeOH^ 
2) PS ‘ 

1)H202. Et3N / MeOH 
‘ 

[PSH] 

【51】[PSH] 

[PSH] 

[52][PSH] 

These two complexes were characterized by several spectroscopies and elemental 

analyses. They showed similar patterns in the " B N M R spectra (Figure 5.4), with 

disappearing of the original low field broad peaks o f the boryl group. The characte-
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ristic singlets of the atoms were detected at -1.4 ppm for |51][PSH] and 0.3 ppm 

for [52]fPSH], respectively. Owing to the elTcc!"of neighboring hydroxy group, the 

broad signals of the a-CH were downfielded at 3.41 ppm for both complexes in the 

N M R spectra, and the corresponding carbons were observed at 61.9 ppm for 

[51][PSH] and 65.8 ppm for [521|PSH1，respectively. 

148]-

i5 i r 

、jd\ 

[52】-

25 20 15 -16 -26' ppm 

Figure 5.4. " B { ' i r } NMR spectra of anions [48]-，[50]-，[51]- and [52 f 

Figure 5.5. Structure of [e/7t/o-/^-7,8-(CH2)3CHOII'7-CB,oIIi i]" ([SI]"), in |511|PSHJ. 
事 

. » V 

Single-crystal X-ray analyses confirmed the structures of the anions as shown in 

Figures 5.5 and 5.6. Anions [51]' and [52]' have very similar cagc geometries com-

pared to their precursors. The hydroxyl group still takes up the original impositions of 
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the boryl group in [51]" in a half-chair conformation, and a-posilions in |52|- in a 

chair conformation, respectively. r> 

Figure 5.6, Structure of [em/"-//-7，8-(CH2)4CHOH-7-CB|oHiil- (|52|-), in |52||PSH|. 

On the other hand, the C-B bonds of the boronic esters were stable toward 112O 

Treatment of [48][Et3NH] or [50][Et3NH] with an excess amount o f HtiN in II2O at 

105 °C for 24 h in a sealed tube, followed by cation exchange with PS, only gave the 

hydrolysis products [em/0-"-7，8-(CH2)3CHB(OH)2-7-CBioHiil[PSH|.TIIF 

(t48，][PSH].THF) as colorless crystals, or \endo-f i - lMC^2) ' \CHB{OU)2-7-

CBioHn][PSHJ (|50，1[PSH]) as a white powder, respectively, in about 60% isolated 

yield (Scheme 5.6). 
i 

These two boronic acids were also characterized by various spectroscopic tech-

niques and elemental analyses. Their " B N M R spectra were almost the same as 

those o f their parent boronic esters [48][PSH] and [50] [PSHt The and " c NMR 

spectra were also very similar, except that in the boronic acids [48’ ] [PSH].THF and 

[50' ] [PSH], the peaks o f the MeO groups disappeared. 
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Scheme 5.6. Hydrolysis o f Boronic Esters [48J" and [50] 

H 

(MeO)2B 

H 

(MeCOzB, 

[EtsNH] 

[48][Et3NH] 

[EtgNH] 

[50][Et3NHl 

1) EtaN/HgO, 105 °C 

1)Et3N/H20. 105 °C 
H 

(H0)2B 7 

[PSH].THF 

[48.][PSH].THF 

[PSH] 

[50.】[PSH] 

Cleavage of the B-O bonds rather than B-C bonds was confirmed by single-crystal 

X:ray diffraction study o f [48，][PSH]'THF, as shown in Figure 5.7. The anion adopts 

the dimeric structure via 0 - H . . . 0 hydrogen bonds from two boronic acid parts, each 

of which is also linked to a THF molecule through 0 - H . . 0 interactions. Thus the 

real formula o f [48'J [PSH]-THF should be best described as [{48，.THF}2][PSH]2. 

The geometry o f the [48 ' ] ' is very similar to that of [48J'. 

Figure 5.7. Dimeric structure of [{e"t/f)-"-7,8-(CH2)3 亡 HB(OH)2-7-

CB,oHn THF}2]^' ( [ {48 ' -THF}2 f " ) (left) and monomeric unit of [48']" (right), in 

[48 ' ] [PSH]-TI IF. 

5.2. Reaction of 13-Vcrtex Carborane //-1,2-(CH2)3-1,2-C2Bi iHi i with Pyridine 

1 4 3 



13-Vertex carborane 1,2-(CH2)3-1,2-C2BnH11 (6) was highly reactive toward 

pyridine. Unlike the reaction of compound 6 with tertiary amine B I 3 N , which was 

almost undetectabl^at room lemperalure, compound 6 rcactcd readily with pyridine 

at room temperature under an inert atmosphere to give a red-brown then dark-blue 

and finally a brownish yellow solution. The reaction was extremely cxoergic with 

boiling of the solution when pyridine was gradually added. The " B N M R spectra 

suggested the formation of the CBn" anion(s). However, the ' h (Figure 5.8) and '^C 

NMR spectra illustrated a mixture of products, in which some were identifiable. The 

characteristic peaks at 6.59 (d) and 6.24 (br) ppm in the N M R and 132.3 ppin in 

the '^C NMR indicated the possible formation of 1,2-(CI I2)2CH=CH-1 -CB, 1H,0]" 

([37]-). The peak at 4.89 ppm was regarded the a-CH that attached to N atom in ch-

so-/ii-1,2-(CIl2)3CIKNCsDs)-1 -CB,1H10 and that at 5.01 ppm is the fi-CH in 

67oAY>/^-l,2-(CH2)2CH(NC5D5)CIi2-l-CBiiMio (ds-SSh). These are normal carbon 

extrusion products of the 13-vertex carborane 6 and the ratio of 53a/53b/[37J' is 

about 3.4:1.4:1 as indicated by NMR. In the N M R spectrum, another set of 

peaks was also observed with a ratio of about 1:1 to [c/5-53a]. We intended to isolate 

this unexpected product. 

[371. 53W 5, 
A -A -

丄-UVlj 一. j JLAi 

m . 

54 d 

U l i 

Figure 5,8. N M R spectra of 6 in i/s-pyridine: mixture (top); single product (bot-

tom). 
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IRC5H4N  
-30 "C - rt" 

R = H. 54 
R = Me, 55 
R = 56 

c 

In a similar manner, reaction o f 6 with A-MeCsFUN and 4」BuC5H4N afforded 

、 
2,4-(CH2)3CHBH(MeC5H4N)2-2-CB,oH9 (55) as a pale pink powder in about 50% 

isolated yield and //-2，4-(CH2)3CHBH('BuC5H4N)2-2-CBioH9.THF (56.THF) as a 

white powder in about 30% isolated yield. 

These complexes showed low solubilities in common polar solvents such as 
C H 2 C I 2 , MeOH, THF or acetone. Complex 54 was even hard to dissolve in ds-

i-

1 4 5 

With these regards, an N M R tube reaction was performed at -30 °C. Compound 6 

was slowly added to (is-pyridine. It was noted that the surface o f the solid turned to 

red-brown upon contacting wi th t/s-pyridine. The color o f the solution was gradually 

darkened to purple blue soon and finally to brownish yellow. The 'H N M R spectrum 

indicated the formation o f a single product (Figure 5.8). This species was not a closo-

CBi i " anion as the two-dimensional HSQC and COSY experiments indicated the 

formation o f a ( C H ^ ^ H unit and that the C H unit was not attached to the N atom. 
. ‘ 
4 \ 

Its '^C N M R confirmed that this compound contained two C 5 D 5 N units. 

A preparative scale experiment was performed under the same reaction condition 

from -30。C to room temperature. A closo- complex 厂-2’4-(CH2)3CHBH(C5H5N)2-2-

CB10H9 (54) was isolated in about 50% yield as a white powder after removal of py-

ridine and thoroughly washed with THF (Scheme 5.7). 

* 
Scheme 5.7. Controlled Reaction o f 6 with Pyridines. % 



pyridine after it precipitated out from the solution. They displayed a reasonable solu-

bi l i ty in c/c-DMSO. Accordingly, the spectroscopic data were collected. These three 

complexes exhibited similar spectroscopic features. Their ' ' B N M R spectra were al-

most identical, each of which contains a broad and sharp peak at about -11 ppm as-

signable to the cage borons and a broad signal at about -6 ppm corresponding to the 

cationic KBH group. The and '^C N M R spectra coniirmcd two chemically non-

equivalent pyridine units in each complcx. 

C12 

Figure 5.9. Molecular structure of fi-2A-{CU2hCHBU{CsUs^)2-2-CBioHc) (54). 

Af ter many attempts, it was found that they were able to be crystallized via vapor 

dif fusion o f MeOH into a DMSO solution within 12 to 24 h. Single crystal X-ray 

analyses indicated that complex 54 has an 11 -vertex closo- cage geometry (Figure 

5.9). Its structural features are very similar to those of known monocarba-c/avo 

undecaborate a n i o n s . T h e carbon atom takes up the lowest coordination posi-
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l ion and a (CH2)3CH unit links this C2 atom and the adjacent B4 atom. A boron atom 

is attached to the a-C atom thai is adjacent to the B4 atom, which is also attached to 

two pyridine units. The B12 atom adopts a distorted letrahedral geometry with the 

corresponding C14-B12-N1，C14-B12-N2, N1-B12-N2 angles of 115.4(3) 

113.4(3)。and 103.0(3)。, respectively. The B12-N1 and B12-N2 bond lengths of 

1.604(4) and 1.634(4)人，are close to 1.58 A of averaged B-N single bond]…Indeed, 

these properties are in supportive of a zwitterionic boronium cation of complcx 54." '̂  

The resolution of 55 structures is poor. Nevertheless, the atom connectivities are 

unambiguously determined, as shown in Figures 5.10. There are two crystallogmphi-

cally independent molecules in the unit cell of 56，and a typical one is shown in Fig-
o 

ure 5.11. Both complexes have very similar structures to that of complex 54. 

Figure 5.10. Molecular structure of/^-2,4-(CH2)3CHBH(CH3C5H4N)2-2-CB,oIl9 (55). 
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Figure 5.11. Molecular structure of>-2，4-(CH2)3CHBH('BuC5lL}N)2-2-CBioHy (56), 

showing one of two crystallographically independent molecules. 

We performed the reaction of 6 with pyridine at room temperature on a prepara-

tive scale. After column chromatographic separation and repeated rccrystallization 

from CH2CI2 and acetone, zwitterionic closo-C^w' complexes 

(CH2)3CII(NC5ll5)-l-CB,,II i() (53a) and \ ,2-(Cl l2)2CII(NC5H5)CH2-1 -CB,,11,0 

(53b) were isolated in about 20% and 5% yield (Schcmc 5.8). [ /M,2-(CH2)2CH=a I-

I-CB11H10KC5H5NHI (|37j[C5H5NH|) could hardly be purified in pure form. The 
t • 

two complexes were characterized by various spectroscopic techniques as well as 

HRMS. Their spectroscopic features were very similar to those complexes reported 

in Chapter 4 (Table 4.1 and 4.2). The structure o f 53a was confirmed by single-

crystal X-ray analyses and shown in Figure 5.12. 
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Figure 5,12. Molecular structure of/i-l,2-(CH2)3CHCNC5ll5)-l-CB,,H,o (53a). 

Scheme 5.8. Reaction of 6 with Pyridines at Room Temperature. 

-RC5H4N 

R = H. 53a 
R = Me, 57a 
R =它u. 58a 

N H p
 

/
 f

 

R = H_ 54 
R = Me, 55 
R = 'Bu. 56 

Similarly, reactions of 6 with excess 々-MeCsF^N or A-'BuCsH^iN also gave a mix-

ture o f products in C^Ds at room temperature as evidenced from 'H NMR spectra. 

Besides 11-vertex c/oso-CBio' complexes /^-2，4-(CH2)3CHBH(4-RC5H4N)2-2-

CB10H9 (R = Me, 55; R = 'Bu，56)，12-vertex closo-Q^W anions 

(CIl2)2CH=CH-l-CBnH,o]" ([37]-)，/u-1,2-(CH2)3CH(4-RC5H4N)-1 -CB,,H,0 (R = Mc, 
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57a; R = 58a) and 1,2-(CH2)2CH(4-RC5H4N)CH2-1 -CB,,H,o (R = Mc, 57b; R 

= 'B U , 58b) were observed in the reactions (Scheme 5.8). The gross 'H NMR spectra 

of these two reactions were shown in Figure 5.13. 

137]- 57a 

A 7 队 A l 、 . J 

！! 

li)丨 

137]-

Figure 5.13. 'H N M R spectra of the reaction mixture of compound 6 with 4-

MeCsHiN (top), and A-'BuCsH-N (bottom). 

One of the complexes 57a was crystallized out from a CH2CI2 solution of the 

reaction mixture of A-MeCsMiN，which was structurally characterized as 

(CIl2)3CH(McC5H4N)-l-CBi,II,o-CIl2Cl2 (STa-CHjCb) (Figure 5.14). This result 

further confirmed the formation of CBn" zwitterions. 

Figure 5J4. Molecular structure of//- l ,2-(CH2)3CH(MeC5H4N)-l-CB,iH,o (57a)，in 

% 
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57a-CH2Cl2. 

Scheme 5.9. Possible Mechanism for the Formation of Boronium Ion 54. 

py 

54 py H 

BH(py)2 

1 , ® 严 . 
n、B 

1 or 

53MA 
XT 

53MB 

V-C V-B 

a 

\ 

The above results indicated that formation of c/oso-CB]o' and c/oso-CBu' species 

were via competitive reactions. While low temperature and high concentration of the 

reagents facilitated the formation of c/oso-CBio' anions, high temperature or low 

concentration would lead to the formation of both c/o^o-CBio" and cioso-CBn' 

anions. These reactions may proceed from the same intermediate and a proposed me-

chanism is shown in Scheme 5.9. Compound 6 reacts wi th one equimolar of pyridine 

to give the first intermediate 53i-lA or 53i-lB, which would give intermediate V-B 

upon attack o f another pyridine molecule, followed by B - H addition to one of the 

cage carbons to give intermediate V-C. Migration of the BH(py)2 group and cage 

closure affords the cIoso-CB]o' product 54. On the other hand, 53 i - l may undergo B-
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H addition to one of the cage carbons to give intermediate /^-":7:,7-7，8’10-

(CH2)3CHB(C5H5N)-7-CB 1 oH 10 (53i), and finally to form the CBn" anions. As we 

did not observe any intermediate, we can not totally exclude the possibility that com-

plex 54 is also formed from 53i. 

5.3. Reaction of 13-Vertex Carboranes /i-1,2-(CH2);r 1,2-C2B11H11 (/i = 3’ 4) with 

Bipyridines 

Bidentate reagents may have different reactivities compared to the monodentate 

nucleophiles. In this regard, several reagents, such as TMEDA and dppe, were ex-

amined in the reaction with 13-vertex carborane fi-1,2-{CH2)3-1,2-C2B 11H11 (6). The 

13c and " B NMR spectra indicated that the major products were 12-vertex closo-

CB,,- anions pi-1,2-(CH2)3CH(NMe2CH2CH2NMe2)-1 -CB i, H, o or /M，2-

(CH2)3CH(PPh2CH2CH2PPh2)-l-CBi,H,o. 

On the other hand, reaction of compound 6 with 1 equiv of 2,2'-bipyridine (bipy) 

was examined in C6D6 at room temperature. The color of the solution was quickly 

changed to yellow, but the 'H NMR spectrum indicated that the reaction was rather 

slow and gradually became messy at room temperature. However, a major species 

gradually appeared upon heating at 60 °C, and the reaction was completed within 3 d. 

The color of the solution was finally changed to dark red. Accordingly, the prepara-

tive scale reaction was performed in toluene. After recrystallization from CH2CI2, 4-

(2,2‘-C1 oH8N2B)-yu-1 ,2-(CH2)3- 1 ,2-C2B,0H9 (59) was isolated as red crystals in about 

70% isolated yield. Treatment of/a-\ ,2-(CH2)4- 1,2-C2BnH11 (7) with 1 equiv of bipy 

in toluene at 90。C for 14 days gave 4-(2,2‘-C1 oHgNzB)-//-1,2-(CH2)4-1,2-C2B 10H9 

(60) as red crystals in about 60% isolated yield, after recrystallization from CH2CI2 

(Scheme 5.10). 
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Scheme 5,10, Reaction of Bipy with 13-vertex Carboranes ;z-l,2-(CH2),rl,2-

CzBnHn (« = 3, 4). 

bipy 
toluene. 60 °C. 3 d 

bipy 

toluene. 90 "C. 14 d 

Q = 0 

Both complexes were characterized by several spectroscopic techniques as well as 

HRMS. The broad signals o f the boron atom that attached to two nitrogen atoms 

were observed in the low field at about 30 ppm in the " B N M R spectra. The 'H and 

'^C chemical shifts o f the bipy units were up fielded compared to the free ligand 

(Figure 5.15). 

bipy 59 60 

丨 HNMR 7.31 

7.WM4 6 43 7.49 6 44 7.50 

- C h O 6 . 3 i C h O B 
I 

R 

137.2 121 

13c NMR 124.1 
149.5 

7.ZT21.Z " N 1184 

129.0 B 
I 
R 

Figure 5,15, ' H and '^C chemical shifts of the bipy units in the free ligand and com-

plexes 59 and 60. 
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These 2 complexes represent new species bearing both boron/nitrogen hetero-

cycles and carborane unit. To the best of our knowledge, only two earlier reports 

demonstrated formation and ch驳acterization of (bipy)BX (X = N'Pr�，Ph, 

which have the similar (bipy)B unit as 59 and 60. Besides their similar spectroscopic 

properties, they also have similar structural f e a t u r e s . T h e structures of complexes 

59 and 60 were confirmed by single-crystal X-ray analyses. There are three crystal-

lographically independent molecules in the unit cell o f 59 and a representative one 

was shown in Figure 5.16. The molecular structure of 60 is shown in Figure 5.17. In 

both complexes, a 2,2'-CioH8N2B- boryl group is linked to the B4 atom in the 12-

vertex carborane wi th retain of the original linkage. The boryl group is almost copla-

nar and forms a conjugated system. It is noted that the newly formed B-N bonds are 

very short at a distance of about 1.44 A. As shown in Table 5.3, the most dramatic 

change is that the i bond is shortened, from a single bond of 1.50 人 in the free 

bipy,i2i to a double bond of about 1.37 A. 

C13 

Figure 5.16. Molecular structure o f 4-(2,2‘-C10H8N2B)-//-1,2-(CH2)3-1,2-C2B 10H9 

(59)，showing one of the crystallographically independent molecules. 
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Table 5.3. Comparison of Average Bond Lengths of the Bipy and Phen Units in the 

Free Ligand and Complexes 59, 60，61 and 62. 

-
•
r
t
 
/
 

Bond bipy 59 60 phen 61 62 

a 1.337(2) 1.408(9) 1.390(4) 1.313(5) 1.416(5) 1.408(4) 

b 1.381(2) 1.360(14) 1.343(5) 1.396(7) 1.346(6) 1.342(5) 

c 1.382(2) 1.419(14) 1.419(7) 1.356(7) 1.473(7) 1.489(5) 

d 1.382(2) 1.356(14) 1.343(7) 1.417(6) 1.497(7) 1.500(5) 

e 1.392(2) 1.429(10) 1.417(5) 1.406(5) 1.384(5) 1.383(4) 

f 1.344(2) 1.410(9) 1.407(4) 1.359(5) 1.396(5) 1.398(3) 

g / / / 1.426(6) 1.391(7) 1.395(5) 

h / / / 1.331(9) 1.383(7) 1.383(5) 

i 1.488(2) 1.371(11) 1.377(5) 1.454(6) 1.364(6) 1.372(4) 

B -N / 1.439(9) 1.443(4) / 1.448(5) 1.452(4) 

B-B(cage) / 1.693(10) 1.688(5) / 1.689(6) 1.684(4) 

The 13-vertex carboranes l ’2-(CH2)3-l ’2-C2BiiHi i (6) and 1’2-(CH2)4-1’2-

C2B11H11 (7) can also react with 1,10-phenanthroline (phen) under the similar reac-

tion condition, but the reactions were much slower. Treatment of 6 with 1 equiv of 

phen in toluene at 90 °C for 7 d in a sealed tube gave a brown suspension. The solu-

tion phase was separated and dried. Recrystallization from CH2CI2 gave 4-(4' ,7'-2//-

1，，10’-CioH8N2B)-"-1’2-(CH2)3-1’2-C2B|oH9 (61) in about 10% isolated yield. Reac-

tion o f 7 wi th 1 equiv of phen was even slower and not completed after 28 d at 

110。C as monitored by " B N M R spectra. The 4 - ( 4 ' , 7 ' - 2 H - r , 10'-C1 oH8N2B)-/^-1,2-

(CH2)4-1,2-C2BioH9 (62) was isolated in about 10% yield. 
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Figure 5.17, Molecular structure o f 4-(2,2‘-C10H8N2B)-//-1,2-(CH2)4-1,2-C2B,0H9 

(60). 

Scheme 5JL Reaction of 13-Vertex Carboranes l ,2-(CH2),r l ,2-C2Bi iHi i {n =3, 4) 

with Phen. 

B 

phen 
toluene. 90 X . 14 d 

61 

B 

phen 

toluene, 110°C, >28d 

62 

These two complexes were characterized by various spectroscopic techniques as 
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Figure 5.18. ^H and '^C chemical shifts o f the phen units in the free ligand and com-

plexes 61 and 62. 

The structures o f complexes 61 and 62 were confirmed by single-crystal X-ray 

analyses. In both cases, there are two crystallographically independent molecules in 

the unit cell and the representative ones are shown in Figures 5.19 and 5.20. Again, 

dramatic change o f bond distances is observed between complexes 61 and 62’ and 

free phen (Table 5.3).'^^ However, different from that of bipy, the aromaticity wi th 

the pyridine was lost. It is note that the C23 and C28 atoms in 61 (Figure 5.19), and 

C I 7 and C I 8 atoms in 62 (Figure 5.20) are converted to sp^ from sp】hybridization 

after taking up two H atoms. Thus a H2(phen)B heterocycle rather than a (phen)B 

one was formed. Although no compound containing H2(phen)B unit has been ob-
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丨 H NMR 

well as HRMS. The broad signals o f the boron atom that attached to two nitrogen 

atoms were observed in the low field at about 20 ppm in the ‘丨 B N M R spectra. The 

unique signals o f benzylic CH2 groups were observed at 3.60 ppm for 61, 3.61 ppm 

for 62 in the ^H N M R spectra, and 25.3 ppm for both in the '^C N M R spectra. Simi-

larly, the and '^C chemical shifts o f the unsaturated units were also up-field 

shifted, compared to the free ligand (Figure 5.18). 

phen 61 62 

R R 

59 



served as that in 61 or 62, there have been a handful of 1,3,2-diazaboriline species. 

The i bond is shortened by about 0.09 A in 61 and 0.08 A in 62. Meanwhile, the e, g, 

h, i bond distances are close to each other. The average bond lengths of 1.50 (d) and 

1.47 A (c) in 61’ and 1.50 {d) and 1.49 (c) A in 62 confirm the sp、hybridized proper-

ty of the corresponding carbon atoms. 

C23丨 C28 

C13 

Figure 5.19. Molecular structure of 4-(4',7'-2//-r,10'-CioH8N2B)-^-l,2-(CH2)3-l,2-

C2B10H9 (61)，showing one of the crystallographically independent molecules. 

These 4 complexes stand for boranes/carboranes bearing exo- B-B bond between a 

non-classic and a classic boron atom. To the best of our knowledge, .these species are 
< t * 

w y rare in literature, such as I-BX2-B5H8 (X = F, CI, Br))对 and 2-Br2B-l,6-
> • 

C2B4H5. Formation of complexes 59-62 offers a good opportunity for B-B bond 
- I 

activation study in the field of carborane.. 
、 a ^ 

This type of reactions is very different from those' observed previously in the nuc-

leophilic reactions of 13-vertex carboranes 1,2-(CH2)3-1 . l -C iB n H11 (6), in which 
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C/050-CBII ' , nido-CQ\Q or c/ojo-CBio" anions were formed via the cage carbon ex-

trusion reaction. The product can be formally viewed as one boron atom was pulled 

out o f the cage by the bipy or phen wi th the retention o f the cage carbons (Scheme 

5.12). Indeed these bidentate ligands play important roles. 

Figure 5,20. Molecular structure o f 4-(4^7'-2//-1^10'-CloH8N2B)-//- l ,2-(CH2)4-l,2• 

C2BloH9 (62), showing one of the crystallographically independent molecules. 

Scheme 5,12, Formal Formation o f CIOSO-CTBLO Products. 

ChO 
-H2 

cage closure 

However, this would not represent the real process. We noticed that the reaction 

rate was much slower in the case o f phen than in the case o f^ rpy . But it was reported 
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steric hinderence 

Figure 5,21. Proposed steric hinderence in the reaction o f 13-vertex carboranes with 

bipy and phen. 

On the other hand, the heterocyclic rings formed in the reactions are different. 

Two additional H atoms were added to the phen ring, while it did not happen in the 

bipy case. We observed that at higher temperatures, the reaction rate o f 1 ’2-(CH2)„-

1 ’ 2 - C 2 B i iH i i (« = 3, 4) wi th bipy was much faster, leading to the formation o f by-

products (b ipy)BH and l,2-(CH2)„-l,2-C2BioHio (« = 3，4) as suggested by " B and 

the basicity o f phen is a little bit stronger than bipy,' which indicated the reaction 

wi th phen would be quicker. In this regard, it would be presumed that this electronic 

effect did not govern the reaction rate. On the other hand, in the bipy ligand, the two 

pyridine units can rotate around the C-C axis, while this rotation is restricted in the 

phen. Thus, we proposed that simultaneous attack o f two N atoms of the bipy or phen 

ligand might be sterically hindered (Figure 5.21). Moreover, the differences between 

the reaction rates o f 6 and 7 suggest that the deformation o f the cage is not only con-

fined by the boron atoms but also by the cage carbon atoms. Thus, a similar boron 

cation intermediate, as those in the carbon extrusion reactions, may be involved, tak-

ing the reaction o f 6 wi th bipy for example (Schem 5.13). A boron cation interme-

diate V - D was init ial ly formed, which underwent electron transfer to give the boryl 

species V-E. Then H-tautermerization gave intermediate V-F, which eliminated one 

molecular o f H2 to give the product 59. 

> ( 
N H 

I 
B D

 



' H N M R spectra. It gave an assumption that similar products were initially formed, 

which reacted wi th H2 at high temperatures in different ways (Scheme 5.14). This 

might be ascribed to the different reactivity o f the macrocyclic systems. 

Scheme 5,13. Proposed Mechanism for the Formation o f 59 and 60. 

bipy 

H： 

ChO 
B 

59 

Scheme 5.14. Proposed Formation of 61 and 62. 

ChO 
B 

c fb 
B 

n = 1. 59; n = 2. 60 

n=1,61;n = 2. 62 
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5.4. Summary 

Besides cage carbon extrusion reaction, cage boron atoms can also be extruded 

from 13-vertex carboranes under several reaction conditions. 

Under basic conditions, pi-1,2-(CH2)n-1,2-C2B11H]i = 3, 4) can react with 

MeOH to afford 11-vertex nido-C^so anions [e/?<^o-yu-7，8-(CH2),,CHB(OMe)2-l-

CBioHii]", via different intermediates [/^•":":"-7，8’10-(CH2)3CHB(OMe)-7-CBioHior 

{n = 3) or [3-OMe-/M，:2-(CH2)4-l’2-C2BiiHii]- {n = 4). The boronic esters [endo-ju-

7,8-(CH2)„CHB(OMe)2-l-CBioHn]' can be oxidized to give \endo 卞 

(CH2)„CHOH-l-CBioHn]-, or hydrolyzed to afford [e«6/o-^-7,8-(CH2)„CHB(OH)2-1 -

CBioHii]" anions. 
I 
1 

V 

13-Vertex carborane fi-1,2-(CH2)3-1,2-C2B11H11 can react with pyridines to afford 

zwitterionic boronium species /^-2，4-(CH2)3CHBH(4-RC5H4N)2-2-CBioH9 (R = H, 

Me, 'Bu)，at low temperatures, whereas a mixture of products containing closo-CB\\' 

and CIOSO-CB\q' complexes was formed at room temperature. 

/^-l,2-(CH2)n-l,2-C2BiiHii {n = 3，4) can react with 2,2'-bipyridine or 1,10-

phenanthroline to afford 4-(2,2'-€,oHgNiB)-/^-1,2-(CH2V 1,2-C2B,0H9 or 4-(4',7'-

2HA\W-C^oH8N2B)-/^- 1,2-(CH2)„-1，2-C2B,oHg, respectively. 
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Chapter 6. Nucleophilic Reaction of 

Other 13- and 14-Vertex Carboranes 

The studies mentioned in the previous chapters indicated that the 13-vertex carbo-

rane 1,2-(CH2)3-1,2-C2B11H11 (6) exhibited high reactivities toward nucleophiles, 

compared to its 12-vertex analogue. Most of the reactions afforded cage carbon ex-

trusion products closo-CB\\\ or cage carbon together with cage boron extrusion 

products nido-CB\o' or closo-CBio'. Most of the reactions were regarded to proceed 

via the same intermediates [//-":":"-7’8，10-(CH2)3CHB(Nu)-7-CBioH】o]-，and forma-

tion of the products was dependent upon the nature of reagents and reaction condi-

tions. Bidentate bipyridine ligands afforded the cage boron extrusion products with 

cage carbons retention as major products. Deprotonation of the a-CH proton in 6 was 

also observed by treatment with several kinds of bases in THF. On the other hand, 

linkage effects of 13-vertex carboranes were noted. To further explore the reactivity 

pattern o f supercarboranes, we have extended our research to include other 13- and 
» 

14-vertex carboranes. Reactions o f 13-vertex CAd carborane /i-l,2-(CH2)4-l,2-

C2B11H11 (7)； 13-vertex CAp carborane l ,12-Me2-l,12-C2BiiHi i (17b) and 14-vertex 

carboranes /^-2,3(8)-(CH2)3-2,3(8)-C2Bi jHi j (27) with nucleophiles wi l l be described. 

6.1. Nucleophil ic Reaction of 13-Vertex Carborane/ / - l ,2- (CH2)4- l ’2-C2BnHi i 

6.1.1. Reaction w i th Group 16 Nucleophiles 

As mentioned in Chapter 5, reaction of fi-1,2-(CH2)4-1,2-C2B 11H11 (7) with 

MeOH in the presence o f base such as EtsN or PS at room temperature gave the 13-

vertex «/<io-carborane anion [3-OMe-/M，2-(CH2)4-l，2-C2BiiHii]- ([49]'), in which 

the methoxy group was attached to a 7-coordinated cage boron and the terminal H 
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was converted to a bridging one. Reaction of 7 with pure MeOH, however，was not 

as facile and proceeded very slow at room temperature. This reaction was closely 

monitored by ' H and " B N M R spectra in CD3OD. An initial partial formation of 

[49]" was observed, which finally disappeared after 28 d. Species like closo-CB\\' 

and C2B10 were formed as evidenced by the " B N M R spectra, and the peak of 
i 

B(0Me)3 was detected at 18 ppm. During the whole process, two weak but characte-

ristic signals at about 5.82 (br) and 5.66 (d, J = 13.9 Hz) ppm were observed, which 

almost disappeared after prolonged reaction, indicative o f the formation of [p.-1,2-

(CH2J3CH=CH-l-CBi,H,o]" ([63]-). Compound /M’2-(CH2)4-l’2-C2Bi。H|。(3) was 

also detected from the ' H NMR, besides messy peaks which were observed but hard 

to resolve. We also found that the ratio of the products was temperature dependent. 

Generally, at higher temperatures the reaction proceeded much faster with the forma-

tion o f more deboration product 3. 

In this regard, a typical reaction was attempted at 40 °C to minimize the debora-

tion reaction. A MeOH solution of 1 mmol of 7 was heated at 40 °C in a sealed tube 

for 14 d. After addition o f an excess amount o f PS, a mixture o f ionic complexes was 

produced in about 70% total yield, besides the isolation o f 10% compound 3. They 

were not separable, but can be identified by ^^C N M R and two-dimensional 

N M R techniques. 

A mixture containing about 50% \ja- 1,2-(CH2)3CH(CH20Me)-1 -CB, 1H,0][PSH] 

([64][PSH]) and about 20% \ji-1,2-(CH2)5-1 -CB,,Hio][PSH] ([65][PSH]) were ob-

tained (Scheme 6.1). As shown in Figure 6.1, the signals o f the methylene and me-

thyl group that were attached to the 0 atom in [64]' were observed at 79.0 and 68.6 

ppm, respectively, in the '^C N M R spectra. Other three sharp peaks of the methylene 

groups were at 35.8, 25.7 and 23.9 ppm, respectively. The four sharp signals of the 
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methylene units in [65]', were observed at 40.9, 33.3, 28.0 and 27.6 ppm, respective-

ly. Other two minor products were regarded as [/i-l,2-(CH2)4CHOMe-l-

CB,,Hio][PSH] ([66a] [PSH]) and [/M’2-(CH2)3CHOMeCH2-l-CB 丨丨H 丨。][PSH] 

([66b][PSH]), as two methyl groups were observed at 55.0 and 57.6 ppm in the " c 

NMR spectra. Besides, the unique methylidene signal in [66b]' was observed at 82.1 

ppm. 

Scheme 6.L Reaction of/^-l,2-(CH2)4-l,2-C2B,iH,, (7) with MeOH at 40。C. 

MeOH 

OMe 

OMe 

OMe 

85 80 75 70 65 60 55 50 45 40 35 30 25 20 ppm 

Figure 6.L '^C (bottom) and DEPT135 (top) NMR spectra (partial) of the mixture. 

Formation of these anions was also confirmed by negative FAB MS spectrometry 

(Figure 6.2). It displayed one signal group centered at m/z 241 corresponding to the 
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anion [64]" and another at m/z 211 attributable to the anion [65]". Recrystallization 

from a CH2CI2 solution afforded some crystals which were structurally characterized 

as [65][PSH], although its resolution was not good. The geometry o f the anion is 

similar to those of closo-C^\\ anions (Figure 6.3). 

80-
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Figure 6.2. Negative FAB MS spectrometry o f the mixture. 

C12 

C11 

Figure 6,3. Structure o f [//-l,2-(CH2)5-l-CBiiHio]" ([65]'), in [65]fPSH], showing 

one of the two crystallographic independent molecules. 
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Scheme 6.2. Possible Reaction Pathway o f Compound 7 w i th MeOH. 
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The above results gave a possible reaction pathway o f compound 7 and MeOH 

(Scheme 6.2), although the cage transformation process was not clear. MeOH would 

attack one o f the cage boron atoms in 7 to give [49] [H]. Deboration of this interme-

diate affords compound 3 and B(OMe)3 together with H2, although it is still uncertain 

why closo- species was formed rather than the normal nido- species.^'' On the other 

hand, carbon extrusion can occur to give anion [66a]". Acid promoted isomerization 

leads to the formation of [63]' and [66b]", via the carbocation intermediates V I -A and 

VI -B. V l - C may result from alkyl migration from V I - A , or boryl migration from V I -

B, then give [64]'. Indeed, formation of this product with 6-membered ring could be 

ascribed to the relative stability compared to that of a 7-membered ring. [65]' may be 

formed from hydrogenation of [63]' by either MeOH as that in Chapter 4 or by H2 

that released fiom the reaction. 

Compound 7 can also react with (4-MeC6H4)SNa to give C B i f anion. Treatment 

of 7 with 1 equiv o f (4-MeC6H4)SNa in THF overnight, followed by salt metathesis 

with [PPN]C1 gave a pale yellow solution. Although the " B N M R spectra showed a 

mixture o f products formation, a single product was generated after 60 d which was 

identified as [pi-1,2-(CH2)4CHS(4-MeC6H4)-1 -CB,,H,0][PPN] ([67][PPN]) in about 

80% isolated yield (Scheme 6.3). Closely monitoring the reaction by 丨丨B N M R 

showed that the starting material 7 quickly disappeared to give an unidentified inter-

mediate. Many attempts to isolate this product failed. Conversion o f this intermediate 

to [67]' was very slow at room temperature and even not completed within one 

month. This process can be, however, accelerated by heating the solution at 70 °C 

and completed in one day. Its formation may be ascribed to that the thiolate is a bet-

ter nucleophile than MeOH, and acidic media is crucial for the deboration and isome-

rization processes. 
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Scheme 6.3. Reaction of ju-1,2-(CH2)4-1,2-C2B,,H,, (7) with (4-MeC6H4)SNa. 

1) (4-MeC6H4)SNa 
2) [PPN]CI 

S(4-MeC6H4) 
[PPN] 

[67][PPN] 

Complex [67][PPN] was characterized by several spectroscopic techniques as 

well as elemental analyses. Its B atom with alkyl substituent was unambiguously de-

termined at -6.6 ppm in the ' 'B NMR spectra as a singlet. The C atom that attached 

to it was observed as a broad signal at 35.9 ppm in the '^C NMR spectrum. Single 

crystals suitable for X-ray diffraction study were grown from a solution of 

THF/DME. X-ray analysis confirmed its ionic nature with solvation of a THF molc-

cule. The structure of the anion is shown in Figure 6.4. 

C12 

C11 

Figure 6.4. Structure of [//-1,2-(CH2)4CHS(4-MeC6H4)-1 -CB i,H,o]' ([67] )，in 

[67][PPN]-THF. 

6.1.2. Reactions with Nitrogen Nuclcophiles 

Reactions of 13-vertex carborane 1,2-(CH2)4-1,2-C2B 11H11 (7) with nitrogen 
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nucleophiles were very different from those described in the previous section. EhNH, 

a secondary amine, reacted with 7 much more smoothly than wi th MeOH. Treatment 

of compound 7 wi th excess EtzNH in toluene afforded, after recrystallization from 

C H 2 C I 2 , a zwitterionic nido- species 3-NEt2H-"- l ’7-(CH2)4-l ,7-C2BiiHu ( 6 8 ) in > 

90% isolated yield, (Scheme 6.4). 

Scheme 6.4. Reactions o f (JL- 1,2-(CH2)4-1,2-C2B 11H11 (7) wi th Nitrogen Nucleophiles. 

EbNH 
HEtzN 

conc. HCI 1) NaH 
2) [PPN]CI 

RoN 
[PPN] [PPN] 

[45][PPN] 

R = Me, [69][PPN], > 99 : 1 
=Et, [70][PPN1,�2 : 1 

Dynamic processes were observed in solution, which made characterization of 68 

diff icult. Its " B N M R exhibited a 2:2:4:2:1 pattern in the range 4.1 to -33 ppm. In 

addition, the peaks of 13-vertex carborane fj.-1,2-(CH2)4-1,2-C2B 11H11 (7) at 0.2 and -

0.6 ppm were observed. Moreover, the peaks o f free EtzNH and 7 were also found in 

the and '^C N M R spectra. These data indicated that the formation o f 68 in solu-

tion would be reversible. Its and '^C N M R spectra exhibited broad signals of the 

methylene group that attached to the N atom or the cage carbons. Only two of four 

hydrogens of the CCH2 unit were well defined in the N M R spectrum al 2.11 ppm, 
I 

whereas the other two were broadened signals. The corresponding carbon atoms 
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were also observed as a very broad signal at about 38 ppm. The cage carbons were 

not observed in CD2CI2. 

Figure 6.5. Molecular structure of 3-NEt2H-/^-1,7-(CH2)4-1,7-C2B 11H, 1 (68). 

On the other hand, its solid-state structure was unambiguously confirmed by sin-

gle-crystal X-ray analyses and shown in Figure 6.5. Its cage geometry is very similar 

to those of 13-vertex /7/Wo-carborane dianions that are formed from reduction o f 13-

vertcx c/050-carb0ranes, and can be viewed as removal o f one vertex from a 14-

vertex c/o^o-carborane. However, its cage carbons are located on 2,3- but not on 1,2-

positions. The NEtzH group is attached to the B7 atom, which is opposite to two cage 

carbons in the 5-membered open face. This B - N bond length o f 1.580(2)人 indicates 

a normal single bond and tt-tt conjugation would not e x i s t . ' M o r e o v e r , the corres-

ponding C-N-C, C-N-B and B-N-C bond angles of 114.4(1)。，111.9(1)。and 

111.6(1) ° indicative of the ^/j^-hybridized property o f the N atom. The two ethyl 

groups on the N atom and the cage are in the trans- conformation around the N1-B7 

bond, which would be ascribed to both o f the stereo repulsion o f big substituents and 

electronic repulsion o f the two protonic H atoms (Figure 6.6). 
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f 
Figure 6.6. Stereo and electronic repulsion in 68. 

The cage geometry o f 68 would represent the first intermediate in the reaction o f 

nucleophiles wi th 13-vertex CAd carboranes. However, complex 68 was hard to 

convert to Lu-":/7:7-7，8，10-(CH2)4CHB(Nu):7-CBioHio]-’ as monitored by " B N M R 

spectra, but slow formation o f C B i f species would be expected. And messy products 

formation was detected in the 'H N M R . Heating would promote this transformation % 

process but single product was not isolated from mixture. This further indicated that 

ring expansion from a 6-membered ring to a 7-membered one was not as facile as 

that from a 5-membered one to a 6-membered one, in the cage carbon extrusion reac-

tion o f 13-vertex carboranes. 

Reactions o f 7 w i th amide gave products w i th different cage geometry. Treatment 

of 7 wi th 1 equiv o f MezNLi in toluene fol lowed by cation exchange wi th [PPN]Cl 

afforded [9-NMe2-"-7，8，10-(CH2)4CCH-BiiHio][PPN] ([69][PPN]) as pale yel low 

crystals in about 80% isolated yield. On the other hand, when EtzNLi was used, a 

mixture o f [9-NEt2-/^-7,8,10-(CH2)4CCH-B11H,o][PPN] ( [70][PPN]) and deproto-

nated species [45][PPN] was afforded in a ratio o f about 2:1. Attempted purification 

of [70][PPN] failed. However, when 68 was deprotonated by NaH, [70]" was formed 

almost quantitatively as evidenced by " B N M R . Cation exchange wi th [PPN]CI fol-
/ 

( 

lowed by recrystallization from CH2CI2 gave [70][PPN] as a pale yel low solid in 

about 95% isolated yield (Scheme 6.4). 

Complexes [69] [PPN] and [70] [PPN] were characterized by several spectroscopic 

techniques as wel l as elemental analyses. They exhibited very similar " B N M R spec-
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tra, in which the downfield-shifted signals of the B atoms that attached to the N 

atoms were observed at about 50 ppm as singlet for each. The peaks of the a-CH 

were observed at 1.26 ppm for [69]' and 1.32 ppm for [70]' in the N M R spectra, 

and the corresponding '^C signals were observed at 6.8 ppm and 8.5 ppm, respective-

ly, which suggested the H-migration from boron to carbon. 

Figure 6.7. Structure of [9-NMe2-/^-7,8,10-(CH2)4CCH-B i, H i o]" ([69]"), in 

[69][PPN]. 

Molecule structure of [69][PPN] and [70][PPN] were confirmed by single-crystal 

X-ray analyses and the anions were shown in Figures 6.7 and 6.8. The geometry of 

these 13-vertex nido-caxhorane anions can be viewed as an 11 -vertex mdo-B]\ cage 

that was capped with a bridging (CH2)4CCH unit. The amido group was terminally 

bound to the cage B9 atom with a bond length of 1.405(5) A in [69]' and 1.411 (6) A 

in [70]-，and showed B=N double bond c h a r a c t e r s . T h i s N atom and the B atom 

and two C atoms around it are almost coplanar wi th a sum of bond angles around N 

atom of 359.7(4)。in [69]" and 360.0 (4)。in [70]-，confirming the sp^ hybridisation 

of the N atom. The cage C I and C2 atoms are still bonded with a distance of 1.535(5) 
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人 in [69]" and 1.542(6) A in [70]",. The sum of angles around the C2 atom indicates 

that it bounds to a hydrogen atom, in each case. 

C12 

々 

Figure 6.8, Structure of [9-NEt2-/^-7,8,10-(CH2)4CCH-B 11H,o]' ([70]-)，in [70][PPN]. 

Heteroboranes bearing exopolyhedral dative B=N bonds have been reported by 

I 1 Q 

Paetzold and Sneddon, and the geometries were optimized by theoretical calcu-

lations. The calculated values are 1.398 A for 6-(Me2N)-^/Wo-5,7-C2B8Hi i, 1.398 A 

for 6-CBuNH)-a2zWo-5,7-C2B8Hii, 1.386 A for 6-ClC6H4-9-('Pr2N)-m^yo-6-NB9Hio， 

and 1.381 A for 6-C1C6H4-9-('BuHN)-«i^/o-6-NB9H,o.'^® These short B -N bond dis-

tances are close to those of [69]' and [70]". Similarly, the B=N double bond in these 

two complexes would be formed by donating the lone pair electrons of the N atom to 

the vacant orbital on B9 atom, as shown in Figure 6.9. Besides, a hybrid ni-

dolarachno structural formulation arising from the increased cage skeletal electron 

count resulting from the electron-pair donation of the amino group would also be en-

visaged. 

On the other hand, the formation of [70]* from complex 68 was reversible. Upon 

addition o f excess amount of conc. HCl, [70]' was converted to 68 immediately as 
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evidenced by B and N M R spectra. These results clearly indicated the influences 

of the substituents' electronic properties on the products formation. While the elec-

tron deficient unit R4N+ cannot donate electrons to the cage, the bridging H atom, 

which was positive charged, preferred to reside on the electron rich boron atom(s). 

Addit ion o f the H sauce would deprotonate the more acidic proton on the ammo-

nium ion, leading to the formation o f a lone pair of electrons on the N atom. Dona-

tion o f lone-pair electrons to the cage causes electron redistribution of the cage. In 

this case, the protic H atom would no longer reside on the less basic B atoms, pro-

moting H-migration to one of the cage carbons. This influence was further proved by 

the reversibility o f the H-migration process. 

Figure 6.9. Possible B=N bond formation by electron 

electrons to the vacant orbital on the B atom in [69]' 

were not shown. 

donation from 

and [70]-. The 

the lone pair 

cage carbons 

This cage transformation process is shown in Scheme 6.5. In the proposed transi-

t ion state, the boron atom bearing a bridging H atom and an amino group would ap-

proach one of the cage carbons. The major differences between a 5-membered and a 

6-membered carbon ring system were, that in the former case the C-C bond was bro-

ken and a new C-B bond was formed, while in the latter case the C-C bond remained 

wi th no C-B bond formation. One possible reason was that ring expansion from 6- to 

7-membered ring would be energetically not favorable as that f rom 5- to 6-
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membered one. C、 

Scheme 6.5. Proposed Cage Transformation Process of 13-Vertex Carborane-

Nucleophile Adduct. 

‘ 冲n 

R,N R9N 

R9N 

RoN 

proposed transition state 

Moreover, the above results indicated that the reaction of nucleophiles with ^-1,2-

(CH2)4-l’2-C2BnHii (7) was highly dependent upon the reagents used. Different 

cluster formation was observed when the nature of the nucleophiles was changed. 

6.2. Nucleophilic Reactions of CAp 13-Vertex Carborane l，12-Me2-l，12-

CzBi iHn 

6.2.1. Reaction with Group 16 Nucleophiles 

Reaction of CAp 13-vertex carborane l,12-Me2-l,12-C2BiiHii (17b) with pure 

MeOH gave a similar result as that of CAd one //-l，2-(CH2)3-l，2-C2BiiHii (6)，al-

though at a little slower rate. A MeOH solution of 17b was stirred at room tempera-

ture for 24 h, followed by addition of [Me3NH]Cl to give [ l -Me-2-CH(0Me)Me-l -

CBiiHio][Me3NH] ([71a][Me3NH]) as colorless crystals in about 50% yield (Scheme 

6.6). I f the reaction was further stirred for several days, or heated at 70 °C for 24 h, a 

mixture containing [71a][Me3NH] and [l-Me-2-CH2=CH-l-CBnH,o][Me3NH] 
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([72][Me3NH]) in a ratio of about 1.4:1 was obtained which was hard to be separated. 

The formation o f anion [72]' would proceed via a similar acid promoted MeOH eli-

mination process. 

Scheme 6,6. Reaction of 13-Vertex Carboranes without C，C，-Linkage with MeOH. 

17a 

MeO^ 
OMe 

17b [71ar [72]-

Complex [71a][Me3NH] was characterized by several spectroscopic techniques as 

well as elemental analyses. Complex [72][Me3NH], however, was only identified 

from [71a][Me3NH] in the mixture. In [71a]', the unique boron atom with exo- subs-

tituent was unambiguously determined in the ^'B N M R at -5.0 ppm, while that in 

[72]" was observed at -6.6 ppm. The broad signal o f a-C attached to this boron atom 

is observed at 74.0 ppm in the '^C NMR. On the other hand, three characteristic 

peaks o f the vinyl group in [72]" were observed at 6.04 (dd), 5.47 (d) and 5.38 (br) 

ppm, respectively, in the ^H N M R spectra. The corresponding carbon signals ap-

peared at 141.4 (br) and 125.2 ppm in the '^C N M R spectra. 

The icosahedral cage geometry of [71a][Me3NH] was determined by single-

crystal X-ray analyses and shown in Figure 6.10, which has similar structural fea-

tures o f monocarba-cteo-dodecaborate anions. The N - H - .O hydrogen bonding inte-

ractions were observed between the ammonium cation and methoxy group. Mean-

while, some tiny crystals were found among other crystals, which was structurally 

characterized as [72][Me3NH] (Figure 6.11). The C12-C13 bond length o f 1.298(4) 

人 in [72]" clear indicates a double bond character. 

The CAd analogue 1,12-Me2-1,12-C2B1 ̂ H11 (17a) also gave the same products 

1 7 7 



mixture as that o f 17b as monitored by ^H and " B N M R in C D 3 O D (Scheme 6.5). 

Comparing to that only starting" material and products were observed in the reaction 

of 17b wi th MeOH in the " B N M R spectra, the reaction of 17a wi th C D 3 O D was 

more complicated, wi th gradual formation of 17b and CBn" anions [71a]" and [72]' 

with other messy peaks. They were finally converted to the [71a]' and [72]' mixture 

as monitored by ' ' B a n d 'H N M R 

CI1 

Figure 6.10. Structure of [ 1 -Me-2-CH(0Me)Me-1 -CB11H, 0]' ([71a]-), in 

[71a][Me3NH]. 

Figure 6.1L Structure of [ 1 -Me-2-CH2=CH-1 -CB 1,H,o]' ([72]-)，in [72][Me3NH]. 
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We were interested in the possible intermediate in the reaction of 17b with MeOH, 

as the remarkable cage carbon shifts and cage deformation took place. We tried to 

trap this intermediate by using excess amount of PS in MeOH. An intermediate 

[71i，]-’ which might be [7-Me-^-7:?7-8,10-MeCHB(OMe)-7-CB,oHio] as that of 

[36i，]-，or species with similar structure, was detected from " B (Figure 6.12) and 'H 

N M R spectra as soon as CD3OD was added to 17b. The singlet at about 46 ppm in 

the " B N M R spectra together with a doublet at about 1.00 ppm of the methyl group 

in the N M R spectra indicated that H-migration from cage boron to cage carbon 

would take place. 

[7li，]-

A 

[36i’r 八 

35 25 T5 

Figure 6,12. Comparison of the " B NMR spectra of [71i ' ] ' (top: 'H-coupled; middle: 

^H-decoupled) and [36i ' ] ' (bottom). 

But unlike [36i'][PSH], which was much more stable in MeOH," [71i'.][PSH] 

quickly decomposed in solution and could not be isolated. After one day, a major 

species was identified as l-Me-2-D-l,2-C2BioHio [2-D-73] from "B， 'H and '^C 

N M R spectra of the reaction mixture. Besides, MeB(OCD3)2 was also detected. After 

column chromatographic separation, [2-D-73] was isolated in about 50% yield with 

about 75% deuteration, which was characterized by several spectroscopic techniques 

and in coincidence with that of l-Me-l,2-C2BioHii (73). Controlled experiment indi-

cated that H-D exchange of 73 in CD3OD could be promoted by PS. Thus, we won-
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dered whether the deuterium was directly protonated from C D 3 O D , or via indirect H-

D exchange from 73. Monitoring the reaction by 'H N M R spectra indicated that a 

borane H B M e ( 0 C D 3 ) or H B M e ( 0 C D 3 ) R " rather than D B M e ( 0 C D 3 ) or 

DBMe(0CD3)R' was formed as the methyl group was observed as a doublet. It grad-

ually disappeared wi th formation of MeB(OCD3)2. Considering the mass balance in 

the reaction, [2-D-73] would be directly formed (Scheme 6.7). 

Scheme 6.7. Reaction of CAp 13-Vertex Carborane l ,12-Me2-l,12-C2BiiHi i (17b) 

w i t h CD3OD /PS. 

CD3OD 

17b 
[ 7 1 ” � -- H B M e ( 0 C D 3 ) 2-D-73 

CD3OD 

MeB(OCD3)2 + HD 

Me2C2BiiHii + CD3OD + PS 

[Me(CHMeBOCD3)CBioHior + D+ 

[Me(CHMeBOCD3)CBioHio]" + D+ 

[Me(CHMeBOCD3)CBioHio】-[PSDr ‘ 

MeDCgBioHio + HBMe(OCD3) prefered 

MeHCzBioHio + DBMe(0CD3) not prefered 

H-D exchange 

MeDCzBioHio 

Reaction of 17b with (4-MeC6H4)SNa was also attempted. Treatment of 17b with 

1 equiv of (4-MeC6H4)SNa, followed by cation exchange with [PPN]C1 gave new 

II 

species which seemed like C2B10 or CBn from the B N M R spectra. Recrystalliza-

tion from THF did not give any pure product. However, recrystallization from hot 

MeOH gave [7-Me-7,8-C2B9Hii][PPN] ([74][PPN]) in about 25% isolated yield as 

colorless crystals (Scheme 6.8). Compound [74][PPN] was characterized by several 



spectroscopic techniques and elemental analyses, which is in coincidence with that of 

[74]Cs in literature.37a Single-crystal X-ray analyses o f [74][PPN] suffered from poor 

crystal quality, but the preliminary results confirmed its cage geometry (Figure 6.13). 

Scheme 6.8. Reaction o f 17b with (4-MeC6H4)SNa. 

1) NaS(p-tol) 
2) [PPNJCI 
3) MeOH, reflux 

[PPN] 

17b 
[74][PPN] 

Figure 6.13, Structure of [7-Me-7,8-C2B9H,,]- ([74]-), in [74][PPN] 

Formation o f the deborated C2B9" anion [74]' gave a hypothesis that 1-Me-1,2-

C2B10H11 (73) was initially formed, which would be deborated in the presence of (4-

MeC6H4)SNa in MeOH. With this in mind, we reexamined the reaction mixture 

without addition o f MeOH under inert atmosphere. The 'H N M R spectrum showed 

two doublet^ at about 0 ppm corresponding to the methyl groups attached to BH 

group(s), two singlets at about 2.0 ppm assignable to the methyl groups that attached 

to the cage carbon(s), and a singlet at about 2.2 ppm indicative o f the methyl group 

on the thiolate, in a ratio o f about 3:3:3:3:3 (Figure 6.14). We noted that three peaks 

gradually decreased wi th the increase of the other two peaks and release of the "free" 
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thiolate. This process can be accelerated by heating a C D ^ h solution at 60 °C and 

completed wi th in 8 h. The N M R data suggested that the major carborane containing 

complexes in the reaction mixture were [ 1 -Me-2-HBMeS(4-MeC6H4)-1 ^ l-CjB ioH io]" 

([75]") and 1 -Me-2-HBMe-1 ̂ l -CiB iqH,o (76). The former would eliminate the thi-

olate in solution to afford the latter. Quenching the mixture by I M HCl gave 1-Me-

1,2 -C2BioHii (73) as monitored by and ^ B N M R spectra. Deboration of 73 to 

[74]- can be promoted by (4-MeC6H4)SNa in the solution o f C D 3 O D (Scheme 6.9). 

However, this process was hard for completion probably due to the weak basicity of 

the thiolate. 

A i 

U L 

Figure 6.14. 'H N M R spectra of the reaction mixture of 17b with (4-MeC6H4)SNa at 

room temperature: 1:1 mixture (bottom); after heating(top). 

Scheme 6.9. Reaction Pathway of 17b wi th (4-MeC6H4)SNa. 
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The results afore-mentioned suggest a possible pathway for the cage boron extru-

sion reaction o f CAp 13-vertex carborane l ,12-Me2-l ,12-C2BnHi[ . This reaction 

may involve both C-H and C-CH3 bond cleavage, and B - H and B-CH3 bond forma-

tion. This reaction type is very different from the formation o f CBn" complexes, 

which involves the sequential migration o f the H atom and CH3 group to the boron 

atom, or vice versa. Given to the observed intermediate and products in the above 

reactions, a possible mechanism for this C-H and C-CH3 bond cleavage process is 

proposed in Scheme 6.10. 

Scheme 6.10. Possible Mechanism. 

Nu-

17b 

protolysis 

The H-migration from cage boron to carbon then to boron has been observed and 

confirmed in the reaction system o f 1,2-(CH2)4-1,2-C2B 11H11 (7) with amine 
c* 

(amide), but C-C bond cleavage was unexpected. It is reported that l-Hal(CH2)rt-l- ' 

C B i i M e n ' (n =2, 5，or 6) can undergo Grob fragmentation to lose the alkyl chain in 

the form of a terminal alkene to give a naked carbonium ylide intermediate which 

was then captured by nucleophiles.'^^ However, no reaction was observed under the 

same conditions when the substituent at the carbon vertex was a plain alkyl group. 

Another example is that functionalized o-carboranyl m e t h a n o l o r carboxylate'^' 
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can undergo decarboranylation under basic conditions. To our knowledge, the non-

functionalized Caikyi-Ccagc bond is very strong and hard to cleave. 

6.2.2. Reaction with NaBH4 or NaH 

Reaction of 17b with NaBRi or NaH gave primarily CBn" anion. Treatment of 

17b with NaBH4 in THF overnight gave a mixture of products as well as BH3.THF, 

as evidenced by the " B NMR spectra. Reaction of 17b with NaH was a little slower 

but completed within several hours when heating at 70 °C, giving a mixture of prod-

ucts which is similar to that of the reaction with NaBH-. The latter did not give 

BH3.THF. After addition of excess amount of 18-crown-6, a single product [ l-Me-7-

Et-1 -CB,,Hio][Na( 18-crown-6)(H20)] ([77][Na(l 8-crown-6)(H20)]) was isolated in 

about 30% yield as colorless crystals (Scheme 6.11). 

Scheme 6.1 J. Reaction of 13-vertex Carborane 17b with NaBHq or NaH. 

NaBH4 or NaH [Na(18-crown-6)(H20)] 

[77][Na(18-crown-6)(H20)] 

Compound [77] [Na(l 8-crown-6)(H20)] was characterized by several spectroscop-

ic techniques as well as elemental analyses. Its " B NMR spectrum exhibited a sing-

let at -1.0 ppm (B7), four doublets at -9.5 (B12), -11.7 (B2, 3’ 8’ 11), -12.7 (B4, 6, 9， 

10), -15.5 (B5), as determined by COSY N M R spectrum (Figure 

6.15), suggesting that the Et group is attached to the B7 atom not B2 atom. Its methy-

lene group was unambiguously determined at 0.64 ppm in the NMR spectrum, 

and at 11.0 ppm in the '^C NMR spectrum, respectively. Single-crystal X-ray analys-

es further confirmed its structure. As shown in Figure 6.16, the methyl group is at-

tached to C I atom, and the ethyl group is attached to the B7 atom, in the icosahedral 
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CBn" cage. 

Figure 6.15. Two-dimensional COSY N M R spectrum of 

[77] [Na( l 8-crown-6)(H20)]. 

C13 

Figure 6.16. Structure o f [ l -Me-7-Et - l -CBi iH io ] " ([77]-)，in [77][Na(18-crown-6)-

(H2O)], showing one of the two crystallographically independent molecules. 
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The byproduct, which was not isolated, might be [ l -Me-2-H2BMe-l ,2-C2BioHio] ' , 

as a triplet at about -20 ppm was observed in the ' ' B N M R spectrum of the reaction 

mixture. Characteristic peaks o f l -Me- l ,2 -C2BioHi i at about -1 and -7 ppm were de-

tected, after quenching the mixture by HCl. This phenomenon further suggested that 

reaction o f CAp 13-vertex carborane wi th nucleophiles was more complicated than 

that o f CAd 13-vertex carborane 6, which was probably due to the absence of the 

linkage to confine the two cage carbons. 

Scheme 6.12. Protonation of 13-Vertex nido-Carborane Dianions. 

[26a] 

[26b] 

quick 

slow 

It was hard to explain why ethyl substituent is not on B2 but on B7 position, after 

extrusion o f one cage carbon and cage closure. Moni tor ing the reaction by " B N M R 
* ‘ 

spectra did not give any evidence of the intermediate. On the other hand, protonation 

o f the corresponding 13-vertex «/Wo-carborane dianions would give some clue on the 

nucleophilic attack o f the cage (Scheme 6,12). Addi t ion o f excess amount o f 

PhCHzCOOH to a THF solution o f [ 1,3 -Mez-CzB,, H, , ] iNa2(THF)4] 

([26b][Na2(THF)4]) gave quickly the anion [77] ' as the major product as evidenced 

by " B N M R spectra. Treatment o f the same phenylacetic acid wi th a THF solution 

o f [l，2-Me2-C2BiiHii][Na2(THF)4] ([26a][Na2(THF)4]) gave immediately a 13-
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vertex «z<io-carborane monoanion, which was then slowly converted to [77]" as a ma-

jor product at room temperature. Thus, it seemed that {[26b][H]}' may be the first 

intermediate in the reaction of NaH (or NaBH4) with 17b, which underwent fast H-

transfer processes to give the carbon extrusion product. Formation of [77]" from 

[26a][Na2(THF)4] was also observed, but at a much slower rate. The protonated ni-

do- species {[26a][H]}' was detected as a long-lived intermediate which would not 

totally disappeared within a month at room temperature. 

6.2.3. Reaction with MezNLi 

Reaction of 13-vertex CAp carborane 17b with MeaNLi afforded a 14-vertex 
« 

arac/7«o-azacarborEine as the major product. Treatment of 17b with 1 equiv of 

Me2NLi in THF, followed by addition of an equimolar amount of [PPN]C1, gave 

[C，C’，N，N,-Me4-NC2BiiHH][PPN] ([78][PPN]) in about 5% isolated yield, after re-

peated recrystallization (Scheme 6.13). It was note that the gross yield of [78]' was 

about 40% from the ' 'B N M R spectrum, however, the messy products formation 

made it very diff icult to be purified. 
* 

Scheme 6,13. Reaction of 17b with LiNMe?. 

17b 

2) [PPNlci L [PPN] 

[78][PPN] 

Complex [78][PPN] was characterized by several spectroscopic techniques as 

well as elemental analyses. It exhibited a 1:4:1:1:3:1 pattern in the range 49 to -31 

ppm in the ' ' B N M R spectrum. Two types of methyl groups were observed at 2.78 

and 1.52 ppm in the N M R spectrum, and 46.0 and 36.9 ppm in the '^C N M R 

spectrum, respectively. The signal of the cage carbons was found at 26.0 ppm. 
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The structure o f the azacarborane cage was unambiguously determined by single-

crystal X-ray analyses (Figure 6.17). It bears two open faces which share a common 

B12-N2-B13 edge. This geometry, however, cannot be derived directly from a 16-

vertex closo- cluster that was calculated by theoretical calculation, by simply remov-

ing two vertices. It can be generated via DSD transformation, as shown in Figure 

6.18. The two cage carbons are separated by one boron atom. The B12-N2 bond dis-

tance of 1.611(7) A is a little longer than the B13-N2 bond length of 1.539(7) A, in-

dicative o f an unsymmetric coordination environment of the cage N atom. 

C14 

Figure 6J7. Structure o f [C,C',N,N'-Me4-NC2B,iHi i ] - ([78]-)，in [78][PPN] 

removal of 
two vertex dsd、 

0 

a 16-vertex 
c/oso-cluster 

a 14-vertex 
arachno-c\usier 

Figure 6.18, Cage conversion from a 16-vertex closo- cluster to a 14-vertex arach-

n0' cluster. 
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This cluster represents the first 14-vertex a/Yzc/mo-azacarborane，which is synthe-

sized by formal insertion o f a hetero atom into the 13-vertex carborane cage. A simi-

lar method was reported for the synthesis of neutral 11 -vertex arachno-

azacarboranes l,6,9-NC2Bio from the reaction o f 10-vertex c/o5o-carborane 1,2-

1 

C2B8H10 wi th amines R 1 R 2 N H . The product also bear two 5-membered open face 

sharing a common B-N-B edge, and the two cage carbons are in the 5-membered ring 

and in adjacent positions. Meanwhile, the two B - N bonds are symmetrical. 

^ 八 

一八 ^ X V 乂 - ” ^ 

1 Omin, observation of [78i]' . 
^ ^ ^ - ^ 、 

A A A A J I 

24h, formation of [78]' and unidentified s p e ^ s  

I I 1 • • • I I I I I I I I 1 - 1 • I ' ' ' ' T ' ' • • I • • • • 1 ' ' ' ' I 1  

55 50 46 40 35 30 26 20 15 10 6 0 -5 -10 -16 -20 -25 -30 p p m 

Figure 6,19. Comparison of and ^H-coupled " B N M R spectrum of [40i]" 

(top), reaction o f 17b w i th LiNMe2 after lOmin (middle), and the reaction after 24 h 

(bottom). 

Monitor ing the reaction by " B N M R spectrum clearly indicated a H-migration 

product formation, which might be [7-Me-//-?;:;7-8,10-MeCHB(NMe2)-7-CBioHio] 

( [78i] ' ) or species wi th a similar structure (Figure 6.19). Thus the formation o f [78]' 

might involve a B H to CH to B H migration process, and a proposed mechanism was 

shown in Scheme 6.14. After the formation o f the intermediate [78i] ', 1,2- H -

migration led to the formation o f another intermediate, which contains an amino 
> 
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group with a lone-pair electrons. Nucleophilic attack of the N atom on the cage boron 

atom between the two cage carbons resulted in the cage conversion and formation of 

the product. 

Scheme 6,14. Proposed Mechanism for the Formation of [78]" 

… /:NMe， 
NMe2 / 

LiNMeg 

17b 

6.2.4. Reaction with PhzPK 

Reaction of 17b with PhzPK, however, gave a neutral species as a major product. 

Tretement of 17b with 1 equiv of PhiPK, which is directly prepared from PhiPH and 
1 

potassium metal in THF, followed by repeated recrystallization from Et20/«-

hexane, gave 8-BH3PPh2-1,2-Me2-1,2-C2B 10H9 (79) as a white powder in 10% iso-

lated yield (Scheme 6.15). Similarly, the gross yield of 79 was about 30-40% accord-

ing to the 3ip N M R spectrum of the reaction mixture, but it was hard to be purified. 

Scheme 6.15, Reaction of 17b with Ph2PK. 

PhzPK 

17b 

Complex 79 was characterized by various spectroscopic techniques as well as 

HRMS. The methyl group was observed at 2.02 ppm in the 'H N M R spectrum and 

23.6 ppm in the '^C NMR spectrum. The chemical shift of the cage carbons was ob-

served at 75.6 ppm. These data are similar to those observed in 1，2-Me2-I，l-
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C2B10H10. The IIB N M R spectrum showed a unique dq peak at -36 ppm (JBH ~ 94Hz, 

Jbh ~ 50 Hz), which is similar to other phosphine borane adducts”。The ^'P NMR 

spectrum showed a broad peak at -23 ppm. Its structure was confirmed by single-

crystal analyses as shown in Figure 6.20. The P-Bcagc bond distance of 1.937(3)人 is 
f 

close to that of 1.928(7) A in [PdCl(7-PPh2-8-Me-11 -PPh2-7,8-C2B9H9)(PPh3)]. 

Figure 6.20. Molecular structure of 8-BHaPPhi-1,2-Me2-1,2-C2B 10H9 (79). 

Formation of this neutral species is unexpected, as it formally needs an additional 

H atom. It was noted that no reaction took place when 17b was heated in refluxing 

CeDe in the presence of excess amount of PPhaH. A possible source of the proton 

might be from the possible intermediate which bears a bridging hydrogen atom. 

6.3. Nucleophilic Reaction of 14-Vertex Carborane /i-(CH2)3-C2Bi2Hi2 

To make a comparison between 13- and 14-vertex carboranes in reaction with 

nucleophiles, the reaction of -(CH2)3-2,3-C2B12H12 (27a) with MeOH was first 
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attempted and closely monitored by " B N M R spectroscopy. It was found that this 

reaction proceeded very slowly at room temperature and was not completed in one 

month. However, the " B N M R spectrum clearly showed the formation of B(0Me)3 

and c/050-CB i i ' w i th the gradual disappearance of 27a. This reaction was accelerated 

by heating to reflux at 70 °C in a closed vessel and almost completed in 48 h. Addi-

tion of [Me3NH]Cl to the reaction solution gave a mixture of [w-1,2-

(CH2)3CH(OMe)-l -CBi iHio][Me3NH] ([36a][Me3NH]) and [jx-\,2-

(CH2)2CH(OMe)CH2-l-CBiiHio][Me3NH] ([36b][Me3NH]) in a molar ratio of ca, 

1:1.1, together with a small amount o f 1,2-(CH2)2CH=CH-1 -CBj,Hlo]fMeaNH] 

([37][Me3NH]), as measured by N M R spectrum (Scheme 6.16). The 14-vertex 

carborane isomer //-2，8-(CH2)3-2’8-C2Bi2Hi2 (27b) also gave a similar result as evi-

denced by 1 'B N M R , when reacted with MeOH. 

Scheme 6.16. Reaction o f 14-Vertex Carborane /^-(CH2)3-C2Bi2Hi2 (27) with MeOH. 

MeOH 
OMe 

[36a] 

OMe 

[37]-

very minor 

It was noteworthy that reaction o f 27 with EtOH, however, was even much slower 

than that with MeOH, and not completed within a week at 70 °C. But it clearly 

showed the formation o f B(0Et)3 and C B i f anions in the 丨丨B N M R spectra. Com-

pound 27 did not react with PPhs even in refluxing toluene whereas the 13-vertex 

one reacts readily wi th PPh〗 to give the zwitterionic compound yu-1,2-

(CH2)3CH(PPh3)-l-CBiiHio (41). These results indicate that 13-vertex carborane is 
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more reactive than 14-vertex one, which can be ascribed to the presence of a trape-
4 

zoidal face in the 13-vertex carborane while the 14-vertex carboranes have only tri-

angulated faces, and the reaction is highly dependent on the nature of the nucleo-

philes. 

The aforementioned results raise a question on the mechanism by which the closo-

CBii" anions [36a]', [36b]" and [37]' are formed, although fonnation of the latter two 

is much clear and can be ascribed to the isomerization from [36a]' in the acidic reac-

tion media. The formation of B(0Me)3 suggests that a boron atom must be removed 

from the cage by attack of the MeOH, which could explain why PPh3 did not react 

with 14-vertex carborane as it could not serve as a deboration reagent. In this regard, 

we tried to trap the deboration intermediates. 

Similar to the procedures used in the reactions of 13-vertex carboranes with basic 

MeOH, several bases, such as MesN, EtsN, K2CO3 or K H C O 3 were added in excess 

amount to a freshly prepared MeOH solution of 27a or 27b. In either case, the same 

species was initially observed within 5 min and slowly turned messy in solution, as 

indicated by ' 'B N M R spectrum. After many attempts, mixing 27 with MeOH and 

excess Me^N aqueous solution at room temperature followed by quick removal of the 

volatile substrates, gave the salt of nido-C2^\2 anion [/^-8,9-(CH2)3-//-ll,12-

BH(OMe)-8,9-C2Bl,Hll][Me3NH] ([80][Me3NH]) as a white solid in almost quantit-

ative yield (Scheme 6.17). On the other hand, the " B experiments showed that it can 

be converted to 27a immediately, after addition of concentrated HCl to the solution 

at room temperature. This result suggests that such reaction is pH dependent. Heating 

a MeOH solution of [80][Me3NH] gave primarily c/o^o-CBn" anions and B(0Me)3 

as evidenced by " B NMR. 
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Scheme 6.17, Reaction of 14-Vertex Carborane //-(CH2)3-C2Bi2Hi2 (27) with basic 

MeOH. 

H .OMe 

MeOH / base 
, . H C I 

27a 

base = MesN, EtaN, NazCOg, K2CO3 

MeOH / tjase 

[80]-

MeOH I base 

27b 

Compound [80][Me3NH] was fully characterized by '^C and " B N M R spec-

troscopy as well as elemental analyses. It exhibited a 1:2:1:2:2:3(1:2):! pattern in the 

I I 

22 to -28 ppm range in the B N M R spectrum, which is in accordance with its sym-

metry in solution. The downfield doublet at 22.2 ppm is assigned the signal for the 

bridging boron atom which is attached to the O atom. The signal o f the H atom at-

tached to this boron appeared at about -1.1 ppm as a broad quartet in the N M R 

spectrum. 

Single-crystal o f [80][Me3NH] suitable for X-ray analyses was quickly grown 

from a solution o f CH2CI2. Although it suffers from poor resolution, the connectivity 

is unambiguously determined. There are two crystallographically independent mole-

cules in the unit cell and a typical one is shown in Figure 6.21. It has a 13-vertex ni-

i/o-C2Bii geometry which contains a 6-membered open face composed by two car-

bon atoms and four boron atoms, on which a bridging BH group attached to B11 and 

B12 atoms. The nucleophile MeO group is bound to this bridging boron atom, which 

should be the most electrophilic site in compound 27a. It was noted that the cage 
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geometry transformation took place in the reaction o f 27b with basic MeOH 

(Scheme 6.17). The B - 0 bond distance of 1.418(12) A is close to the range 1.37 — 

1.41 A normally observed in alkoxy-substiluted carboranes, indicative of partial TT-

backdonation from the oxygen atom.^^'^^'''^ The N . .O distance of 2.793(12) A sug-

gests a N - H …O hydrogen bond between the MeO group and the ammonium counte-

non. 

④ C M 

Figure 6.2L Structure o f L"-8,9-(CH2)3-//-11,12-BH(OMe)-8,9-C2B,,Hi,]' ([80]"), in 

[80][Me3NH], showing one of the two crystallographically independent molecules. 

We also monitored further decomposition of this 14-vertex m^/o-carborane anion 

[80]- in MeOH in the presence of an excess amount of bases, such as MesN, EtaN, 

K2CO3 or KHCO3. Deboration occurred and a 13-vertex w/^/o-carborane anion 

8,9-(CH2)3-8，9-C2BiiHi2]- {[81]") was observed in the " B N M R spectum (Scheme 

6.17). The same anion can also be obtained using CsF as deboration reagents. Treat-

ment o f a large excess amount o f CsF with 27 in a wet THF solution for a week, fol-

lowed by addition o f [MesNHJCl and -recrystallization from acetone, gĝ ve 
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[81][(Me3NH)2Cl] as colorless crystals in about 60% isolated yield (Scheme 6.18). 

Scheme 6.18. Reaction o f 14-Vertex Carborane /^-(CH2)3-C2Bi2Hi2 (27) with CsF. 

27a 1) CsF/wet THF.  
2) [MeaNHjCI ‘ 

[(Me3NH)2CI] 

[81][(Me3NH)2CI] 

27b 

Figure 6,22. Structure o f |/z-8,9-(CH2)3-8,9-C2BnH,2]" ([81]-)，in [81][(Me3NH)2Cl]’ 

showing one of the two crystallographically independent molecules. 

Complex [81][(Me3NH)2Cl] was characterized by several spectroscopic tech-

niques as well as elemental analyses. Its '^B N M R spectrum exhibited a 2:3:2:2:1:1 

pattern in the range 1 to -33 ppm. Its ^H N M R spectrum clearly showed the bridging 

H at about -1.27 ppm. The structure o f [81][(Me3NH)2Cl] was determined by single-

crystal X-ray analyses, which is suffered from poor resolution. There are also two 

crystallographically independent molecules in the unit cell and a typical one is shown 

in Figure 6.22. The geometry of [81]' can be regarded as removal of the bridging 
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BH(OMe) group in [80]". This is very different from that o f 13-vertex wWo-carborane 

dianions generated by the reduction of closo species wi th group 1 or 2 metals, but is 

very similar to that observed in 14-vertex ruthenacarboranes. 

With these results, there are at least two pathways for the deboronative degrada-

tion of 14-vertex carborane, both of which proceed via the 14-vertex m^/o-carborane 

anion. One product is c/o^o-CBn* anion and the other is nido-C2^\\ anions. We 

wondered whether the latter can be converted to the former in the acidic media. 

However, [81][(Me3NH)2Cl] is stable in refluxing MeOH even in the presence of 

concentrated HCl. Therefore [81]' is not the possible intermediate in the transforma-

tion from a closo-C2^\i species to closo-CB\\ anions. On the other hand, treatment 

of about 10 equiv o f Et^NH with 27 in a CeDe solution gave a colorless solution. The 

I 1 

B N M R spectrum clear showed the formation o f [/^-7:?7:"-7,8’10-

(CH2)3CHB(NEt2)-7-CB,oHio][H(NEt2H)J ([40i]). Besides, the characteristic peak at 

about -33 ppm of deborated species [81]' was also observed (Scheme 6.19). With 

these data, a general pathway for the reaction o f 14-vertex carboranes with nucleo-

phile HY was described in Scheme 6.20. 

Scheme 6.19, Reaction o f 14-Vertex Carborane yU-(CH2)3-C2B 12H12 (27) with EtzNH. 

Et 

EtgNH / CQDQ 

N - B 

[H(Et2NH),] 

27b 

How is the |>-;7:?7:?/-7,8,10-(CH2)3CHB(Y)-7-CBioHio]' formed from [//-8,9-
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(CH2)3-M' 11,12-BH(Y)-8,9-C2BnH11]? Depending on the possibility of the boron 

atom that was removed from the cluster and the H atom that migrated to the cage 

carbon, there are three possible types o f mechanism for this process (Scheme 6.21): > 

(a) Removal o f the boron vertex that attached to the Y group to afford the 13-vertex 

carborane, fol lowed by another nucleophilic attack; (b) H-migration of the B-H ver-

tex to the cage carbon followed by deboration at another B H vertex; (c) H-migration 

of the proton from the nucleophile to the cage carbon coupled wi th the nucleophilic 

attack on another cage boron adjacent to two cage carbons as wel l as on the bridging 

boron atom. Although C D 3 O D was used as a reagent, the H/D exchange on cage BH 

vertices and isomerization o f the C B i f anions did not offer useful information on the 

H-transfer process. 

Scheme 6.20. Reaction Pathway of 14-Vertex Carborane /^-(CH2)3-C2Bi2Hi2 (27) 

wi th Nucleophile HY. 

H、/Y 

HY 

H 

H 

+HY 
HBY； 
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Scheme 6,21. Three Possible Pathway for the Formation of [^-":?7:"-7,8’10-

(CH2)3CHB(Y)-7-CB,OHIO]-. 

path a * 

+H+, +HY 

-H21 -HBY2 

HY 

path b 

path 

H+ transfer © 

-H2, -HBY2 

-H2, -HBY2 

6.4, Summary 

The reactivities o f 13-vertex carborane 1,2-(CH2)4-1,2-C2B 11H11 (7)，I,12-Me2-

1,12-C2B,,HII (17b) and 14-vertex catboranesyU-2，3(8)-(CH2)3-2’3(8)-C2BiiHii (27) 

toward nucleophiles are lower than that of fx-1,2-(CH2)3-1,2-C2B 11H11 (6)，but more 

diverse reactivity patterns are observed wi th compounds 7 and 17a,b. 

Carbon extrusion reaction of fjL-1,2-(CH2)4-1,2-C2B 11H11 (7) is hard, but can occur 

under some conditions. Reaction of 7 with pure MeOH gives a mixture of CBn ' 

anions as well as deboration product fx-1,2-(CH2)4-1,2-C2B 1 oH 10 (3). Use of (4-

MeQILOSNa can give pure product 1,2-(CH2)4CHS(4-MeC6H4)-1 -CB11H10]" 

([67]'), but at a much slower rate than that wi th compound 6. On the other hand, 

treatment o f 7 with.Et2NH gives nucleophilic adduct o f 13-vertex carborane, which 
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can undergo H-migrat ion upon deprotonation. The similar anions can also be synthe-

sized by reaction o f 7 w i th R iNL i , in which deprotonation o f the a -CH of the 13-

vertex c/oyocarborane Is a competing reaction, and the ratio of the product is related 

to nature o f the R group. . 

Compound 1,12-Me2-1,12-C2B11H11 (17b) can undergo carbon extrusion reaction 

to give 2-substituted C B i f anions wi th MeOH, or 7-substituted CBn" anion with 

NaBH4 or NaH. Under some conditions, C-C bond activation product 1-Me-1,2-

C2B10H11 is also observed, which is"regarded to via the proposed intermediate 1-Me-

2-BHMe(Nu)-l，2-C2BioHio- and 1 -Me-2-BHMe-1 ̂ - C i B 1 qH 10. Reaction o f 17b wi th 

Me2NLi, give the first 14-vertex arachno-azacaiborane. l，2-Me2-l，2-C2BiiHii (17a) 

has similar reactivities to those o f 17b. 
« 

//-(CH2)3-C2Bi2Hi2 (27) reacts wi th MeOH at 70。C to give closo-CBn anions. 

Treatment o f 27 wi th MeOH/MeaN affords mdo-C2B\2 species [8，9-(CH2)3-/M l ’12-

(OMe)BH-8，9-C2B丨丨H丨丨]- ([80]-). In the presence o f acid such as HCl , anions [80]' 

are converted to 27a. However, [80]' undergo deboration reaction, in the presence o f 

excess MesN, to generate a n ido-CiBu anion [8,9-(CH2)3-8,9-C2BnHi2]" ([81]-) that 

can also be directly formed from the reaction o f 27 wi th excess CsF. Compound 27 

can also react w i th EtzNH in CeDe to afford [81]' and [40i] as evidenced by " B N M R 

spectrum. Mechanistic studies show that [80]" is the first intermediate in the reaction 

o f 27 w i th M e O H and [81] ' is unlikely an intermediate. 



Chapter 7. Conclusion 

Several CAd (Carbon-Atoms-Adjacent) 13-vertex carboranes bearing different 

C,C'-linkages were synthesized from the reaction o f the corresponding CAd 12-

vertex w/^/o-carborane dianionic salts wi th dihaloborane reagents. These 13-vertex 

carboranes have short C-C bond lengths around 1.4 A. The '^C chemical shifts of the 

cage carbons in these molecules are downfield shifted to about 140 ppm compared to 

their 12-vertex analogues, indicative o f their electron-deficient properties. As a result, 

the corresponding and '^C chemical shifts o f the CH„ (« = 1, 2, 3) groups adjacent 

to the cage carbons were also observed at lower filed. 

In order to understand the role of the linkage in the formation and stabilization of 

13-vertex carboranes, the 12-vertex carborane 1,2-Me2Si(CH2)2-l ,2-C2BioHio was 

selected as the starting material. Fol lowing the same synthetic route, a 13-vertex 

CAd carborane //-1,2-Me2Si(CH2)2-l,2-C2BiiHii was synthesized. This 13-vertex 

carborane underwent unprecedented desilylation on silica gel to give two 13-vertex 

carborane isomers without linkage一1,2-Me2-1,2-C2BnHn and l,12-Me2-l,12-

C2B11H11. The former slowly isomerized to its CAp (Carbon-Atoms-Apart) isomer 

1,1 2-Mg2- 1,12-C2B11H11 in solution without decomposition. This result indicated that 

the C,C'-l inkage does not have any obvious effects on the stability o f 13-vertex car-

boranes. The structural data showed that the Ccagc-Ccagc bond o f the 13-vertex carbo-

rane //-l，2-Me2Si(CH2)2-l，2-C2BnHii is very short at 1.439(3) A and the C-Si-C 

bond angle in the silacyclopentane ring is reduced to 89.5(1) Such a ring-strain 

makes the Si atom easily attacked by nucleophiles, facilitating the C-Si bond clea-

vage and disilylation process. 

The 13-vertex CAp carboranes were also directly synthesized from the reaction o f 
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CAp 12-vertex «Z(io-carborane anions and HBBr2.SMe2，but in much lower yields. 

X-ray analyses indicated the cage carbons are at the 1,12- positions in an all-

triangulated docosahedron, not at the 1,6-positions proposed init ially. It indicated 

that a thermal isomerization process would be involved, and the barrier is greater for 

the 1,2- to 1,6- isomerization than for the 1,6- to 1,12- process. This phenomenon 

was also observed in the thermolysis of two 13-vertex ruthenacarborane isomers 4-

(p-cymene)-1 -TMSCH2-2-Me-4,1，2-RUC2B loHio and 4-(/?-cymene)-1-TMSCH2-6-

Me-4,1 ,6-RUC2B 1 QH 1 Q. The latter began to rearrange at a lower temperatures. 

Reduction o f CAd 13-vertex carboranes wi th Na metal resulted in the formation 

of the corresponding CAd 13-vertex mWo-carborane salts, regardless o f the linkages. 

These species displayed common spectroscopic and structural features, wi th upfield 

shifted 13c chemical shifts of the cage carbons and elongated Ccage-Ccage distances, 

which are significantly different from their parent molecules. In a similar manner, 

reduction o f CAp 13-vertex carborane l ,12-Me2-l ,12-C2Bi iHi i gave [1,3-Me2-1,3-

CiBi iHi i ]^" . These 13-vertex m'cto-carborane salts were good synthons for the syn-

thesis o f a number o f 14-vertex carboranes a [13+1] protocol. The CAd 14-vertex 

carboranes wi th C,C'-linkages were also directly synthesized via a [12+2] protocol 

from the reaction o f CAd 12-vertex arac/mocarborane tetraanions wi th HBBr2.?Me2. 

14- and 15-vertex ruthenacarboranes were also synthesized. Reaction of [1,2-

Me2Si(CH2)2-l，2-C2BiiHii][Na2(THF)4] w i th [(p-cymene)RuCl2]2 gave two 14-

vertex ruthenacarboranes 1,2,3- and l，2’8-(p-cymene)Me2Si(CH2)2-RuC2BnHii. 

Treatment o f 1,2- or l，3-[Me2-C2B"Hii][Na2(THF)4] wi th [(p-cymene)RuCl2]2 gave 

the same product 1,2,9-(p-cymene)Me2-RuC2Bi iH i 1. Reduction o f a 14-vertex carbo-

rane 2，8-Me2Si(CH2)2-C2Bi2Hi2 followed by treatment wi th [(p-cymene)RuCl2]2 af-

forded a 15-vertex ruthenacarborane 7，l’4-(p-cymene)Me2Si(CH2)2-RuC2Bi2Hi2. 
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13-vertex CAd carborane l，2-(CH2)3-l，2-C2BiiHn showed high reactivities to-

ward nucleophiles, leading to the formation o f the cage carbon extrusion products— 

12-vertex closo-CBn' anions 1,2-(CH2)3CH(Nu)-1 -CB11H i o", 1,2-

{CH2)2CH(NU)CH2-1 -CBi iHio' and 1,2-(CH2)2CH=CH-1 -CBnH,o", which are signif-

icantly different from that o f its 12-vertex analogues. The key intermediates [p.-

7,8,1 0-(CH2)3CHBX-7-CBloHio]" (X = OMe, NEt i ) were synthesized and structurally 

characterized from reaction o f l’2-(CH2)3-l，2-C2BiiHii wi th MeOH/PS or LiNEt!. 

Cage boron extrusion was also observed in the reactions o f 13-vertex carboranes 

with some nucleophiles. l’2-(CH2)”-l，2-C2BiiHii {n = 3, 4) reacted with MeOH in 

the presence o f inorganic or organic base to afford 11-vertex nido-CB\Q anions [；̂-

7,8-(CH2)„CHB(OMe)2-7-CBioHi,]-, via [/z-7,8,10-(CH2)3CHBOMe-7-CB,oH,o]' {n 

= 3 ) or [3-MeO-/^-L ,2-(CH2)4-1 ,2-C2BI IH I i]" {n = 4) intermediate. These anions are 

boronic esters in nature and underwent oxidization reaction to give [/^-7,8-

(CH2)„CHOH-7-CB ioH i i ] - or hydrolysis to |>-7,8-(CH2)„CHB(OH)2-7-CBioH,,]•. 

Reaction o f l，2-(CH2)3-l’2-C2BiiHii wi th 4-substituted pyridines (4-RC5H4N) at low 

temperature gave 11-vertex CIOSO-CB\Q anions "-2，4-(CH2)3CHBH(4-RC5H4N)2-2-

CB10H9. 1 ,2-(CH2V1 ,2-C2B I IH I I (« = 3, 4) reacted wi th bipy or phen to yield 12-

vertex closo-CiBxQ molecules .4-(bipy)B-l’2-(CH2)„-l ’2-C2BioH9 or 4-(H2phen)B-

1,2-(CH2).-1,2-C2B,oH9. 

The linkage showed some effects on the products formation. Reaction o f 13-

vertex carborane 1,2-(CH2)4-1,2-C2B 11H11 wi th MeOH afforded a mixture o f cage 

carbon extrusion products 12-vertex closo-CBW anions and deboration product 12-

‘ 、 
vertex C/OSO-C2B10 species l’2-(CH2)4-l，2-C2BioHio. It also reacted with (4-

MeC6H4)SNa to yield the CBn" product [/i-l,2-(CH2)4CHS(4-MeC6H4)-l-CB,,Hio]'. 
» • 

On the other hand, reaction o f l,2-(CH2)4-l，2-C2BiiHii w i th Et2NH gave 3-NEt2H-//-



1 ,7-(CH2)4- 1 ,7-C2B 11 H i 1. This product was deprotonated by NaH to afford [9-NEt2-

/^-7，8，10-(CH2)4CCH-BIIHIO]- wi th an exopolyhedral B=N double bond. This process 

was reversible upon addition o f HCl. The same anions were also directly formed by 

reaction o f l，2-(CH2)4-l，2-C2BiiHii wi th L iNR i (R = Me, Et). These results indi-

cated that the nature o f the nucleophile greatly influenced the formation and structure 

of the products. 

13-Vertex CAp carborane l ,12-Me2-l ,12-C2BiiHi i reacted wi th MeOH to give 2-

substituted C B i f anions. However, it reacted with NaBH4 or NaH to yield 7-

substituted C B i f anion [ 1 -Me-7-Et-1 -CBiiHio]". The same anion can also be pre-

pared by deprotonation of the 13-vertex wzWo-carborane dianions 1,2- or 1,3-

[Me2C2Bi iHi i f " , Treatment o f l ,12-Me2-l ,12-C2BiiHi i wi th MeaNLi generated a 

14-vertex arac/zMo-azacarborane [C,C',N,N'-Me4-NC2BiiHi i ]" whereas a 12-vertex 

carborane 8-BH3PPh2-1,2-Me2-1,2-C2B 10H9 was isolated in the reaction with PPh^K. 

Reactions of 14-vertex c/ojo-carboranes 2,3- or 2’8-(CH2)3-C2Bi2Hi2 with MeOH 

at 70 °C gave 12-vertex closo-CB\\ anions. In the presence of MeaN, the above reac-

tion afforded [8,9-(CH2)3-y"-l l,12-(MeO)BH-8,9-C2BnHii] ' at room temperature, 

which was converted to the 2,3-isomer o f 14-vertex carborane in the presence of acid 

such as HCl , or underwent further deboration to give [8,9-(CH2)3-8,9-C2Bi 1H12]'. 

Mechanistic studies showed that [8,9-(CH2)3-/^-11,12-(MeO)BH-8,9-C2B 11H11 ]' is 

the first intermediate in the reaction o f 14-vertex carborane wi th MeOH and [8,9-

(CH2)3-8,9-C2B 11 H 12]' is unlikely an intermediate. 

This work clearly demonstrated that the chemistry o f supercarboranes is very dif-

ferent from that o f 12-vertex ones. 
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Chapter 8. Experimental Section 

General Procedures. Unless otherwise noted, ail experiments were performed under 

an atmosphere of dry dinitrogen or argon with the rigid exclusion of air and moisture 

using standard Schlenk or cannula techniques, or in a glovebox. CH2CI2 and MeCN 

were refluxed over CaH2 for several days and distilled immediately prior to use. Oth-

er organic solvents were refluxed over sodium benzophenone ketyl for several days 

and freshly distilled prior to use. A l l chemicals were purchased from either Aldrich 

or Acros Chemical Co. and used as received unless otherwise noted. ( j.-\2-

( C H 2 C H = C H C H 2 ) - 1 ,2-C2BIOHIO ( 1 )严 /M，2-(CH2)3-L，2-C2BI�HI�（2)，” ^ A 

(CH2)4-1,2-C2BIOH,O (3)，73A ；Z-1,2-(CH2)3-L,2-C2BNHN ( 6 ) , ；M , 2 - 0 ( C H 2 ) 2 - 1 

C2B10H10 (9)，i7a,b /z-l,2-0(Me2Si)2-l,2-C2BioHio (10),^^ /M，2-Me2Si(CH2)2-l 

C2B10H10 (11)广 l,2-Me2-l,2-C2BioH,o |/M’2-(CH2)3-1, 

C2BnHn][Na2(THF)4] ([22][Na2(THF)4])7' /i-2,3-(CH2)3-2,3-C2B,2H,2 (27a),8丨 î-

2,8-(CH2)3-2,8-C2Bi2Hi2 (27b ) , l -Me- l , 2 -C2B ioH i i (73)严a and PhzPK⑴ were 

prepared according to literature methods. Infrared spectra were obtained from KBr 

pellets (prepared in the glovebox i f the complex was hygrosQopic or air sensitive) on 

a Perkin-Elmer 1600 Fourier transform spectrometer. The and '^C NMR spectra 

were recorded on a Bruker DPX 300 spectrometer at 300.13 and 75.47 MHz, or a 

Varian Inova 400 spectrometer, or a Bruker DPX 400 spectrometer or a Bruker DPX 

400Q spectrometer at 400.16 and 100.6 MHz, respectively. The " B NMR spectra 

and 3ip NMR spectra were recorded on a Bruker DPX 300 spectrometer at 96.29 and 

121.49 MHz, or a Varian Inova 400 spectrometer, or a Bruker DPX 400 spectrometer 

or a Bruker DPX 400Q spectrometer at 128.4 and 162.0 MHz, respectively. The ^^Si 

NMR spectra were recorded on a Varian Inova 400 spectrometer or a Bruker DPX 
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400Q spectrometer at 79.5 MHz. A l l chemical shifts are reported in S units with ref-
I 

erences to the residual protons of the deuterated solvents for proton chemical shifts, 

to the carbons of the deuterated solvents for carbon chemical shifts according to the 

literature, to external BFs OEt: (0.0 ppm) for boron chemical shifts, to external 85% 

H 3 P O 4 (0.0 ppm) for phosphorous chemical shifts, and to external or internal MeiSi 

(0.0 ppm) for silicon chemical shifts. Mass spectra were recorded on a Thermo Fin-

nigan M A T 95 X L spectrometry. Elemental analyses were performed by MEDAC 

Ltd., Brunei University, Middlesex, U.K. or Shanghai Institute of Organic Chemistry, 

SIOC, Shanghai, China. 

NMR Data of Compounds Prepared According to Literature Methods 

;/-1,2-(CH2CH=CHCH2)-1,2-C2]^ioHio (1). 'H N M R (400 MHz, C D C I 3 ) : 5 5.66 

( t ’ J = 1.3 H z , 2 H , CH), 3 . 0 1 ( b r , 4 H , CH2). N M R ( 1 0 0 M H z , C D C I 3 ) : 5 

119.9 (CH), 70.2 (cage Q , 33.2 ( C H 2 ) . " B N M R (128 MHz, C D C I 3 ) : 5 -6.0 (d, J b h = 

148 Hz, 2B), -9.5 (d, JBH = 142 Hz, 2B), -10.1 (d, JBH = 165 Hz, 4B), -11.8 (d, JBH = 

218 Hz, 2B). 

//-1,2-(CH2)3-1,2-C2BIOHIO (2). 'H N M R (400 MHz, C D C I 3 ) : 5 2.50 (m, 4H, 

CCH2I 2.41 (m, 2H, C C H 2 C / / 2 ) . 13c{1H} N M R (100 MHz, C D C I 3)： 5 84.0 (cage Q , 

3 4 . 8 ( C C H 2 ) , 3 2 . 2 ( C C H 2 C H 2 ) . " B N M R ( 9 6 M H z , C D C I 3 ) : 5 - 7 . 1 ( d , JBH = 1 4 0 H z , 

2B), -8.4 (d, Jbh = 129 Hz, 2B), -9.2 (d, Jbh = 100 Hz, 2B), -11.9 (d, Jbh = 164 Hz, 

4B). 

;/-1，2-(CH2)4-1，2-C2BIOHIO (3). N M R (400 MHz, C D C I 3 ) : 5 2.43 (m, 4H, 

C C / / 2 ) , 1.58 (m, 4H, C C H 2 C / / 2 ) . 13c{1H} N M R (100 MHz, C D C I 3 ) : 5 73.2 (cage Q , 

3 2 . 9 ( C C H 2 ) , 1 9 . 8 ( C C H 2 C H 2 ) . " B N M R ( 9 6 M H z , C D C I 3 ) : 5 - 6 . 1 ( d , JBH = 148 H z , 

2B), -9.8 (d, JBH = 169 Hz, 6B)，-11.8 (d, JBH = 195 Hz, 2B). 



/ / - 1 , 2 - ( C H 2 ) 3 - 1 , 2 - C 2 B , i H i , ( 6 ) . N M R ( 4 0 0 M H z , C D C I 3)： 5 3 . 2 4 ( t , J = 7 . 4 H z , 

4H, C C / / 2 ) , 2.16 (m, J = 7.4 Hz, 2 H , CCH2CH2). N M R (100 MHz, C D C I 3)： 

5 136.4 (cage Q , 49.3 ( C C H 2 ) , 25.7 ( C C H 2 C H 2 ) . " B N M R (96 MHz, C D C I 3)： 5 3.2 

、 

(d, JBH ~ 148 Hz, IB) , 0.7 (d, JBH = 168 Hz, 5B), -1.4 (d, JBH = 189 Hz, 5B). 

/ / - 1 , 2 - 0 ( C H 2 ) 2 - 1 , 2 - C 2 B I O H I O ( 9 ) . ^ H N M R ( 4 0 0 M H z , C D C I 3)： 5 4 . 2 7 (s, 4 H , 

CH2). 13c{1H} N M R (100 MHz, C D C I 3)： 5 78.9 (cage Q , 73.7 ( C H 2 ) . " B NMR 

( 1 2 8 M H z , C D C I 3 ) : 6 - 6 . 0 (d，JBH = 1 4 9 H z , 2 B ) , - 8 . 2 ( d , Jbh = 1 4 5 H z , 2 B ) , - 8 . 7 (d， 

J b h = 1 7 5 H z , 2 B ) , - 1 2 . 9 (d，Jbh = 1 6 4 H z , 4 B ) . 

//-l,2-0(Me2Si)2-l,2-C2BioH,o (10). NMR (400 MHz, GDCI3)： 5 0.38 (s, 12H, 

C//3) . 13c{1H} N M R (100 MHz, C D C I 3 ) : 5 73.4 (cage C), -1.0 ( C H 3 ) . " B NMR (128 

M H z , C D C I 3 ) : 5 - 0 . 8 ( d ’ J b h = 143 H z , 2 B ) , - 4 . 1 ( d， J b h = 1 4 6 H z , 2 B ) , - 1 1 . 1 ( d , J b h 

=162 Hz, 4B), -12.9 (d, JBH ~ 226 Hz, 2B). 

/i-l,2-Me2Si(CH2)2-l,2-C2BioHio (11). 'H N M R (400 MHz, C D C I 3 ) : 6 1.81 (s, 

4H, CH2)’ 0.33 (s, 6 H , C/ / 3 ) . ^^Cf'H} N M R (100 MHz, C D C I 3 ) : 5 87.5 (cage Q , 

25.3 (CH2), 0.1 (CH3). " B N M R (96 MHz, CDCI3): 5 -6.8 (d, Jbh = 157 Hz, 2B) , -

8.5 (d，Jbh 二 162 Hz, 2B), -10.2 (d, JBH = 165 Hz, 6B). 

l,2-Me2-l,2-C2BioH,o (13). N M R (400 MHz, C D C I 3 ) : 5 2.03 (s, 6 H , C//3) . 

N M R (100 MHz, C D C I 3 ) : 5 73.5 (cage Q，23.4 ( C H 3 ) . " B N M R (96 MHz, 
V * • 

C D C I 3 ) : 5 - 5 . 4 ( d , J b h = 1 4 8 H z , 2 B ) , - 8 . 4 ( d , J b h = 1 4 1 H z , 2 B ) , - 9 . 7 ( d , J b h = 1 5 0 

Hz, 4B), -10.6 (d, JBH ~ 79 Hz, 2B). 

[/ i- l,2-(CH2)3-l,2-C2BuHii][Na2(THF)4l ([22][Na2(THF)4l). 'H NMR (400 

MHz, pyridine-t^y: 5 3.66 (m, 16H, THF), 2.37 (t, J= 6.5 Hz, 4H, C C / / 2 ) , 2.21 (m’ J 

=6.6 Hz, 2H, C C H 2 C / / 2 ) , 1.64 (m, 16H, THF). N M R (100 MHz, pyridine-

ds)\ 5 67.9 (THF), 43.4 ( C C H 2 ) , 29.8 ( C C H 2 C H 2 ) , 25.8 (THF), 16.0 (cage Q . " B 

N M R (128 MHz, pyridine-i/S)： 5 -9.6 (d，JBH = 114 Hz, IB) , -15.1 (br, 5B), -25.2 (d, 
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Jbh ~ 77 Hz, 5B). 

/I-2,3-(CH2)3-2,3-C2B,2HI2 (27a). N M R (400 MHz, CDCI3)： 5 3.15 (m，2H, 

CCH2I 2.38 (m, IH, C C H 2 C / / 2 ) , 2 . 2 8 (m, 2 H , CC//2), 2.03 (m, IH, C C H 2 C / / 2 ) . 

N M R (100 MHz, CDCI3)： 5 72.3 (cage Q , 40.7 ( C C H 2 ) , 2 6 . 0 ( C C H 2 C H 2 ) . 

" B N M R ( 1 2 8 M H z , C D C I 3 ) : 5 7 . 4 ( d , J b h = 1 5 6 H z , I B ) , 5 . 4 ( d , J b h = 1 5 2 H z , 2 B ) , « 

2.8 (d, JBH = 166 H z , 2 B ) , -4.2 (d，JBH = 177 H z , I B ) , -6.5 (d , JBH = 151 H z , 2 B ) , -

9.5 (d, JBH = 165 Hz, IB), -12.4 (d, JBH = 162 Hz; 2B), -24.8 (d, Jqh = 143 Hz, IB). 

/ / -2 , 8 - ( C H2)3-2 , 8 - C2B i 2H ,2 (27b) . ' H N M R (400 M H z , CDCI3)： 5 2.89 (br, 4H， 

CCH2), 2.25 (br, 2 H , C C H 2 C / / 2 ) . NMR ( 1 0 0 MHz, C D C I 3 ) : 6 90.0 (cage Q, 

4 3 . 1 ( C C H 2 ) , 2 9 . 0 ( C C H 2 C H 2 ) . 

l-Me-l,2-C2BioH,i (73). NMR (400 MHz, C D C I 3 ) : 5 3.58 (s，IH, CM), 2.04 (s, 

3H, CH3). 13c{1H} NMR (100 MHz, CDCI3)： 5 70.6 (cage C C H 3 ) , 61.7 (cage CH), 

2 6 . 0 ( C H 3 ) . " B N M R ( 1 2 8 M H z , C D C I 3 ) : 5 - 2 . 2 ( d ’ J b h = 1 4 9 H z , I B ) , - 7 . 1 ( d , J b h = 

151 Hz, IB), -9.5 (d, Jbh = 162 Hz, 2B), -10.9 (d，Jbh = 168 Hz, 2B)，-11.6 (d，Jqh = 

183 Hz, 2B),-13,0 (d，JBH = 170 Hz, 2B). 

Chapter 2 

Preparation of //-l,2-MeCH(CH2)2-l,2-C2BioHio (4). To a solution of 1,2-

C2B10H12 (4.327 g, 30.0 mmol) in toluene/EtiO (2:1, 60 mL) was added dropwise a 

1.60 M solution of «-BuLi in «-hexane (38.4 mL, 61.4 mmol) at 0°C with stirring. 

The mixture was allowed to warm to room temperature and further stirred for 2 h to 

give a pale yellow suspension of 1，2-Li2-1，2-C2B i oH ] 0. 丁his suspension was then 

cooled to 0°C, and BrCHzCHiCHBrMe (3.9 mL, d = 1.8, 97%, 31.5 mmol) was 

slowly added with stirring. The mixture was heated to reflux overnight、and then 

quenched with 50 mL of water. After removal of the precipitate by filtration, the or-



ganic layer was separated, and the aqueous layer was extracted with EtaO (25 mL x 

3). The organic layers were combined and dried over Na2S04. After removal of the 

solvent, the resultant solid was subjected to column chromatographic separation 

(Si02，300 - 400 mesh) using «-hexane as eluent to give 4 as white powder (4.80 g, 

24.2 mmol, 81 %). X-ray-quality crystals of 4 were obtained by recrystallization 

from «-hexane. ^H N M R (400 MHz, C D C I 3 ) : 6 2.91 (m, IH , CH), 2.47(m, IH, 

CHC//2) , 2 . 4 2 ( m , 2 H , CC//2), 1 .93 ( m , I H , CHC//2) , 1 . 17 (d，J = 6 . 7 H z , 3 H , C//3). 

13c N M R (100 MHz, C D C I 3 ) : 5 88.0 (cage CCH), 84.2 (cage C C H 2 ) , 41.0 (CH), 40.9 

(CHCH2), 34.1 (CCH2), 19.6 (CH3). "B NMR (96 MH^, CDCI3): 5 -6.4 (d, JQH ~ 

168 Hz, IB), -7.3 (d, JBH = 136 Hz, 3B), -9.9 (d, JBH = 147 Hz, IB), -10.8 (d, JBH = 

142 Hz, IB), -12.3 (d, JBH ~ 133 Hz, IB), -13.4 (d, JRH = 163 Hz, 3B). IR (KBr) V âx 

(cm]) : 2588, 2570 (vs, BH). HRMS (EI): m/z calcd for C e H i e ' ^ B g ' ^ [ M - 2H]+: 

196.2250; Found: 196.2242. ‘ 

Preparation of 3-Ph-/ / - l ,2-(CH2CH=CHCH2)- l ,2-C2BnHio (5a). To a THF (20 

mL) solution o f 1 (982 mg，5.0 mmol) was added finely cut Na metal (460 mg，20.0 

mmol) and a catalytic amount of naphthalene (64 mg, 0.5 mmol), and the mixture 

was stirred at room temperature for 3 days. After removal o f excess Na metal and 

THF, toluene (10 mL) was then added. PhBCb (1.4 mL, d = 1.224, 97%, 10.5 mmol) 

was slowly added to the above suspension at -78 °C and the mixture was stirred at 

this temperature for 1 h and at room temperature overnight. Removal of the precipi-

tate and solvents, followed by column chromatographic separation (Si02, 300-400 

mesh, «-hexane) afforded 5a as a yellow solid (70 mg, 0.25 mmol, 5%). X-ray-

quality crystals o f 5a were obtained by recrystallization from C H 2 C I 2 . N M R (400 

MHz, C D C I 3 ) : 5 7.32 (m, 5H, Cfi/Zs), 5.69 (t, 2.1 Hz, 2H, CH), 3.41 ( d ， 2 . 0 

. H z , 4H, CHi). 13C{1H} N M R (100 MHz, C D C I 3 ) : 5 141.5 (cage Q , 134.5, 129.7, 
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128.2 (CeHs), 122.9 (CH), 44.0 ( C H 2 ) . " B NMR (96 MHz, CDCI3)： 6 5.5 (d，JBH ~ 

150 Hz, 2B)，3.2 (d, JBH = 182 Hz, 2B), 1.4 (d, JBH = 132 Hz, 2B), 0.4 (d, JBH = 124 

Hz, 2B), -2.1 (d, JBH = 175 Hz, 2B), -4.3 (d, JBH = 177 Hz, IB). IR (KBr) v^ax (cm.i): 

2561, 2551 (vs, BH). HRMS (EI): m/z calcd for C j i H i g ^ E g ' ^ [M - 2H]+: 282.2578; 

Found: 282.2580. 

Isolation of 3-Ph-/i-l,2-(CH=CHCH2CH2)-l,2-C2BuH,o (5b). Compound 5a 

(114 mg, 0.40 mmol) was kept in the open air for 2 years. Column chromatographic 

separation (Si02，300-400 mesh, w-hexane) afforded 5a (87 mg, 76%) and 5b (21 mg, 

0.074 mmol, 18%) as a yellow solid. X-ray-quality crystals of 5b were obtained by 

recrystallization from CH2CI2. 'H NMR (400 MHz, C D C I 3 ) : 5 7.39 (m, 2H, Ce/Zs), 

7.32 (m, IH, CeHsX 7.24 (m，2H, CeHsl 6.74 (dt, Jj = 9.4 Hz, J2 = 1.8 Hz, IH, CCH), 

6.41 (dt, Ji = 9.4 Hz, Ji = 4.5 Hz, IH, CCH=C//), 2.81 (t, J = 7.5 Hz, 2H, CC//2), 

1.99 (ddt, J i = 1.9 Hz , J2 = 4.5 Hz, J3 = 7.5 Hz, 2H , CHC//2). N M R (100 

MHz, CDCI3)： 5 139.1 (CCH=CH), 136.0 (cage CCH), 135.2 (cage C C H 2 ) , 134.4 

(CeHs), 133.4 (CCH), 129.8, 128.1 (CeHs), 39.1 ( C C H 2 ) , 20.4 ( C H C H 2 ) . " B NMR 

(96 MHz, C D C I 3 ) : 5 8.4 (s，IB), 5.2 (d, JBH = 156 Hz, IB), 2.2 (d, JBH = 162 Hz, 4B), 

0.3 (d，JBH ~ 183 Hz , 2B) , -1.6 (d，JBH ~ 185 Hz, I B ) , -4.9 (d, JBH = 146 Hz , I B ) . IR 

(KBr) Vmax (cm"'): 2554 (vs, BH). HRMS (EI): m/z calcd for Ci2H,9^'B9'°B2 [M -

2H]+: 282.2578; Found: 282.2579. 

Preparation of /i-l，2-(CH2)4-l，2-C2BiiHu (7) and 3-Me-/i-l，2-(CH2)4-l，2-

C2B11H10 (7，). To a THF (40 mL) solution of 3 (4.958 g，25.0 mmol) was added fine-

ly cut Na metal (2.299 g, 100.0 mmol) and a catalytic amount of naphthalene (320 

mg, 2.5 mmol), and the mixture was stirred at room temperature overnight. After re-

moval of excess Na metal and THF, toluene (30 mL) was then added. A 1.0 M solu-

tion of HBBr2-SMe2 in CH2CI2 (50.0 mL, 50.0 mmol) was slowly added to the above 
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suspension at -78 °C and the mixture was stirred at this temperature for 1 h and at 
« 

room temperature overnight. Removal of the precipitate and solvents, followed by 

column chromatographic separation (SiC^，300-400 mesh, «-hexane) afforded 7 in 

about 45% yield. Recrystallization from «-hexane gave 7 as a white solid (1.900 g， 

9.0 mmol, 36%). X-ray-quality crystals of 7 were obtained by slowly evaporation of 

a saturated «-hexane solution. Compound T was obtained as a mixture of a white 
* 

solid wi th 7 in about 1:1 ratio (490 mg，1.13 mmol, 4.5%). Repeated column chroma-

tographic separation (Si02, 300-400 mesh, «-hexane) gave 7，as a white solid (5 

mg, >95%, 0.022 mmol, 0.89%). X-ray-quality crystals of 7' were obtained by slow-
c-

ly evaporation o f a saturated «-hexane solution. 7: ^H N M R (400 MHz, C D C I 3 ) : 5 

3 . 0 5 ( m , 4 H , C / / 2 ) , 1 . 7 8 ( m , 4 H , CHi). N M R ( 1 0 0 M H z , C D C I 3 ) : 6 1 4 2 . 5 

(cage C), 44.2 ( C C H 2 ) , 20.4 ( C C H 2 C H 2 ) . " B N M R (96 MHz, C D C I 3 ) : 5 4.3 (d，JBH = 

149 Hz, IB) , 0.4 (d, Jbh = 145 Hz, 5B)，-0.4 (d, Jbh = 164 Hz, 5B). IR (KBr) v^ax 

(cm]) : 2566, 2556 (vs, BH). HRMS (EI): m/z calcd for CeH ig^ 'Bp ' ^ [ M - H] . : 

209.2499; Found: 209.2495. 7，：丨H N M R (400 MHz, C D C I 3 ) : 6 2.99 (m, 4H, C C / / 2 ) , 

1 . 7 7 ( m , 4 H , C C H 2 C / / 2 ) , 0 . 1 1 (s , 3 H , C/ / 3 ) . N M R ( 1 0 0 M H z , C D C I 3 ) : 5 

143.9 (cage Q , 42.6 ( C C H 2 ) , 2 0 . 6 ( C C H 2 C H 2 ) , 0.3 ( C H 3 ) . " B N M R ( 1 2 8 MHz, 

J C D C I 3 ) ： 5 5 . 6 ( d , JBH = 1 6 7 H z , 2 B ) , 4 . 0 ( d , JBH ~ 2 1 2 H z , I B ) , 3 . 2 ( s， I B ) , 2 . 1 ( d , 

JBH = 151 Hz, 2B), 1.1 (d, JBH = 136 Hz, 2B), -2.3 (d’ JBH = 169 Hz, 2B), -5.5 (d, JBH 

二 151 Hz， IB). IR (KBr) Vmax (cnf i ) : 2558 (vs，BH). HRMS (EI): m/z calcd for 

C7H2o"B9'°B2 [M - H]+: 223.2656; Found: 223.2654. 

* / 

Preparation of ;M，2-MeCH(CH2)2-l，2-CiBiiHii (8). To a THF (40 mL) solu-

tion o f 4 (4.958 g, 25.0 mmol) was added finely cut Na metal (2.299 g，100.0 mmol) 

and a catalytic amount of naphthalene (320 mg, 2.5 mmol), and the mixture was 

stirred at room temperature overnight. After removal o f excess Na metal and THF, 
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toluene (30 mL) was then added. A 1.0 M solution of HBBr2.SMe2 in CH2CI2 (50.0 

mL, 50.0 mmol) was slowly added to the above suspension at -78 °C and the mixture 

was stirred at this temperature for 1 h and at room temperature overnight. Removal 

of the precipitate and solvents, followed by column chromatographic separation 

(Si02, 300-400 mesh, «-hexane) afforded gross 8 in about 40% yield. Recrystalliza-

tion from «-hexane gave 8 as a white solid (1.700 g, 8.1 mmol, 32%). NMR (400 

MHz, C D C I 3 ) : 8 3.23 (m， IH, CCH2)，3.22 (m, IH , CH), 3.04 (ddd, Ji = 7.6 Hz, J2 = 

10.1 Hz, J3 = 16.7 Hz, IH, CCH2I 2.42 (ddt, J, = 3.6 Hz, J2 = 13.1 Hz, J3 = 7.4 Hz, 

IH, CHC//2), 1.72 (ddt，Ji = 7.9 Hz, ^2= 13.1 Hz, J3 = 9.9 Hz, IH, CHC//2), 1.47 (d, 

J = 7.0 Hz, 3H，C//3). 13c{1H} NMR (100 MHz, C D C I 3 ) : 5 142.3 (cage CCH), 136.1 

(cage C C H 2 ) , 53.9 (CH), 47.8 ( C C H 2 ) , 34.8 ( C H C H 2 ) , 17.6 ( C H 3 ) . " B NMR ( 1 2 8 

M H z , C D C I 3 ) : 5 3.3 ( d ’ Jeh = 159 H z , I B ) , 0 .7 (d，JBH = 151 H z , 5 B ) , -2 .1 ( d ’ JBH = 

166 Hz, 5B). IR (KBr) v ^ (cm"'): 2570 (vs, BH). HRMS (EI): m/z calcd for 
r 

C6Hi8"B9i。B2 [ M - H]+: 209.2503; Found: 209.2502. 

Reduction of/i-l，2-0(CH2)2-l，2-C2BioHio (9) with Na metal. To a THF (10 mL) 

solution of compound 2 (745 mg, 4.00 mmol) was added finely cut Na metal (920 

mg, 40.0 mmol) and naphthalene (51 mg, 0.40 mmol). The reaction mixture was 

stirred overnight to give a dark red suspension. After filtration on Celite, a dark red 
‘ • • 

solution was collected. After concentration of this solution to about 1 mL, some yel-

low crystals was obtained after standing for 2 weeks, from which [9,9'-Me2-7,7'-

(CH=CH)-(7,9-C2B,oHio)2][Na4(THF)i2] ([12a][Na4(THF)i2]) was structurally cha-

racterized by single-crystal X-ray analyses. 

Addition of 18-crown-6 (2.115 g, 8.00 mmol) to the above red solution mentioned 

above with stirring gave a yellow suspension. After filtration, the colorless filtrate 

was separated from the yellow solid. This colorless solution was stood for two weeks 
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to give some colorless crystals, from which [^-7’8-0(CH2)2-7，8-C2B9H9][Na2(18-

crown-6)] ([12b][Na2(l 8-crown-6)]) was structurally characterized by single-crystal 

X-ray analyses. 

The red solution mentioned above was dried via vacuum and 20 mL toluene was 

added. To this suspension was added 1.0 M solution of HBBr2.SMe2 in CH2CI2 (8.0 

mL, 8.0 mmol) at -78 °C with stirring then slowly warmed to room temperature, and 

stirred overnight. The resulting suspension was quenched with 20 mL of water. The 

organic layer was separated and the water phase was extracted wi th C H 2 C I 2 ( 1 0 mL x 

3). The organic layer was combined and dried over Na^SOd. Column chromatograph-

ic -separation (Si02, 300-400 mesh, w-hexane) gave 13 as a white powder (30 mg, 

0.17 mmol, 4.4%), together wi th other unidentified species. 

Preparation of 10-0(Me2Si)2-7,10-C2BioHiol [Na2(THF)4] 

([14][Na2(THF)4l). To a THF (10 mL) solution o f compound 10 (275 mg, 1.00 mmol) 

was added finely cut Na metal (230 mg, 10.0 mmol) and mixture was stirred over-

night to give a yellow green suspension. After fi ltration on Celite, a yellow green so-

lution was collected and concentrated to about 2 mL. The sticky solution was stood 

"for two weeks to give [14][Na2(THF)4] as yellow crystals (570 mg, 0.94 mmol, 94%). 

N M R (400 MHz，Zpyridine-c/5): 5 3.66 (m，16H’ THF), 1.65 (m，16H, THF), 0.81 

(s, 12H, C / / 3 ) . 13c{1H} N M R (100 MHz, pyridine-flfs)： 6 94.9 (cage Q，67.9, 25.8 

(THF), 4.22.(CH3). " B N M R (96 MHz, pyridine-c/s): 6 13.0 (br, 2B), -2.4 (d, JBH = 

109 Hz, 2B) , -17.7 (d，Jbh ~ 98 Hz, 4B), -20.8 (d, J B H T U 4 HZ , 2B). IR ( K B r ) v ^ 

(cm-i): 2574 (vs, BH). Anal. Calcd for CipHdsBioNajOtssSii ( M - 0.75 THF): C, 

41.13; H, 8.72. Found: C, 41.42; H, 8.89. ' 

Preparat ion of l -TMSCH2-2-Me-l ,2-C2BioHio (15). To an Et】。(40 mL) sus-

pension o f 11 (4.568 g，20.0 mmol) was added a 1.6 M solution of MeL i in EtaO 
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(25.0 mL, 40.0 mmol) at -78 °C wi th stirring. Then the suspension was slowly 

warmed to room temperature to give a colorless solution and further stirred overnight. 

The solution was cooled to 0 °C and a 1.0 M solution o f HC l in H2O (50.0 mL, 50.0 

mmol) was added. The mixture was further stirred at room temperature for 30 min 

then the organic layer was separated. The aqueous layer was extracted wi th EtzO (10 

m L X 3). The organic layers were combined and dried over Na2S04. Flash chromato-

graphic separation (SiO:，300-400 mesh, «-hexane) gave 15 as a white solid (4.840 g, 

19.8 m m o l , 99%) . ^H N M R (400 M H z , CDCI3) : 6 2.Q4 (s, 3 H , CC / / 3 ) , 1.61 (s，2H, 

C / / 2 ) , 0.17 (s, 9 H , S iC / /3 ) . I3C {1H } N M R (100 M H z , C D C I 3 ) : 5 78.2 (cage C C H 2 ) , 

76.7 (cage C C H 3 ) , 26.1 (CH2) , 23.6 ( C C H 3 ) , -0.5 (S iCHs) . " B N M R (96 M H z , 

C D C I 3 ) : 5 -5.4 (d，Jbh = 150 Hz, 2B)，-8.1 (d，JBH ~ 185 Hz, 2B), -9.9 (d, JBH ~ 158 

Hz, 2B), -10.5 (d, JBH = 156 Hz, 4B). IR (KBr) V^ax (cm-'): 2588, 2572 (vs, BH). 

HRMS (EI): m/z calcd for C7H24Sii"B8^°B2 [M]+: 244.2645; Found: 244.2652. 

Preparat ion o f ； i - l ,2-Me2Si(CH2)2-l ,2-C2BnHii (16). To a THF (30 mL) solu-
i 

t ion o f 11 (2.284 g, 10.0 mmol) was added finely cu tNa metal (1.000 g，43.5 mmol), 

and the mixture was stirred at room temperature for 3 days. Af ter removal o f excess 

Na metal and THF, toluene (20 mL) was then added. To this suspension was slowly 

added a 1.0 M solution o f HBBr2.SMe2 in CH2CI2 (20.0 mL, 20.0 mmol) at -78。C’ 

and the mixture was stirred at this temperature for 1 h and at room temperature over-

night. The precipitate was filtered o f f and washed wi th «-hexane^(3 x 30 mL). The 

combined organic solutions were concentrated to yield a white solid. Recrystalliza-

tion from w-hexane/CHzCb gave 16 ̂ s colorless crystals (0.937 g, 39%). ' H N M R 
* • ft 

(400 M H z , C D C I 3 ) : 5 2.55 (s, 4 H , C / / 2 ) , 0.3,1 (s, 6H , CH3). N M R (100 M H z , 
广. •、 , • 

C D C h ) : 5 144.5 (cage Q , 40.7 (CH2) , -2.9 (CH3) . " B N M R ( ^6 M H z , CDCI3) : 5 4.3 
‘ ‘ • V -

(d, JBH = 152 Hz, IB ) , 0.4 (d, JBH = 153 Hz, lOB). IR (KBr ) Vmax (cm]》.2577 (vs, 
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BH). HRMS (CI): m/z calcd for C6H22Sii^'B9'°B2 [ M + H f : 241.2582; Found: 

241.2582. 

Preparation of l,2-Me2-l,2-C2BuHii (17a) and l,12-Me2-l,12-C2BuHii (17b). 

Compound 16 (721 mg, 3.0 mmol) was subjected to column chromatographic separa-

tion (Si02, 300-400 mesh, «-hexane) affording 17a (331 mg, 60%) and 17b (166 mg, 

30%) as a white solid. X-ray-quality crystals of 17a were obtained by recrystalliza-

tion from «-hexane. 17a: N M R (400 MHz, C D C I 3 ) : 5 2.73(s, 6 H , C / / 3 ) . 

N M R (100 MHz, CDCI3)： 6 140.7 (cage C), 34.9 ( C H 3 ) . " B N M R (96 MHz, C D C I 3 ) : 

6 4.3 (d ’ JBH = 160 H z , I B ) , 1.6 (d，JBH = 157 H z , 5 B ) , -0 .2 (d, JBH = 169 H z , 5B) . I R 

( K B r ) Vmax (CM.I): 2 5 7 4 (vs, B H ) . H R M S (E I ) : m/z ca lcd fo r C 4 H I 6 ' ' B 9 ' ° B 2 [ M - H]+: 

183.2343; Found: 183.2343. 17b: N M R (400 MHz, C D C I 3 ) : 5 2.63 (s，3H, C / / 3 ) , 

1.89 (s, 3H, CHI). "C{1H} N M R (100 MHz, CDCI3): 5 120.6, 83.2 (cage Q , 35.7， 

27.4 (CH3). " B N M R (128 M H z , CDCI3)： 6 13.3 (d，JBH = 164 H z , I B ) , -5.5 (br， 

overlap, 5B), -6.6 (d, Jbh = 162 Hz, 5B). IR (KBr) v^ax (cm-i): 2581 (vs, BH). HRMS 

(EI): miz calcd for [ M - H]+: 183.2343; Found: 183.2344. 

Preparation of i-HOMe2SiCH2-12-Me-l,12-C2BiiHii (18b) and 1,1'-

0(Me2SiCH2)2-12,12'-Me2-(l,12-C2BiiH,i)2 (18b，). The gross 16, prepared from 11 

(4.568 g, 20.0 mmol), was stood in the mother liquor (10 mL) in the open air for two 

weeks. Flash chromatographic separation (SiO!，300-400 mesh, /i-hexane) gave a 

‘mix ture of 17b (minor), 18b and 18b，(major). After removal o f 17b via sublimation 

at 60 °C under vacuum, a mixture of 18b and 18b，was obtained as a white solid 

(1.250 g, 2.5 mmol, 25%). N M R (400 MHz, C D C I 3 ) : 5 2.72, 2.70 (2H，CH2), 1.89 

(3H, CH3), 0.15，0.14 (6H, SiC/ft). N M R (100 MHz, C D C I 3 ) : 5 127.8，83.3 

(cage Q , 45.3 (Ofc)，27.3 ( C H 3 ) , 0.9 (SiCHa). " B N M R (128 MHz, C D C I 3 ) : 5 11.8 

(br , JBH ~ 132 H z , I B ) , -6 .9 (br, JBH ~ 134 H z , l O B ) . ^^Si N M R (80 M H z , CDCI3)： 5 
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4.0, 2.4. IR (KBr) Vmax (cm"'): 2576 (vs, BH). Anal. Calcd for Ci2H44B220Si2 (18b，）： 

C, 28.91; H; 8.90. Found: C, 28.75; H, 9.08. HRMS (EI): m/z calcd for 

CiiH4i"B,8^°B40Si2 [18b，- CU3T： 483.4895; Found: 483.4890. 

Preparation of l-TfOMe2SiCH2-12-Me-l,12-C2Bi,Hi, (18b，’). To a C2D2CI4 

(0.5 mL) solution of a mixture of 18b and 18b' (80 mg) in an N M R tube was added 

0.1 mL of T fOH to give a solution of 18b" in situ, which would turn back to the 

mixture of 18b and 18b，upon washing with water. N M R (400 MHz, C2D2CI4)： 5 

2.99 (2H, CH2), 1.91 (3H, C / / 3 ) , 0.58 (6H, SiC/Za). NMR (100 MHz, 

C2D2CI4)： 5 121.5 (cage C), 117.9 (q, JQF = 318 Hz, C F 3 ) , 84.0 (cage C), 40.7 ( C H 2 ) , 

27.0 ( C H 3 ) , -0.9 (SiCHs). " B N M R (128 MHz, C2D2CI4)： 5 14.5 (br, IB), -5.1 (br, 

lOB). 29si N M R (80 MHz, C 2 D 2 C I 4 ) : 5 37.3. 

Preparation of 4-(p-cymene)-;/-l,2-Me2Si(CH2)2-4,l,2-RuC2BioH,o (19). To a 

THF (20 mL) solution of 11 (1.142 g, 5.0 mmol) was added finely cut Na metal (460 

mg, 20.0 mmol), and the mixture was stirred at room temperature for 3 days. After 

removal of excess Na metal, the filtrate was cooled to -30 °C and [(p-

cymene)RuCl2]2 (1.531 g, 2.5 mmol) was slowly added with stirring. The mixture 

was slowly warmed up to room temperature and further stirred overnight to give a 

dark red suspension. After filtration, the red solution was concentrated. Chromato-

graphic separation (Si02, 300-400 mesh, «-hexane/CH2Cl2 2:1) gave gross 19 in 

about 60% yield. Further washing with cold C H 2 C I 2 gave 19 as a yellow powder 

(1.159 g, 2.5 mmol, 50%). X-ray-quality crystals of 19 were obtained by recrystalli-

zation from C H 2 C I 2 . N M R (400 MHz, C D 2 C I 2 ) : 5 5.73 ( d , y = 6.2 Hz, 2H, Ce/Zn), 

5.64 (d, J = 6.2 Hz, 2H, C M ) , 2.93 ( m , J = 6.9 Hz, IH，CN), 2.28 (s, 3H, C//3C6H4), 

2.12 (d, J= 17.1 Hz, 2H，CI/2), 1.99 (d, J = 17.1 Hz, 2H, C / / 2 ) , 1.30 (d’ 6.9 Hz, 
•I < •‘ 

6H, CHsCHX 0.39 (s, 3H, C/ZaSi),-0.20 (s, 3H, C/ZaSi). N M R (100 MHz, 
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C D 2 C I 2)： 5 119.9, 110.3, 97.6，95.2 (CeJLO, 87.0 (cage C), 34.7 ( C H 2 ) , 30.6 (CH), 

22.9 ( C H 3 C H ) , 17.8 ( C H 3 C 6 H 4 ) , -1.2, -1.4 (CHsSi). " B NMR (96 MHz, C D 2 C I 2)： 5 

6.9 (d, Jbh ~ 108 Hz , 2B) , 6.2 (d，JBH = 116 Hz, 2B), -0.2 (d, JBH = 123 Hz, 2B), -1.4 

(d, Jbh = 123 Hz, 2B), -9.4 (d, Jbh = 143 Hz, 2B), -16.6 (d, Jbh = 143 Hz, 2B). IR 
> 

(KBr) V m a x (cm.i): 2516 (vs, BH). HRMS (ESI): m/z calcd for C,6H34Si,Rui'°B8^'B2 

[M]+: 464.2471; Found: 464.2467. 

Alternative Method for the Preparation of l,12-Me2-l,12-C2BioHio (17b). To a 

THF (10 mL) solution of 13 (517 mg, 3.0 mmol) was added finely cut Na metal (300 

mg, 13.0 mmol) and a catalytic amount of naphthalene (39 mg，0.3 mmol), and the 

mixture was stirred at room temperature overnight. After removal of excess Na metal 

and THF, toluene (10 mL) was then added. A 1.0 M solution of HBBri.SMe〗 in 

CH2CI2 (6.0 mL, 6.0 mmol) was slowly added to the above suspension at -78 °C and 

the mixture was stirred at this temperature for 1 h and at room temperature overnight. 

Removal of the precipitate and solvents, followed by column chromatographic sepa-

ration (Si02，300-400 mesh, w-hexane) afforded 17b (28 mg, 5%) and 13 (88 mg, 

17%). 

Preparation of l-TMSCH2-12-Me-l,12-C2BiiHi, (20). Te^a THF (30 mL) solu-

tion of 15 (4.889 g, 20.0 mmol) was added finely cut Na metal (1.379 g，60.0 mmol), 

and the mixture was stirred at room temperature for one week. After removal of 

excess Na metal and THF, toluene (20 mL) was then added. A 1.0 M solution of 

HBBr2-SMe2 in CH2CI2 (40.0 mL, 40.0 mmol) was slowly added to the above sus-

pension at -78 °C and the mixture was stirred at this temperature for 1 h and at room 

temperature overnight. Removal of the precipitate and solvents, followed by column 

chromatographic separation (SiO!，300-400 mesh, «-hexane) afforded 20 as a white 

solid (240 mg, 0.94 mmol, 4.7%). X-ray-quality crystals of 20 were obtained by re-
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crystallization from w-hexane. ^H NMR (400 MHz, CDCI3): 5 2.70 (s, 2H, C/f�)，1.89 

(s, CC//3), 0.07 (s, SiC//3). NMR (100 MHz, CDCI3): 5 129.7 (cage CCH2), 

83.1 (cage CCH3), 44.4 (CH2), 27.3 (CCH3), -1.2 (SiOHb). " B NMR (96 MHz, 

CDCI3)： 6 11.7 (d, JBH = 159 Hz, lB),'-5.4 (not well resolved, 4B), -6.9 (d, JBH = 161 

Hz, 6B). IR (KBr) Vmax (cm'^): 2580 (vs, BH). HRMS (EI): m/z calcd for 

C7H25Sii"B9i。B2 [ M f : 256.2816; Found: 256.2817. 

Preparation of 4-(p-cymene)-l-TMSCH2-2-Me-4,l,2-RuC2BioHio (21a). To an 

EtiO (20 mL) suspension of 19 (1.159 g, 2.5 mmol) was added 1.6 M solution of 

MeLi in EtzO (7.5 mL, 12 mmol) at -78 °C with stirring. Then the suspension was 

slowly wanned to room temperature to give a clear yellow solution and further 

stirred overnight. The solution was cooled to 0 °C, and a 1.0 M solution of HCl in 

H2O (15.0 mL, 15.0 mmol) was added. The mixture was further stirred at room tem-

perature for 30 min, then the organic layer was separated. The aqueous layer was ex-

tracted with CH2CI2 (10 mL x 3). The organic layers were combined and dried over 

Na2S04. Chromatographic separation (Si02, 300-400 mesh, w-hexane/CH^Ch 2:1) 

gave 21a as a yellow solid (500 mg, 1.04 mmol, 42%). X-ray-quality crystals of 21a 

were obtained by recrystallization from CH2CI2. ^H NMR (400 MHz, CD2CI2)： 5 

5.80 (d, J = 5.8 Hz, 2H, CeH^l 5.74 (d, 6.0 Hz, 2H, CeH^X 2.93 (m, J = 6.9 Hz, 

IH, CH), 2.31 (d，J= 13.2 Hz, IH, CH2), 2.28 (s, 3H，C6H4C//3), 2.22 ( d ， 1 3 . 4 

Hz, IH, CH2)’ 2.19 (s, 3H, CC//3), 1.30 (d, J = 6 . 1 Hz, 3H, C6H4C//3), 1.29 (d, J = 

6.2 Hz, 3H, C 6 H 4 C / / 3 ) , 0.17 (s, 9H, S iCf t ) . NMR (100 MHz, CD2CI2)： 5 

120.6, 110.8, 98.3，96.4’ 95.6’ 94.0 (CyHU)’ 85.4’ 80.5 (cage Q , 38.2 (CH2), 31.4 

( C C H 3 ) , 30.8 (CH), 23.7, 22.2 ( C H C H 3 ) , 1 8 . 1 (C6H4CH3), 0.7 (SiCHa). " B NMR (96 

MHz, CD2CI2): 5 10.2 (d’ JBH = 153 Hz, IB), 7.7 (d’ JBH = 127 Hz, 2B), 4.9 (d, JBH = 

157 Hz , I B ) , 0.7 (d, JBH = 141 Hz, I B ) , -1.6 (d，JBH = 152 Hz, I B ) , -8.8 (d, JBH = 132 
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Hz, I B ) , -12.5 (d, JBH = 147 Hz , I B ) , -15.7 (d, JBH = M l H z , I B ) , -18.6 (d，JBH = 

143 Hz, IB). IR (KBr) v^ax (cm"'): 2505 (vs, BH). HRMS (EI): m/z calcd for 

Ci7H38RuiSii"B8^°B2 [M]+: 480.2784; Found: 480.2782. 

Preparation of 4-(p-cymene)-l-TMSCH2-6-Me-4,l,6-RuC2BioHio (21b). To a 

THF (20 iriL) solution of 15 (1.222 g, 5.0 mmol) was added finely cut Na metal (460 

mg, 20.0 mmol), and the mixture was stirred at room temperature for 3 days. After 

removal of excess Na metal, the filtrate was cooled to -30 °C and [(p-

cymene)RuCl2]2 (1.531 g，2.5 mmol) was slowly added with stirring. The mixture 

was slowly warmed up to room temperature and further stirred overnight to give a 

dark red suspension. After filtration，the red solution was concentrated. Chromato-

graphic separation (Si02, 300-400 mesh, /^-hexane/CHaCl! 2:1) gave gross 21b in 

about 50% yield. Recrystallization from CH2CI2 gave 21b as yellow crystals (959 mg, 

2.0 mmol, 40%). ^H N M R (400 MHz, CD2CI2)： 8 5.78 (dd, J, = 6.2 Hz, ^2= 1.1 Hz, 

IH, C6//4), 5.72 (dd, Ji = 6.1 Hz, Ji = 0.8 Hz, IH, C6//4), 5.40 (dd, Ji = 6.2 Hz, Ji = 

1.1 Hz, IH, C6//4), 5.35 (dd, Ji = 6.3 Hz, J2 = 0.9 Hz, IH, 2.92 ( m , y = 6.9 Hz, 

IH, C//), 2.48 (d’ J = 11.9 Hz, IH, C//2), 2.37 (s, 3H, C6H4C//3), 2.19 ( d , 1 1 . 9 Hz, 

IH, CH2)，1.84 (s, 3H, CCH3I 1.38 (d, 6.9 Hz, 3H, CHC//3), 1.27 (d ,7=6 .9 Hz, 

3H, CHC/fa), 0.05 (s, 9H, SiCZ/a). ^^CCU} NMR (100 MHz, CD2CI2): 5 121.5, 

110.8, 95.9，92.1, 89.7’ 86.2 (C6H4), 77.4 (cage CCH3), 72.9 (cage CCH2), 42.2 

(CH2), 35.3 (CCH3), 31.4 (CH), 23.2, 22.6 (CHCH3), 19.2 (C6H4CH3), -0.5 (SiCHs). 

" B NMR (96 MHz, CD2CI2): 6 10.4 (d’ Jbh = 121 Hz, IB), 0.4 (d，JBH ~ 138 Hz, 2B), 

-7.5 (d’ JBH ~ 140 Hz, 5B), -12.6 (d, JBH = 140 Hz, IB), -17.9 (d, Jbh = 154 Hz, IB). 

• IR (KBr) Vmax (cm-'): 2516, 2575 (vs, BH). HRMS (EI): m/z calcd for 

Ci7H38RuiSii"B8'°B2 [ M f : 480.2784; Found: 480.2772. 

2 1 9 



Chapter 3 

Preparat ion of lM-l,2-Me2Si(CH2)2-l,2-C2Bi,Hii][Na2(THF)4l 

(【23】[Na2(THF)4】). To a THF (20 mL) solution of 16 (1.201 g, 5.0 mmol) was added 

finely cut Na metal (460 mg, 20.0 mmol), and the mixture was stirred at room tem-

perature overnight. After removal of excess Na metal, the pale yellow solution was 

concentrated to about 5 mL. «-Hexane layering gave [23J [Na2(THF)4] as colorless 

crystals (270 mg, 4.7 mmol, 94%). N M R (400 MHz, pyridine-^/s)： 6 3.64 (m, 4H, 

THF), 1.61 (m，8H, C f h + THF), 0.50 (s, 6H, C/ / 3 ) . N M R (100 MHz, pyri-

dine-^/s): 5 67.8 (THF), 32.4 ( C H 2 ) , 25.7 (THF), 11.2 (cage Q , -1.3 ( C H 3 ) . " B N M R 

(96 MHz, pyridine-^^y: 6 -8.9 (d，JBH = 112 Hz, IB) , -13.4 (br, 5B), -25.6 (d, JBH = 

102 Hz, 5B). IR (KBr) Vmax (cm"^): 2536 (vs, BH). Anal. Calcd for C,oH29BuNa20Si 

(M - 3THF): C, 33.52; H, 8.16. Found: C, 33.36; H, 7.78. 

Preparation of [//-l，2-(CH2)4-l，2-C2BiiHii][ISfa2(THF)4】 tl24][Na2(THF)4】). To 

a THF (20 mL) solution of 7 (1.051 g，5.0 mmol) was added finely cut Na metal (460 

mg, 20.0 mmol), and the mixture was stirred at room temperature overnight. After 

removal o f excess Na metal, the pale yellow solution was concentrated to about 5 mL. 

w-Hexane layering gave [24][Na2(THF)4] as a white powder (250 mg, 4.6 mmol, 

92%). N M R (400 MHz, pyridine-^y: 5 3.67 (m，16H, THF), 2.25 (br，4H, 

C C H 2 C / / 2 ) , 2.17.(br, 4H, CCH2I 1.65 (m, 16H, THF). N M R (100 MHz, 

pyridine-c/5)： 5 67.9 (THF), 38.1 { C C H 2 ) , 25.8 (THF), 25.2 ( C C H 2 C H 2 ) , 10.3 (cage 

C). " B NMR (128 MHz, pyridine-c/5)： 5 -9.8 (d, Jbh ^ 120 Hz, IB), -15.2 (br, 5B),-

26.0 (d, Jbh ~ 72 Hz, IB). IR (KBr) Vmax (cm"'): 2499 (vs, BH). Anal. Calcd for 

Ci3H33BiiNa20i.75 ( M - 2.25THF): C, 40.84; H, 8.70. Found: C, 40.76; H, 8.53. 

Preparation of [ / i - l ,2-MeCH(CH2)2- l ,2-C2B„H„] [Na2(THF)4l 

([25][Na2(THF)4]). To a THF (20 mL) solution o f 8 (1.051 g, 5.0 mmol) was added 
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finely cut Na metal (460 mg, 20.0 mmol), and the mixture was stirred at room tem-

perature overnight. After removal of excess Na metal, the pale yellow solution was 

concentrated to about 5 mL. fi-Hexane layering gave [25)[Na2(THF)4) as a white 

powder (230 mg, 4.2 mmol, 84%). NMR (400 MHz, pyridine-ofs)： 5 3.67 (m, 16H, 

T H F ) , 2 . 3 5 ( m , 2 H , CH + C C / / 2 ) , 2 . 2 2 ( m , I H , C C / / 2 ) , 2 . 1 4 ( m , 2 H , C H C / / 2 ) , 1 . 66 

(THF), 1.36 (d, J = 6.7 Hz, 3H, CH{). NMR (100 MHz, pyridine-afs): 6 68.0 

(THF), 45.4 (CH), 42.1 ( C C H 2 ) , 39.4 ( C H C H 2 ) , 25.8 (THF), 19.2 (cage CCH), 18.5 

( C H 3 ) , 1 6 . 6 (cage C C H 2 ) . " B NMR ( 1 2 8 MHz, pyridine-^/S)： 5 -9.0 (d, JBH = 110 Hz, 

IB), -15.8 (br, 5B), -25.6 (d, JBH ~ 86 Hz, 5B). IR (KBr) Vmax (cm-'): 2520 (vs, BH). 

Anal. Calcd for C7H2iBiiNa20o.25 (M - 3.75THF): C，30.67; H, 7.72. Found: C， 

30.97; H, 7.31. 

Preparation of [l,2-Me2-l,2-C2Bi,H„][Na2(THF)4] ([26a][Na2(THF)4】). To a 

THF (20 mL) solution of 17a (920 mg, 5.0 mmol) was added finely cut Na metal 

(460 mg, 20.0 mmol), and the mixture was stirred at room temperature overnight. 

After removal of excess Na metal, the pale yellow solution was concentrated to about 

5 mL. «-Hexane layering gave [26a】[Na2(THF)4】 as colorless crystals (240 mg, 4.6 

mmol, 93%). 'H N M R (400 MHz, pyridine-^/s)： 5 3.64 (m, 8H, THF), 2.09 (s, 6H, 

C / / 3 ) , 1.61 (m, 8H，THF). NMR (100 MHz, pyridine-^/s)： 5 67.8 (THF), 29.5 

( C H 3 ) , 25.8 (THF), 7.3 (cage Q . " B NMR (96 MHz, pyridine-^^s)： 5 -8.5 (d, JBH = 

123 Hz, IB), -13.7 (br, 5B)，-25.0 (d, JBH = 114 Hz, 5B). IR (KBr) v ^ (cm」）：2522 

(vs, BH). Anal. Calcd for CistfaBuNaaO】（M - 2THF): C，38.51; H, 8.89. Found: C, 

39.00; H, 9.04. 

Preparation of [l,3-Me2-l,3-C2BnHii][Na2(THF)4l ([26b]【Na2(THF)4l). To a 

THF (20 mL) solution of 17b (920 mg, 5.0 mmol) was added finely cut Na metal 

(460 mg, 20.0 mmol), and the mixture was stirred at room temperature overnight. 
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After removal o f excess Na metal, the pale yellow solution was concentrated to about 

5 mL. «-Hexane layering gave [26b】[Na2(THF)4] as colorless crystals (200 mg, 3.9 

mniol, 77%). N M R (400 MHz, pyridine-t/s)： 5 3.65 (m, 16H, THF), 2.47 (s, 3H, 

C m i 2.11 (s, 3H, C/ / 3 ) , 1.63 (m, 16H, THF). N M R (100 MHz, pyridine-^/s)： 

5 67.9 (THF), 44.4, 35.7 (cage Q , 31.5，29.8 ( C H 3 ) , 25.8 (THF). " B N M R (128 

MHz, pyridine-I/S)： 5 -1.5 (d, JBH = 106 Hz, 2B), -12.0 (d, JBH = 109 Hz, IB), -16.9 

(br, 5B), -28.6 (br, 2B), -32.6 (d, JBH = 124 Hz, IB). IR (KBr) v^ax (cm-'): 2526 (vs, 

BH). Anal. Calcd for CsHasBiiNaaO (M - 3THF): C, 31.80; H, 8.34. Found: C’ 31.79; 

H, 8.06. 

Preparation of//-2，3-Me2Si(CH2)2-2，3-C2Bi2Hi2 (28a) and //-2，8-Me2Si(CH2)2-

2,8-C2Bi2Hi2 (28b). To a toluene (20 mL) suspension o f [23]【Na2(THF)4l，which is 

prepared from 16 (1.201 g, 5.0 mmol), was added a 1.0 M solution of HBBr2.SMe2 

in C H 2 C I 2 (10.0 mL, 1 0 . 0 mmol) at -78 °C and the mixture was stirred at this tem-

perature for 1 h and at room temperature overnight. Removal of the precipitate and 

solvents, followed by repeated column chromatographic separation (Si02, 300-400 

mesh, «-hexane) afforded 28a (63 mg, 0.25 mmol, 5%) and 28b (13 mg, 0.05 mmol, 

1%) as a white solid. X-ray-quality crystals of 28a and 28b were obtained by slowly 

evaporation of a saturated /?-hexane solution. 28a: 'H N M R (400 MHz, C D C I 3 ) : 8 
< 

2.46 (d, J = 16:6 Hz, 2H, CH2)，2.08 ( d , y = 16.6 Hz, 2H, CH2 I 0.45 (s, 3H, C / / 3 ) , 

0.13 (s, 3H,C / /3) . 13c{*H} N M R (100 MHz, C D C I 3 ) : 6 76.2 (cage Q，31.9 ( C H 2 ) , -

0 . 5 ’ - 0 . 7 ( C H 3 ) . " B N M R ( 1 2 8 M H z , C D C I 3 ) : 5 7 . 4 ( d , J B H = 1 5 1 H z , I B ) , 4 . 5 ( d , 

JBH = 151 Hz, 2B), 2.0 (d, Jbh = 164 Hz, 2B), -1.8 (d，Jbh = 172Hz, IB) , -6.6 (d, JBH 

=157 Hz, 2B), -8.4 (d, Jbh = 168 Hz, 2B)，-13.0 (d, JBH = 161 Hz, IB) , -23.6 (d, JBH 

= 1 4 3 Hz, IB) . IR (KBr) Vmax (cm-'): 2571 (vs, BH). HRMS (EI): m/z calcd for 

C6H22Sii"Bi。i。B2 [M]+: 252.2675; Found: 252.2680. 28b: ^H N M R (400 MHz, 
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C D C I 3 ) : 6 2 . 5 2 ( d , J = 1 3 . 9 H z , 2 H , CH2), 2 . 1 7 (d, J = 1 3 . 9 H z , 2 H , C//2) , 0 . 5 6 (s , 

6 H , CH3). N M R (100 MHz, C D C I 3)： 6 90.9 (cage C), 35.2 ( C H 2 ) , 1.1 ( C H 3 ) . 

" B N M R (128 M H z , CDCI3)： 5 2.9 (d，Jbh = 153 Hz, 2B) , -1.7 (d, JBH = 154 Hz, 6B), 

-5.1 (d, JBH = 173 Hz, 2B), -17.5 (d, Jbh = 148 Hz, 2B). IR (KBr) Vmax (cm]) : 2562 

(vs, BH). HRMS (EI): m/z calcd for C6H22Sii"B,o'°B2 [M]+: 252.2675; Found: 

252.2683. 

Al ternat ive Method for the Preparation of //-2,3-Me2Si(CH2)2-2,3-C2Bi2Hi2 

(28a) and ；/-2,8-Me2Si(CH2)2-2,8-C2B,2H,2 (28b). To a THF (30 mL) solution of 11 

(2.284 g，10.0 mmol) was added finely cut L i metal (694 mg, 100 mmol), and the 

mixture was stirred at room temperature for 3 days. After removal of excess L i metal 

and THF, toluene (20 mL) was then added. To this suspension was slowly added a 

1.0 M solution o f HBBr2.SMe2 in C H 2 C I 2 (50.0 mL, 50.0 mmol) at -78。C，and the 

mixture was stirred at this temperature for 1 h and at room temperature overnight. 

Removal of the precipitate and solvents, followed by repeated column chromato-

graphic separation (Si02, 300-400 mesh, «-hexane) afforded 28a (76 mg, 0.30 mmol, 

3%) and 28b (13 mg, 0.05 mmol, 0.5%) as white solids. 

Preparat ion of /i-2,3-(CH2)4-2,3-C2Bi2Hi2 (29a) and /i-2，8-(CH2)4-2,8-

C2B12H12 (29b). To a toluene (30 mL) suspension of【24】[Na2(THF>4】，which is pre-

pared from 7 (2.101 g, 10.0 mmol), was added a 1.0 M solution of HBBr2.SMe2 in 

C H 2 C I 2 (20.0 mL, 20.0 mmol) at -78 °C and the mixture was stirred at this tempera-
) 

ture for 1 h and at room temperature overnight. Removal o f the precipitate and sol-

vents, followed by column chromatographic separation (Si02, 300-400 mesh, n-

hexane) afforded a mixture of 29a (17 mg,〜66% purity, 0.05 mmol, 0.5%) which 

contained about 33% o f 29b, and 29b (222 mg, 1.0 mmol, 10%) as a white solid. X-

ray-quality crystals o f 29b were obtained by slowly evaporation of a saturated 
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C H 2 C I 2 solution. 29a: ^H N M R (400 MHz, CDCI3)： 6 3.02 (m, 2H, CC//2), 2.64 (m, 

2H, CC//2), 1.86 (m, 2H, CCH2C//2), 1.50 (m, 2H, CCH2C//2). N M R (100 

MHz, CDCI3)： 5 66.0 (cage Q , 39.6 ( C C H 2 ) , 20.3 ( C C H 2 C H 2 ) . " B N M R (128 MHz, 

CDCI3)： 5 8.2 ( IB ) , 5.8 (2B), 3.3 (2B), -2.1 ( IB) , -6.9 (2B) -9.5 ( IB ) , -11.0 (2B) , -

2 5 . 2 ( I B ) . 2 9 b : N M R ( 4 0 0 M H z , C D C I 3 ) : 5 3 . 1 5 ( b r , 2 H , C C / / 2 ) , 2 . 3 6 ( d , J = 

14.2 Hz , 2 H , CC / / 2 ) , 2.07 (br, 2H, C C H 2 C / / 2 ) , 1.97 (br, 2 H , C C H 2 C / / 2 ) . 

N M R (100 MHz, C D C I 3 ) : 6 78.4 (cage Q , 39.3 ( C C H 2 ) , 1-9.2 ( C C H 2 C H 2 ) . " B NMR 

(128 M H z , C D C I 3 ) : 5 4.5 (d , JBH = 152 H z , 2 B ) , -1 .3 (d，JBH = 151 H z , 2 B ) , -2.3 (d, 

JBH = 119 H z , 2 B ) , -3 .2 (d, Jbh = 133 Hz , 2B) , -7 ,0 (d，JBH = 174 H z , 2B ) , -16.6 (d, 

JBH = 154 Hz, 2B). IR (KBr) Vmax (cm"'): 2558 (vs, BH). HRMS (EI): m/z calcd for 

C6H2。"BI�I�B2 [M]+: 222.2749; Found: 222.2757. 

Al ternat ive Method for the Preparation of //-2,3-(CH2)4-2,3-C2Bi2Hi2 (29a) 

and …2，8-(CH2)4-2，8-C2BI2HI2 (29b). To a THF (30 mL) solution of 3 (1.983 g, 

10.0 mmol) was added finely cut L i metal (694 mg, 100 mmol), and the mixture was 

stirred at room temperature for 3 days. After removal of excess L i metal and THF, 

toluene (20 mL) was then added. To this suspension was slowly added a 1.0 M solu-

tion of HBBr2.SMe2 in C H 2 C I 2 (50.0 mL, 50.0 mmol) at -78。C，and the mixture was 

stirred at this temperature for 1 h and at room temperature overnight. Removal of the 

precipitate and solvents, followed by repeated column chromatographic separation 

(Si02, 300-400 mesh, «-hexane) afforded 29b (111 mg, 0.5 mmol, 5%) as a white 

solid. Compound 29a was observed in very minor amount in the " B N M R spectrum 

of the products. 

Reaction of [ l ,2-Me2-l,2-C2BnHnl[Na2(THF)4] ([26a][Na2(THF)4l) wi th 

HBBr2'SMe2. To a toluene (30 mL) suspension of【26a】[Na2(THF)4】，which is pre-

pared from 17a (1.840 g, 10.0 mmol), was added a 1.0 M solution o f HBBr2.SMe2 in 
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CH2CI2 (20.0 mL, 20.0 mmol) at -78 °C, and the mixture was stirred at thi^ tempera-

ture for 1 h and at room temperature overnight. Removal o f the precipitate and sol-

vents, fol lowed by repeated column chromatographic separation (Si02, 300-400 
» 

mesh, «-hexane) afforded 2,8-Me2-2,8-C2B,2Hi2 (30b) (20 mg, 0.05 mmol, 1%) and 

2,4-Me2-2,4-C2Bi2Hi2 (30c) (10 mg, 0.05 mmol, 0.5%) as a white solid, and 4-

Br(CH2)40-1,12-Me2-1,12-C2BuH10 (31) (80 mg, 0.24 mmol, 2.4%) as colorless oil. 

Some 2,3-Me2-2,3-C2Bi2Hi2 (30a) was observed from the " B N M R spectra. 30b: 'H 

N M R (400 MHz, CDCI3): 6 2.47 (s’ 6H, CHi). N M R (100 MHz, CDCI3)： 5 

76.8 (cage C), 31.2 (CH3). " B N M R (96 MHz, CDCI3): 5 4.4 (d, Jbh = 150 Hz, 2B), 

-0.9 (d, JBH = 167 Hz, 2B), -3.1 (d�JBH = 167 Hz, 4B), -6.0 (d, JBH ~ 193 Hz, 2B) , -

17.4 (d’ Jbh = 155 Hz, 2B). HRMS (EI): m/z calcd for C4Hi6^'Bio'°B2 [ M - 2H]+: 

194.2438; Found: 194.2436. 30c: ^H N M R (400 MHz, CDCI3): 5 2.18 (s, 6H, C//3). 

N M R (100 K4Hz, CDCI3): 8 63.7 (cage. Q，32.1 (CH3). " B N M R (96 MHz, 

CDCI3): 5 5.1 (d, Jbh = 1 5 1 Hz, 2B), 1.9 (d�JBH = 164 Hz, 2B), 1.1 (d, JBH = 158 Hz, 

2 B ) , -6 .1 (d, JBH = 161 H z , 2B) , -11.5 (d，JBH = 173 H z , 2 B ) , -15 .4 (d, JBH = 164 H z , 

IB) , -25.1 (d’ Jbh = 144 Hz, IB). ^H N M R (400 MHz, CD2CI2): 6 2.19 (s, 6H, C//3). 

i3c{1H} N M R (100 MHz, CD2CI2): 6 64,3 (cage Q , 32.2 (CH3). " B N M R (96 MHz, 

CD2Cl2):.6 5.0 ( d �J b h = 148 Hz, 2B), 1.9 (d, JQH = 163 Hz, 2B), 1.2 ( d �J b h = 163 Hz, 

2B), -6.0 (d, Jbh = 165 Hz, 2B),-11.2 (d, JBH = 177 Hz, IB) , -11.7 (d, JBH = 149 Hz, 

IB) , -15.3 (d, JBH = 166 Hz, IB) , -25.1 (d, JBH = 142 Hz, IB) . HRMS (EI): M/z calcd 
« 

for C4Hi6"Bi。i°B2 [ M - 2H]+: 194.2438; Found: 194.2434. 31: ' H N M R (400 MHz, 

‘ CDCh): 6 4.10 { t , y = 6.2 Hz, 2H, OC//2), 3.46 (t,J= 6.7 Hz, 2H�BrC/Zz) , 2.05 (s� 

3H, C//3), 1.97 (m，2H, BrCHaC^fz), 1.84 (s, 3H, C//3), 1.76 (m, 2H, OCH2C//2). 

13c{1H} N M R (100 MHz, CDCI3): 5 96.7，84.3 (cage Q, 65.0 (OCH2), 33.7 (BrCHi), 

29.9 (OCH2CH2), 29.5 (BrCH2CH2), 27.3, 27.1 (CH3). " B N M R (96 MHz, CDCI3): 
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5 17.0 (s, IB) , -4.5 (d, Jbh = 149 Hz, 5B), -10.8 (d, Jbh = 159 Hz, 5B). HRMS (ESI): 

， 
m/z calcd for CgHzs^Bg 'W^BrO [ M + H] . : 335.2197; found: 335.2195. 

t 

Preparation of 2,9-Me2-2,9-C2Bi2Hi2 (30d). To a toluene (30 mL) suspension of 

[26b】【Na2(THF)4l，which is prepared from 17b (1.840 g, 10.0 mmol), was added a 

1.0 M solution of HBBr2.SMe2 in CH2CI2 (20.0 mL, 20.0 mmol) at -78 and the 

mixture was stirred at this temperature for 1 h and at room temperature overnight. 

Removal o f the precipitate and solvents, followed by repeated column chromato-

graphic separation (Si02, 300-400 mesh, «-hexane) afforded 30d as a white solid (6 
mg, 0.03 mmol, 0.3%). X-ray-quality crystals of 30d were obtained by slow evapora-% 

tion of a saturated «-hexane solution. ' H N M R (400 MHz, CDCI3): 5 2.22 (s, 6H, 

C//3). N M R (100 MHz, CDCI3): 5 78.6 (cage Q , 33.5 (CH3). " B N M R (96 

MHz, CDCI3): 5 3.8 (d�Jbh = 154 Hz, 2B), -3.5 (d�Jqh = 157 Hz, 4B), -7.4 (d, Jbh = 

‘178 Hz, 4B), -18.7 (d, Jbh = 156 Hz, 2B). IR (KBr) v^ax (cm"'): 2578，2566 (vs, BH). 

HRMS (EI): m/z calcd for C4Hi6"Bio^°B2 [M - 2 H f : 194.2436; Found: 194.2434. 

Preparation of l-(^-cymene)-//-2,3-Me2Si(CH2)2-l,2,3-RuC2BiiHii (32a) and 

l-(p-cymene)-;/-2,8-Me2Si(CH2)2-l,2,8-RuC2BiiHii (32b). To a THF (10 mL) solu-

tion of【23】[Na2(THF)4l，which is prepared from 16 (721 mg, 3.0 mmol), was slowly 

added [(p-cymene)RuCl2]2 (919 mg, 1.5 mmol) at -30。C. The mixture was slowly 

wanned up to room temperature and further stirred overnight to give a dark red sus-
I 

pension. After filtration, the red solution was concentrated； Repeated chromatograph-

ic separation (SiOi, 300-400 mesh, w-hexane/CHiCb 2:1) gave 32a (350 mg, 0.74 

、 

mmol, 25%) as a yellow solid and 32b (285 mg, 0.60 mmol 20%) as a beige solid. X-

ray-quality crystals o f 32a were obtained by recrystallization from CH2CI2. 32a: ^H 

N M R (400 MHz, CD2CI2)： 5 5.51 ( d , J = 6.4 Hz, 2H, C6//4), 5.45 (d, 6.4 Hz, 2H, 

C6//4), 2.96 (m, J = 6.9 Hz, IH , CH)，2.43 (d, J = 16.1 Hz, 2H, CH2I 2.27 (s, 3H, 
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C6H4C//3), 1.78 (d, J = 16.1 Hz, 2H, C//2), 1.30 (d, 7.0 Hz, 6H�CHC//3), 0.40 (s, 

3H, SiC//3), 0.33 (s, 3H，SiC/Za). " c ^ H } N M R (100 MHz, CD2CI2): 5 117.8’ 108.4， 

95.3, 92.6 (C6H4), 67.2 (cage Q , 33.3 (CH2), 30.6 (CH), 22.7 (CHCH3), 18.8 

(C6H4CH3), 1.8 -0.1 (SiCH3). " B NMR (96 MHz, CD2CI2): 5 -6.4 (d�JBH = 131 Hz, 

2B)，-12.1 (d，JBH = 171 Hz, 2B), -14.2 (d, JBH = 159 Hz, IB),-14.8 (d, JBH = 134 Hz, 

2B), -17.1 (d，JBH = 155 Hz, 2B)，-22.0 (d, JBH = 126 Hz, IB) , -23.4 (d, JBH = 157 Hz, 

IB). IR (KBr) Vmax (cm"'): 2514 (vs, BH). HRMS (EI): m/z calcd for 

Ci6H35RuiSii ' 'B9^% [M] . : 476.2642; Found: 476.2641. 32b:丨H NMR (400 MHz, 

CD2CI2): 5 5.55 (d, J = 6.4 Hz, IH, C6付4)，5.46 (d, 7.2 Hz, IH, 5.44 (d, J 

-12 Hz, IH , CEH^\ 5.35 (d, J = 6.4 Hz, IH, C^H^) 2.99 (m, J = 7.0 Hz, IH, CH), 

2.28 (s, 3H，C6H4C//3), 2.16 (d, J二 13.4 Hz, IH, C//2), 1.96 (d, 13.6 Hz, IH, 

CH2I 1.85 ( d , J = 13.8 Hz, IH, CH2)’ 1.42 ( d , J = 13.4 Hz, IH, CH2I 1.29 (d, 7.3 

Hz, 3H, CHC//3), 1.27 (d, J = 7.3 Hz, 3H, CHC//3), 0.40 (s, 3H, S iC f t ) , 0.32 (s, 3H, 

SiC/Zs). 13C{1H} N M R (100 MHz, CD2CI2): 5 119.3, 109.7，96.3’ 96.0, 93.3，92.7 

(C6H4), 73.7, 48.4 (cage Q，35.7，33.2 (CH2), 30.6 (CH), 23.3，22.3 (CHCH3), 18.5 

(C6H4CH3), 1.5, 0.9 (SiCH3). " B NMR (96 MHz, CD2CI2): 5 0.0 (d, JBH = 129 Hz, 

I B ) , -2.5 (d, JBH = 138 Hz , I B ) , -6.5 ( d � JBH ~ 116 Hz , I B ) , -7.1 (d, Jbh ~ 116 Hz, 

IB), -10.7 (d, Jbh = 169 Hz, IB), -13.3 (d�^BH = 132 Hz, IB), -20.5 (d, JBH = 148 Hz, 

IB), -22.9 (d, Jbh = 124 Hz, IB), -24.0 (d, Jbh = 135 Hz, IB). IR (KBr) v^ax (cm-'): 

2509 (vs, BH). HRMS (EI): m/z calcd for C ieHasRu iS i / 'Bg ' ^ [M] . : 476.2642; 

Found: 476.2639. 

Preparation of l-(p-cymene)-2,9-Me2-l,2,9-RuC2BiiHii (33). To a THF (10 mL) 

solution of [26b】[Na2(THF)4l，which is prepared from 17b (92 mg, 0.50 mmol), was 

added [(p-cymene)RuCb]2 (153 mg, 0.25 mmol) at -30 °C � and the mixture was 

stirred at room temperature overnight. After filtration, the red solution was concen-
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trated. Chromatographic separation (SiO�，300-400 mesh, «-hexane/CH2Cl2 2:1) gave 

33 as a pale yellow solid (157 mg, 0, 37mmol, 75%). X-ray-quality crystals were ob-

tained by r^crystallization from CH2CI2. ^H N M R (400 MHz ’ CD2CI2)： 5 5.60 (dd, J, 

=1.1 Hz，J2 = 6.4 Hz, IH , C6//4), 5.50 (dd, Ji = 1.1 Hz, J2 = 6.4 Hz, IH, 5.47 

(dd, 1.2 Hz, J2 = 6.4 Hz； IH, 5.36 (dd, J, = 0.9 Hz, J j = 6.4 Hz, IH, 

C6//4), 2.99 (m, J = 6.9 Hz, IH, CeHnC/f), 2.29 (s, 3H, C6H4C//3), 1.94 (s, 3H, 

CC//3), 1.84 (s, 3H, CC//3), 1.31 (d, J = 7.0 Hz, 3H, CHC//3), 1.28 (d, 7.0 Hz, 

3H, CHC//3). N M R (100 MHz, CD2CI2)： 5 119.4, 109.9’ 95.7，95.6, 92.6’ 
* 

92,3 (C6H4), 60.3’ 38.2 (cage C), 34.7, 34.5 (CCH3), 30.7 (C6H4CH), 22.8, 22.6 
# -

{CHCH3), 18.5 (C6H4CH3). " B NMR (96 MHz, CD2CI2)： 6 -3.1 (d, JBH = 142 Hz, 

2B), -4.6 (d, JBH = 136 Hz, IB), -9.5 (d, JBH = 157 Hz, 2B), -13.7 (d, JBH = 137 Hz, 
、 « 、 

• I B ) , -21.3 ( d � JBH = 144 Hz , I B ) , -24.1 (d, JBH = 141 Hz , 2B) , -25.5 (d, JBH = 134 Hz , 

IB)； -26：5 (d, Jbh = 109 Hz,.IB). IR (KBr) v陋 ( c m - ' ) : 2521 (vs, BH). HRMS (EI): 

W z calcd for CUHBI^BQ'^BZRUI [MJ^y420.2560; Found: 420.2556. • 
\ 

、 c ‘ 

Alternative Method for the Preparation of l-(p-cymene)-2,9'-Me2-l,2,9-

• 。 二 :——• ‘ 、 . 
R n C i B n H n (33). To a THF (10 mL) solution of [26a]INa2(tHF)4], which is pre-

/ ^ » 

pared from 17a (92 mg, 0.50 mmol), was added [(p-cymene)RiiCl2]2 (153 mg, 0.25 
'• - • 气 

» ‘ > “ • • • 

mmol) at'-30 °C, and the mixture was stirred at room temperature overnight. After 
V T ‘ - • , 、 . 

filtration, the red soltition.wasxOncentrated. Chromatographic separation,(Si02, 300-
t 

• ” 、、/ 二 • • • 
400 mesh, rt-h评ane/CHbCb 2:1) ga-̂ e 33 as a pale yellow solid (20 mg, 0.048mmol, 

. ‘ , • : - 、/ 
19%). 、 . ‘ ‘ ‘ - -

. . . ‘“ .“ . 、 ,‘ 

Preparation of 7-(p-cymene)-;i-l,4-Me2Si(CH2)2-7,l,4-RuC2Bi2Hi2 (35). To a 

. 、•、… - “ ： 、•、 
THF (10 mL) solution of 28a (20 mg, 6.079 minol)- was added finely cUt Na. metal 

• r . ' . 、 - - ^ - • ‘ 

(23 mg, 1.0 mmol), and the mixture was stirred gl room temperature for 3- days. Re-
、 • . • • ‘ 

moval of excess Na metal gave a THF solution of [//-2�3-Me2Si(CH2)2-2’3-
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、 

CiB 12H12][Na2(THF)4] ([34a][Na2(THF)4]) in situ, which would slowly isomerize to 

'[34b][Na2(THF)4] in solution. To a THF (10 mL) solution o f 28b (20 mg, 0.079 

mmol) was added finely cut Na metal (23 mg, 1.0 mmol), and the mixture was stirred 

at room temperature for 3 days. Removal of excess Na metal gave a THF solution of 

|>-l，2-Me2Si(CH2)2-l，2-C2Bi2Hi2][Na2(THF)4] (P4b][Na2(THF)4]) in situ. To this 

solution of [34b][Na2(THF)4] was added [(p-cymene)RuCl2]2 (98 mg, 0.16 mmol) at 

-30 °C, and the mixture was stirred at room temperature overnight. After filtration, * • 

the red solution was concentrated. Chromatographic separation (Si02, 300-400 mesh, 

w-hexane/CHaCb 2:1) gave 35 as an orange solid (20 mg, 0.041 mmol, 52%). X-ray-

quality crystals were obtained by recrystallization from CH2CI2 as 35.CH2'Cl2. 

[34a][Na2(THF)4]: " B N M R (128 MHz, THF): 5 5.4 ( IB) , -10.2 ( IB) , -11.9 ( I B ) , -

13.2 (3B), -14.4 ( IB) , -17.0 ( IB) , -27.6 ( IB) , -28.3 ( IB) , -33.7 ( IB) , -34.4 ( IB). 

[34b][Na2(THF)4]: " B N M R (128 MHz, THF): 5 -1.3 ( IB) , -4.3 (2B), -15.0 (2B), -

32.4 (3B), -39.2 (2B), -45.6 ( IB) , -46.9 ( IB) . 35: ^H N M R (400 MHz, C D z C ^ i S 

5.85 (dd, Ji = 6.4 Hz, J2 = 1.4 Hz, IH , C6//4), 5.78 (dd, J, = 6.4 Hz, ^2= 1.2 Hz, I H � 

C6//4), 5.44 (dd, = 6.4 Hz, J2 = 1.3 Hz, IH , CM), 5.29 (dd, J、= 6.4 Hz, = 1.2 

Hz, IH , C6//4), 3.10 (m, J =6.9 Hz, IH, C//CH3), 2.77 (d, J = 14.7 Hz, IH, CHi), 

2.33 (s’ 3H, C//3C6H4), 2.17 (d, 14.8 Hz, IH, C//2), 1.89 ( d � J = 15.3 Hz, IH, 

CHi), 1.52 (d, J = 15.3 Hz, IH, 1.33 (d, 7.0 Hz, 3H, CHC//3), 1.26 (d, J = 

6.9 Hz, 3H, CHC//3), 0.33 (s, 3H, SiC/fs), 0.21 (s, 3H, S iC f t ) . NMR (100 

MHz, CD2CI2)： 5 124.3, 114.6，100.9’ 97.6, 97.0, 93.6 (C6H4), 39.8 (CH2), 38.6’ 38.3 

(cage Q , 30.5 (CHCH3), 27.5 (CH2), 23.4, 22.2 (CHCH3), 18.2 (CH3C6H4), 0.1 -0.3 

(SiCHa). " B N M R (128 MHz, CD2CI2)： 5 13.9(d, JBH = 134 Hz, IB), 2.7 (d, JBH = 

150 Hz , I B ) , -0.7 (d，JBH = 130 Hz , 2B), -7.4 (d, JBH = 138 Hz , I B ) , -9.4 (not we l l 

resolved, IB) , -11.6 (d, JBH = 167 Hz, IB),-12.8 (d, JBH = 130 Hz, IB), -15.4 (d, Jbh 
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= 1 4 8 Hz, IB ) , -16.7 (d, JBH = 176 Hz, IB) , -26.9 (d，JBH = 134 Hz, IB) , -30.4 (d， 

JBH = 145 Hz, IB) . HRMS (EI): m/z calcd for C ieHaeRuiSi i ' ^B io '^ [M]+: 488.2814; 

Found: 488.2814. 

Chapter 4 

Reaction of 6 with MeOH. Method A : Compimd 6 (196 m g �1 . 0 0 mmol) was 

dissolved in MeOH (10 mL), and the solution was stirred at room temperature for 12 

h. After addition of [Me3NH]Cl (191 mg, 2.00 mmol), the mixture was further stirred 

for 1 h. MeOH was then pumped off, and the residue was thoroughly washed with 

water to give a white solid. Recrystallization from acetone gave [^-1,2-

(CH2)3CH(OMe)-l-CBiiHio][Me3NH] ([36a][Me3NH]) as colorless crystals (215 mg, 

75%). Method B: Compimd 6 (196 mg, 1.00 mmol) was dissolved in MeOH (10 mL) 

in a sealed tube, and the solution was stirred at 70 °C for 24 h. After addition of 

[MesNHJCl (191 mg, 2.00 mmol), the mixture was further stirred for 1 h. Removal 

of the volatile materials gave a white solid that was washed with cold water to re-
i 

move the excess amount o f [MesNHJCl. The ^H N M R of the crude product showed 

the molar ratio o f [36a][Me3NH] and [/M，2-(CH2)2CH(OMe)CH2-l-

CBiiHio][Me3NH] ([36b][Me3NH]) was about 1:1，together wi th the observation of a 

small amount o f Lu-l,2-(CH2)2CH=CH-l-CB,iHio][Me3NH] ([37][Me3NH]). Tho-

roughly washing with water followed by recrystallization from acetone afforded 

[36b][Me3NH] as colorless crystals (38 mg, 35%). [36a][Me3NH]: ' H N M R (400 

MHz, acetone-i/6): 5 3.34 (s, 3H, O C f t ) , 3.20 (s, 9H, NC//3), 3.11 ( t �6 . 9 Hz, IH , 

a-CH), 1.81 (m, 2H, 5-C//2), 1.68 (m, IH , P-C//2), 1.45 (m, IH , y-CJFh), 1.39 (m, IH， 

P-Ci/2), 1.21 (m, IH , Y-C//2). 13c{1H} N M R (100 MHz, acetone-^/e)： 6 74.2 (br, a-

CH), 69.2 (cage Q , 57.7 (OCH3), 46.2 (NCH3), 36.7 (S-CHj), 29.6 (p-CHj), 23.2 (y-
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CH2). " B N M R (96 MHz , acetone-^/e)： 5 -7.7 (s, IB) , -9.3 (d, JBH = 144 Hz, I B ) , -

12.4 (d, JBH= 113 Hz, 6B), -13.5 (d, JBH ~ 104 Hz, IB) , -14.0 (d, JBH~ 178 Hz, 2B). 

IR (KBr) Vmax (cm"'): 2539 (vs，BH). Anal. Calcd for C9H30B11NO [M] : C，37.63; H, 

10.53; N, '4.88. Found: C, 37.98; H, 11.05; N , 4.79. [36b][Me3NH]: N M R (400 

MHz, acetone-^/fi)： 6 3.21 (m’ I H , p-C//) , 3.185 (s, 9H, NC//3), 3.177 (s, 3H, OC//3), 

2.02 (m, I H , 5-C^2)，1.92 (m, IH , 8-C//2), 1.55 (m, IH , 7-C//2), 1.49 (m, IH , a-

CHi), 1.28 (m, IH , y-CHi), 0.74 (m, IH , a-C//2). N M R (100 MHz, acetone-

ckY 5 7 ^ 9 (p-CH), 67.7 (cage C), 54.7 (OCH3), 46.0 (NCH3), 36.1 (5-CH2), 31.9 (y-

CH2), 21.5 (br, a-CHi). " B N M R (96 MHz, acetone-c^): 5 -7.0 (s, IB) , -9.9 (d, JBH ~ 

146 Hz, IB) , -12.1 (d, JBH = 123 Hz, 7B)，-13.5 (d, Jbh = 148 Hz, IB) , -15.6 (d, JBH 

~ 142 Hz, IB) . IR (KBr) v^ax (cm''): 2522 (vs, BH). Anal. Calcd for C9H30B11NO 

[M] : C, 37.63; H, 10.53; N , 4.88. Found: C, 38.10; H, 10.77; N , 4.68. 

Reaction of 19 with EtOH. Compound 6 (196 mg, 1.00 mmol) was dissolved in 

EtOH (10 mL) in a sealed tube, and the solution was stirred at 70 °C for 24 h. After 

addition o f [Me3NH]Cl (191 mg, 2.00 mmol), the mixture was further stirred for 1 h. 
‘ 、 

Removal o f the volatile materials gave a white solid that was washed with col^ water 

1 I 
to remove the excess amount o f [MesNHJCl. The H N M R of the crude product 

showed that the molar ratio o f [ji-1,2-(CH2)3CH(OEt)-1 -CB11H10] [MesNH] 

([38a][Me3NH]) and [37][Me3NH] is about 1:0.5, together wi th the observation o f a 

very small ‘ amount o f [m- 1,2-(CH2)2CH(OEt)CH2-1 -CB,,H,0][MesNH] 

([38b][Me3NH]). Recrystallization from acetone afforded some crystals of 

[38a][Me3NH]. Concentration o f the mother liquor yielded few colorless X-ray-

quality-crystals identified as [37][Me3NH]. [37][Me3NH]: ' H N M R (400 MHz, ace-

tone-^/6): 8 5.85 (m, 2H, CH=CH)，3.13 (s, 9H, NC//3)v 1.98 (dt, J, = 2.9 Hz, J, = 6.4 

Hz, 2H, Y-C//2), 1.87 (t, J = 6.7 Hz, 2H, d-CHi). N M R (100 MHz, acetone-
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de)： 5 132.7 (br, a-CH), 131.8 (|3-CH), 66.7 (cage Q , 45.9 (NCH3), 33.0 (5-CH2), 

26.0 (Y-CH2). [38a][Me3NH]: ^H NMR (400 MHz，.acetone-t/6): 5 3.69 (dq, J, = 9.5 

Hz, J2 = 7.0 Hz, IH, OC//2), 3.44 (dq, Ji = 9.5 Hz, J2 = 7.0 Hz, IH, OCH2), 3.19 (dd, 

= 6.1 Hz, J2 = 9.1 Hz, IH, a-C//)，3.13 (s, 9H’ NC//3), 1.77 (m，2H, 6-C//2), 1.68 

( m � I H , P-C//2), 1.43 (m, IH, Y-C//2), 1.29 (m, IH, P-C//2), 1.17 ( m � I H � Y - C / / 2 ) , 

1.07 (t, J= 7.0 Hz, 3H, CH2C//3). NMR (100 MHz, acetone-^4): 6 71.5 (br, 

a-CH2)，69.2 (cage Q , 64.7 (OCH2), 45.9 (NCH3), 36.1 (5-CH2), 29.9 (P-CH2), 23.1 

(Y-CH2), 15.9 (CH2CH3). [38b][Me3NH]: NMR (400 MHz, acetone-i/e)： 5 3.41 

( IH , OC//2), 3.31 ( IH , OC//2), 3.27 ( IH, P-C//), 3.13 (9H, NC//3), 1.97 ( IH, 5-C//2), 

1.88 ( IH , 5-C//2), 1.52 ( IH, y-C/f2), 1.41 ( IH, a-CIh), 1.24 ( IH , y-CHj), 1.05 (t，J = 

Hz, 3H, CH2C//3), 0.74 ( IH, a-Cfh). NMR (100 MHz, acetone-"6): 5 77.7 

(p-CH), 67.5 (cage C), 62.3 (OCH2), 45.9 (NCH3), 35.8 (5-CH2), 32.0 (y-CHj), 22.2 

(br, a-CH2), 15.9 (CH2CH3). 

Preparation of//-l，2-(CH2)3CH(N'BiiH2)-l-CBiiHio (39). To a toluene (10 mL) 

solution of 6 (98mg, 0.50 mmol) was added 'BuNH2 (1.0 mL, 696 mg, 9.5 mmol) at 

0 °C, and the mixture was further stirred overnight. Removal of the volatile materials 

gave a pale yellow solid. Recrystallization from CH2CI2 afforded 39 as colorless 

crystals (121 mg, 0.45 mmol, 90%). 'H NMR (400 MHz, acetone-^/e): 5 3.36 (t, J = 

7.3 Hz, IH, a-CH), 2.01 (m, IH, P-C//2), 1.85 (m, 2H, 6-C//2), 1.63 (m, IH, P-C//2), 

1.57 (s, 9H, CC//3), 1.51 (m, IH, y - C H i l 1.39 (m, IH, y-C/Zj). NMR (100 

M ^ z , acetone-6/6): 6 68.9 (cage Q , 60.7 (CCH3), 44.5 (br, a-CH), 35.1 (6-CH2), 29.3 

(P-CH2), 26.4 (CCH3), 23.2 (7-C//2). " B NMR (96 MHz, acetone-^4): 5 -8.9 (d�JBH 

= 1 3 7 H z , I B ) , -9.4 (s, I B ) , -11.6 (d� JBH = 159 Hz, 5B), -13.8 (d, JBH = 170 Hz, 4B). 

IR (KBr) Vmax (cm-1): 2546 (vs, BH). HRMS (EI): mJz calcd for CgHzs'^Bg^^N [M]"": 

269.3312; Found: 269.3312. 
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Preparation of ;i-l,2-(CH2)3CH(NEt2H)-l-CBi,Hio (40a). To a toluene (10 mL) 

solution of 6 (98mg, 0.50 mmol) was added Et2NH (1.0 mL, 707 mg, 9.7 mmol) at 

0 °C, and the mixture was further stirred overnight. Removal of the volatile materials 

gave a pale yellow solid. Recrystallization from CH2CI2 afforded 40a as colorless 

crystals (121 mg, 0.45 mmol, 90%). 'H NMR (400 MHz, acetone-^4): 5 3.78 ( m � 2 H , 

NC//2), 3.52 (m’ IH, NC//2), 3.40 (m, 2H, NCH2 + a-CH), 2.00 (m, IH, P-C//2)’ 

1.98 (m, IH, 5-C//2), 1.79 (m, IH, b-CHi), 1.68 (m, IH, y-CH^X 1.53 (m, IH, P-

C//2), 1.43 (t, J = 7.3 Hz, 6H, CH3X 1.38 (m, IH, 丫-C//2). NMR (100 MHz, 

acetone-i4): 5 69.1 (cage Q �5 4 . 4 (b r�a-CH) „ 47.1 (NCH2), 35.5 (5-CH2), 24.7 (P-

CH2), 24.5 (y-CHz), 11.2, 10.0 (CH3). " B NMR (96 MHz, acetone- /̂e)： 6 -8.5 (d�Jbh 

=153 Hz, IB), -10.8 (d�JBH = 159 Hz, 2B), -11.8 (d�JBH = 146 Hz, 4B), -13.0 (d, 

JBH ~ 124 Hz, 4B). IR (KBr) V̂AX (cm"'): 2549 (vs, BH). HRMS (EI): m/z calcd for 

CgHzg^'Bg'^BzN [M]+: 269.3312; Found: 269.3310. 

Preparation of//-l，2-(CH2)3CH(PPh3)-l-CBiiHio CH2Cl2 (4I CH2CI2). PPha 

(276 mg, 1.05 mmol) was added to a solution of 6 (196 mg, 1.00 mmol) in toluene 

(20 mL), and the reaction vessel was closed. The mixture was heated at 110 °C for 12 

h to give a white suspension. After removal of toluene, the white solid was recrystal-

lized from CH2CI2 to give 4 I CH2CI2 as colorless crystals (435 mg, 80%). 'H NMR 

(400 MHz, acetone-̂ /6)： 5 8.08 (m, 6H, CeZ/s), 7.80 (m, 3H, Cg/Zs), 7.70 (m, 6H, 

C6//5), 5.62 (s, 2H; C//2CI2), 3.73 (m, IH, a-CN)，2.13 (m, IH, P-C//2), 1.99 (m, IH, 

d-CH2X 1.64 (m, 2H, 5-C//2 + VC//2), 1.57 (m, IH, y-C/Zj), 1.47 (m, IH, P-C//2). 

13C{1H} NMR (100 MHz, acetone-̂ /s)： 5 135.2 (d’ Jpc = 9.1 Hz), 134.8 (d�Jpc = 2.0 

Hz), 130.4 (d�Jpc = 12.1 Hz), 121.6 (d, Jpc = 83.1 Hz) (CgHs), 67.7 (cage Q , 55.0 

(CH2CI2), 36.2 (5-CH2), 25.3 (d, Jpc = 14.3 Hz, y-CHz), 24.9 (d, Jpc = 2.8 Hz, P-^CHj), 

17.4 (br, a-CH). " B NMR (96 MHz, acetone-̂ /e)： 5 -8.4 (d, Jbh = 151 Hz, IB), -11.1 
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(d, «/bh = 151 Hz, 3B), -12.4 (d, Jbh = 123 Hz, 7B). ^'P NMR (121 MHz, acetone-^/e): 

5 32.7. IR (KBr) v^ax (cm*^): 2539 (vs, BH). Anal. Calcd for C23H32BHP [M -

CH2CI2]: C 60.26, H 7.04; found: C 60.38, H 6.81. 

Preparation of [；i-l,2-(CH2)3CHS(4-Me-C6H4)-l-CB,iH,o][PPN] ([42][PPN]). 

To a THF (10 mL) solution of 6 (98mg, 0.50 mmol) was added (4-Me-C6H4)SNa (76 

mg, 0.52 mmol) in a sealed tube and the mixture was heated at 70 °C for 48 h. 

[PPN]C1 (287 mg, 0.50 mmol) was added and the mixture was further stirred for 6 h. 

After filtration, THF was removed. The residue was recrystallized from MeOH to 

give [42][PPN] as a white solid (343 mg, 0.40 mmol, 80%), 'H NMR (400 MHz, 

acetone-^/6): 5 7.70 ( m � 1 8 H , PPN), 7.56 (m, 12H, PPN), 7.19 (d, J = 8.1 Hz, 2H, 

C6//4), 7.03 ( d , y = 8.0 Hz, 2H, 3.12 (t, J = 5.8 Hz, IH, a-CH), 2.23 (s, 3H� 

C//3), 1.86 (m, 2H, 5-C//2), 1.71 ( m � I H , P-C//2), 1.55 (m, IH, Y-C//2), 1.38 (m, IH, 

P-C//2), 1.20 (m, IH, Y-C//2). NMR (100 MHz, acetone-c/e)： 6 137.0, 134.9 

(C6H4), 134.4, 133.0’ 130.3 (PPN), 129.9 (C6H4), 128.0 (PPN), 68.2 (cage Q , 36.5 

(6-CH2), 31.7 (br, a-CHz), 29.5 .(P-CH2), 23.5 (y-CHz), 20.9 (CH3). " B NMR (128 

M H z , ac&tone-de): 5 -7.9 (s, IB ) , -9.7 (d, JBH ~ 142 Hz, 2B), -12.1 (d�JBH ~ 129 Hz, 

6B), -14.4 (d, Jbh ~ 202 Hz, 2B). IR (KBr) v^ax (cm"^): 2532 (vs, BH). Anal. Calcd » 

for C48H54B11NP2S (M): C, 67.20; H, 6.34; N, 1.63. Found: C, 67.21; H �6 . 3 2 ; N, 

1.52. 

Preparation of [/i-l,2-(CH2)4-l-CBiiHiol[Na(18-crown-6)] ([43][Na(18-crown-

6)]) and>-l ,2-(CH2)4- l -CBi iHio] [NMe4] ([43][NMe4l). To a THF (10 mL) solu-

tion of 6 (98mg, 0.50 mmol) was added NaBH/j (38 mg, 1.0 mmol) in a closed vessel 

and the mixture was heated at 70 °C overnight. After filtration, a solution of 

[43][Na(THF)x] was afforded. To this solution was added 18-crown-6 (264 mg, 1.0 

mmol). After removal of the solvent, the residue was thoroughly washed with water 
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to give (43][Na(18-crown-6)] as a white solid (194 mg, 0.40 mmol, 80%). X-ray-
、 

quality crystals were obtained by recrystallization from THF as [43] [Na(18-crown-

6)(THF)2】. TO the above solution of [43][Na(THF)x] was added [NMe4]Cl (110 mg, 

1.0 mmol). After removal of the solvent, the residue was washed with water and re-

crystallization from acetone to give (43][NMe4] as colorless crystals (115 mg, 0.42 

mmol, 85%). [43][Na(18-crown-6)]: ^H NMR (400 MHz, acetone-̂ fe)： 5 3.65 (s, 

24H, OC//2), 1.84 (t, J = 5.7 Hz, 2H, C//2), 1-36 (br, 2H, CH2), 1.29 (br, 2H, C//2), 

0.90 (br, 2H, CH2). " C ^ H } NMR (100 MHz, acetone-c/e)： 5 70.2 (OCH2), 67.8 (cage 

O , 36.6, 26.1’ 22.9’ 14.4 (CH2). " B NMR (96 MHz, acetone-̂ /g)： 5 -7.2 (s, IB), -9.5 

(d，Jbh = 185 Hz, IB), -11.5 (d, JBH = 140 Hz, 4B), -12.8 (CI/JBH = 135 Hz, 4B) , -

15.7 (d, Jbh = 138 Hz, IB). [43][NMe4]: 'H NMR (400 MHz, acetone-̂ /g)： 5 3.41 (s, 

12H, C / / 3 ) , 1.83 (t, J = 6.2 Hz, 2H, 5-C//2), 1.35 (br, 2H, P - C / / 2 ) , 1.29 (m, 2H, y-

C / / 2 ) , 0.89 (br, 2H, a-CHi). NMR (128 MHz, acetone-^/e)： 5 67.9 (cage Q , 

55.9 (CH3), 36.5 (6-CH2), 26.0 (y-CHz), 22.8 (P-CH2), 14.2 (br, a-CHj). " B NMR 

(96 MHz, acetone-̂ /E)： 5 -7.2 (s, IB), -9.7 (d, JBH = 177 Hz, IB), -11.6 (d�JQH = 140 

Hz, 4B)，-12.9 (d, Jbh = 135 Hz, 4B), -15.9 (d，Jbh = 137 Hz, IB). IR (KBr) v^ax (cm' 

' ) :2512 (vs, BH). Anal. Calcd for CgHsoBnN [M]: C, 39.85; H, 11.15; N, 5.16. 

Found: C, 40.09; H, 11.32; N. 4.93. 

Preparation of L"-1,2-CH(CH2)2-1,2-C2B„H„][PPN1 ([441[PPN]). To a THF 

(20 mL) solution of 6 (98 mg, 0.50 mmol) was added NaH (48 mg, 2.0 mmol) at 

room temperature and the mixture was stirred until no gas was evolved. After filtra-

tion, [PPN]C1 (287 mg, 0.50 mmol) was added to the brown filtrate and further 

stirred overnight. After filtration, the filtrate was concentrated to about 5 mL and n-

hexane layering gave [44][PPN] as brown crystals (190 mg, 0.26 mmol, 52%). ^H 

NMR (400 MHz, CD2CI2)： 6 7.68 (m, 6H, PPN), 7.49 (m, 24H, PPN), 5.45 (t, • /= 3.1 
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Hz, IH , CH)，2.65 (m, 2H, CHC//2), 2.39 (t, J = 10.5, 2H, CCH2). N M R 

(100 MHz, CD2CI2)： 5 140.8 (CH), 133.1’ 131.0, 128.9’ 125.6 (PPN), 87.1 (cage 

CCH), 60.2 (cage CCH2), 40.9 (CCH2), 33.0 (CHCH2). " B N M R (96 MHz, CD2CI2)： 

5,7.1 (d, Jbh = 135 Hz, IB) , 0.4 (d, JBH = 150 Hz, 5B), -20.4 (d, JBH = 135 Hz, 5B). 

IR (KBr) Vmax (cm-'): 2519 (vs, BH). Anal. Calcd for C41H46B11NP2 (M): C, 67.12; H, 

6.32; N, 1.91. Found: C, 67.47; H, 6.45; N �1 . 5 9 . 

Preparation of [;/-l,2-CH(CH2)3-l,2-C2BnHii][PPN] ((45][PPN]). To a THF 

(20 mL) solution o f 7 (105 mg, 0.50 mmol) was added NaH (48 mg, 2.0 mmol) at 

room temperature and the mixture was stirred until no gas was evolved. After filtra-

tion, [PPN]CI (287 mg, 0.50 mmol) was added to the brown filtrate and further 

stirred overnight. After filtration, the filtrate was concentrated to about 5 mL, and n-

‘ I 

hexane layering gave [45][PPN】 as brown crystals (350 mg, 0.47 mmol, 94%). H 

N M R (400 MHz, CD2CI2): 5 7.69 (m, 6H�PPN), 7.54 (m, 24H, PPN), 5.76 (t, J = 4.8 

Hz, I H �C H ) ’ 2.14 (m, 2H, CHCH2), 2.11 (t,J= 6.1 Hz, 2H, CCH2), 1.56 (m,J= 6.0 

Hz, 2H, CH2C//2CH2). N M R (100 MHz, CD2CI2): 5 150.3 (CH), 134.2, 

132.6，129.9，127.4 (PPN), 80.4 (cage CCH), 53.5 (cage CCH2), 42.3 (CCHi), 29.0 

(CHCH2), 19.4 (CH2CH2CH2). " B N M R (96 MHz, CD2CI2)： 5 6.6 (d’ JBH = 134 Hz, 

IB) , -1.4 (d, Jbh = 148 Hz, 5B), -21.4 (d, Jbh = 135 Hz, 5B). IR (KBr) v ^ (cm-'): 

2526 (vs, BH). Anal. Calcd for C42H48BHNP2 (M): C, 67.47; H, 6.47; N �1 . 8 7 . Found: 

C, 67.13; H, 6.40; N, 1.96. 

Reaction of 6 with EtsN. A EtsN (10 mL) solution o f 6 (196 mg, 1.00 mmol) was 

heated at 90 °C in a sealed tube for 48 h to give a pale yellow suspension. Column 

chromatographic separation (Si02, 300-400 mesh, CH2CI2) fol lowed by recrystalliza-

tion from CH2CI2 afforded /^4�2-(CH2)3CH(NEt3)小CBiiHio (46a) (223 mg, 0.75 

mmol, 75%) and /M，2-(CH2)2CH(NEt3)CH2-l-CBiiHio (46b) 0 5 mg, 0.05 mmol, 
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5%) as colorless crystals each, 46a: N M R (400 MHz�acetone-cfe)： S 3.89 (m, 3H� 

NC//2)，3.74 (m, 3H, NC//2), 3.54 ( d ， 1 0 . 5 Hz, IH , a-CH), 2.17 (br, IH , P-C//2), 

2.00 (m, IH, 5-C//2), 1.81 (m, IH, 6-C//2), 1.72 (m, IH, 7-C//2), 1.63 (m, IH, (3-

C//2), 1.44 (m, 9H, C//3), 1.38 (m, IH , y-CHi). N M R (100 MHz, acetone-

de): 5 69.4 (cage Q , 66.0 (a-CH), 54.1 (NCH2), 36.3 (5-CH2), 25.5 (y-CHz), 24.5 (p-

CH2), 10.1 (CH3). " B N M R (96 MHz, acetone- /̂g)： 5 -8.1 (d, JBH = 152 Hz, I B ) , -

10.0 (d, JBH = 195 Hz, IB),-11.0 (d.^BH- M l Hz, 2B), -12.0 (d, JQH- 141 Hz, 6B), 

-13.8 (d�JBH = 163 Hz, IB) . IR (KBr) v^ax (cm-'): 2544, 2521 ( v s � B H ) . HRMS (EI): 

m h calcd for C I ,H32 ' 'B9 '%N [M]+: 297.3626; Found: 297.3617. 46b: ^H N M R (400 

MHz, acetone-flf6): 6 3.54 (m, 7H, NC//2 + p-C//), 2.19 (m, I H , 5-C//2), 2.07 (m, IH, 

Y-C//2), 2.03 (m, I H , 6-C//2), 1.69 (m, IH , y-C//2), 1.50 (m, I H , a-C/Zj), 1.41 (m, 

9H, C//3), 1.37 ( m � I H , a-Cfh) . N M R (100 MHz, acetone-^4): 5 72.7 (P-

CH), 66.3 (cage Q , 53.1 (NCH2), 36.8 (5-CH2), 27.0 (Y-CH2), 15.5 (a-CH�)，9.5 

(CH3). " B N M R (96 MHz, acetone-^/s)： 5 -8.0 (s, IB) , -9.3 (d�JBH = 140 Hz, I B ) , -

11.5 (d, JBH = 127 Hz, 5B), -12.7 (d, JBH = 119 Hz, 2B), -13.8 (d, JBH ~ 94 Hz, I B ) , -

14.9 (d’ Jbh = 129 Hz, IB) . IR (KBr) v ^ (cm''): 2537 (vs, BH). HRMS (EI): m/z 

calcd for CnH32 ' 'B9 '%N [M]+: 297.3626; Found: 297.3620. 

Reaction of 6 w i t h PS. T o a T H F (10 mL) solution o f 6 (196 mg, 1.00 mmol) was 

added PS (1.072 g, 5:00 mmol) and the mixture was heated at 90 °C in a sealed tube 

for 28 d to give a pale yellow suspension. After filtration, the pale yellow solid was 

thoroughly washed wi th CH2CI2 to give gross fi-1,2-(CH2)2CH(4'-C, 0H5-1' ,8'-

(NMe2)2H)CH2-l-CBiiHio (47b) (100 mg, 0.24 mmol, 24%). Recrystallization from 

MeCN afforded 47b as colorless crystals (50mg, 0.12 mmol, 12%). Removal of the 

solvent from the filtrate and thoroughly washing wi th Et20 gave gross 

(CH2)2CH=CH- 1 -CBiiH,o][PSH] ([37][PSH]) as a pale yellow solid (240 mg, 0.58 
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mmol, 58%). Recrystallization from CH2CI2 afforded [37][PSH] as colorless crystals 

(220 mg, 0.54 mmol, 54%). [37][PSH]: 'H N M R (400 MHz, acetone-^/e)： 5 8.12 (m, 

4H, C10//6), 7.77 ( t , y = 7.9 Hz, 2H, Cio/Ze), 5.90 (br, 2H, CH=CH), 3.34 (d, 2.6 

Hz, 12H, NCH3), 2.01 (m, 2H, d-Cfh)’ 1.92 (t, J = 6.6 Hz, y-CHj). N M R 

(100 MHz, acetone-c/fi)： 6 145.3, 136.2 (CioH。)，133.2 (br, a-CH), 131.8 (P-CH)， 

130.1, 127.9, 122.5, 120.0 (CioHe), 66.9 (cage Q , 46.6 (NCH3), 33.4 (6-CH2), 26.4 

(7-CH2). " B N M R (96 MHz, acetone-̂ F̂E): 5 -9.1 (d’ JBH = 168 Hz, IB) , -10.9 (d, JBH 

= 1 4 6 Hz, 3B), -12.2 (d, JBH = 121 Hz, 4B), -13.6 (d, Jbh = 133 Hz, 3B). N M R 

(400 MHz, CD2CI2)： 5 8.04 (d, J = 8.2 Hz, 2H, Cio/Ze), 7.80 (d, J = 7.4 Hz, 2H, 

CyoHe), 7.73 (t, J = 7.9 Hz, 2H, 5.99 (br, IH , p-CH), 5.93 (d, 12.7 Hz, IH , 

a-CH), 3.18 (d, J - 2 . 7 Hz, 12H, NC//3), 2.05 (m, 2H, 5-C//2), 1.96 (t, J = 6.6 Hz, y-

C//2). 13c{1H} N M R (100 MHz, CD2CI2): 5 144.0, 136.1 (CjoHe), 133.1 (P-CH)， 

131.9 (br, a-CH), 130.4，127.8，121.8，119.1 (CjoHe), 67.7 (cage C), 47.1 (NCH3), 

33.0 (8-OT2), 26.3 (7-CH2). "B NMR (96 MHz, CD2CI2): 6 -10.3 (d, JBH = 132 Hz, 

IB) , -11.5 (d, JBH = 150 Hz, 2B), -12.8 (d, JBH = 167 Hz, 2B), -13.5 (d�JBH = 130 Hz, 

2B), -14.6 (d, JBH = 129 Hz, 3B). IR (KBr) v^ax (cm"'): 2534, 2516 (vs, BH). Anal. 

Calcd for C19H35B11N2 [M] : C, 55.60; H, 8.60; N, 6.83. Found: C, 55.13; H, 8.30; N, 

7.33. 47b: ' H N M R (400 MHz, DMSO-^/e)： 5 8.15 (d, J = 8.7 Hz, IH , Cjo/Zs), 8.07 (d, 

J =1.5 Hz, IH , C10//5), 8.00 (d, 7 = 8.1 Hz, IH , Qo"5)，7.80 (t, J = 8.1 Hz, IH , 

C10//5), 7.58 ( d , y = 8.0 Hz, IH , C10//5), 3.34 ( m � I H , p-C//) , 3.14 (d, J= 2.2 Hz, 3H, 

C//3), 3.12 (m, 6H, C//3), 3.10 (d, J = 1.7 Hz, 3H, C//3), 2.10 (m, 2H, 5-C//2), 1.68 

(m, IH , y-C//2), 1.53 (m, IH , Y-C//2), 1.28 (m, IH , a-C/Zj), 1.07 (m, IH, a-CT/j). 

13C{1H} N M R (100 MHz, DMSO-de): 5 147.4’ 145.6, 141.9, 132.3, 126.9, 123.7， 

123.1, 121.5, 121.4, 119.2 (C10H5), 66.8 (cage Q , 45.7, 45.6 (CH3), 36.0 (8-CH2), 

35.3 (P-CH2), 32.3 (Y-CH2), 22.6 (a-CHj). " B N M R (96 MHz, DMSO-de): 5 -12.5 
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(br， I IB). IR (KBr) v^ax (cm"'): 2536 (vs’ BH). HRMS (EI): m/z calcd for 

CI9H35"B9⑴B2N2 [M]+: 410.3891; Found: 410.3886. 

Preparation of [；i-J7://:J7-7,8,10-(CH2)3CHB(NEt2)-7-CB,oH,o]lH(Et2NH)xl 

(40i). To a CeDe (0.5 mL) solution of 6 (9.8 mg, 0.05 mmol) was added EtsNH 

(-0.05 mL, 70.7 mg, -0.48 mmol) at -30 °C and slowly warmed to room temperature 

to afford 40i in situ. ' H N M R (400 MHz, CeDg): 5 3.61 (m, 2H, NC//2), 3.26 (m, IH, 

NC//2), 3.13 (m, IH , NC//2), 2.82 (m, IH, 8-C//2), 2.62 (m, IH , P-C//2), 2.16 (m, I H � 

5-C//2), 1.87 (m’ 2H, a - C / / + 5-C//2)，1.82 (m, IH, 6-CH2I 1.67 (m, IH, P-C//2), 

1.26 (t, J= 6.9 Hz, 3H, C//3), 1.11 (t, J = 6.9 Hz, 3H, C//3). NMR (1,00 

、MHz�CfiDfi): 5 93.6 (cage Q , 43.6 (NCH2), 38.4 (S-CHj), 33.4 (p-CHi), 27.6 (y-

S 

CH2), 15.1，14.3 (CH3), 12.7 (a-CH). " B NMR (128 MHz, CfiDg): 6 39.8 (s’ IB), 

21.1 (br, IB), 0.5 (d�JBH = 113 Hz, IB), -6.0 (d, JBH = 97 Hz, 2B), -11.6 (d, JBH = 
I 

131 Hz, IB), -15.4 (d, Jbh ~ 191 Hz, 2B), -17.7 (d�JBH = 148 Hz, IB) , -19.4 (d, Jbh 

~ 192 Hz, IB) , -23.8 (d, Jbh = 115 Hz, IB). 
\ 

Preparation of lM-,/:,/:77-7，8，10-(CH2)3CHB(NEt2)-7-CBioHio] [PPN] 

([40i，】[PPNl). To a THF (10 mL) solution of 6 (98 mg, 0.50 mmol) was added 

Et2NLi (40 mg, 0.50 mmol) at room temperature and the mixture was stirred over-

night to give a solution, of [/i-»y:?/:7/-7,8,10-(CH2)3CHB(NEt2)-7-CBioH,o]Li 

{[40i']LiJ). [PPN]C1 w is added and the mixture was further stirred for 6 h. After re-

moval of the solvent, the residue was recrystallized from CH2CI2 to afford 

[40i'][PPNJ as pale yellow crystals (363 mg, 0.45 mmol, 90%). N M R (400 MHz, 

CD2CI2): 5 7.69 ( m � 1 2 H , PPN), 7.53 (m, 18H, PPN), 3.46 ( m � � I H , NC//2), 3.33 (m, 

IH, NC//2), 3.09 (m, 2H, NC//2), 2.35 (m, IH, 5 -0%) ’ 2.33 (m, IH , P-C//2), 1.66 (m, 

IH, 5-C//2), 1.56 (m, IH , Y-C//2), 1.43 (m, IH, y-C/Zz), 1.41 (m, IH, a-CH), 1.24 (m, 

IH, P-CH2I 1.09 (t, J = 7.0 Hz, 3H, C//3), 1.06 (t, 7 = 7 . 1 Hz, 3H, C//3). 
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N M R (100 MHz , CD2CI2)： 6 134.2, 132.6, 129.9, 127.4 (PPN), 92.9 (cage Q , 43.4, 

43.3 (NCH2), 38.0 (6-CH2), 33.0 (p-CHz), 27.3 (7-^^12), 15.0, 14.1 (CH3), 12.2 (A-

CH). " B N M R (128 MHz , CD2CI2)： 6 38.8 (’ JBH = Hz, IB ) , 20.2 (br, IB) , -0.4 (d, 

JBH = 141 Hz, IB ) , -6.9 (d, JBH = 127 Hz, 2B), -12.2 (d’ Jbh = 128 Hz； IB) , -16.3 (d, 
I 

123 Hz, 2B), -18.5 ( d � JBH= 141 Hz, IB) , -20.4 (d, JBH = 113 Hz, IB) , -24.6 (d, 

JBH = 118 Hz, IB) . IR (KBr) Vmax (cm''): 2510 (vs, BH). Anal, Calcd for 

C45H57B11N2P2 [M] : C, 66.99; H, 7.12; N, 3.47. Found: C, 67」8; H ’ 7.08; N. 3.50. 

Preparation of [/i-i/:j/:i/-7,8,10-(CH2)3CHB(OMe)-7-CB,oHio][PSH] 

( [36i ' l [PSH]) . PS (118 mg, 0.55 mmol) was dissolved in MeOH (5 mL) and this so-

lution was added to 6 (98 mg, 0.50 mmol) with stirring and a white suspension was 

formed in 5 min. After removal of the solvent, the residue was thoroughly washed 

with Et20 to afford [36i，】【PSHl as a white solid (199 mg, 0.45 mmol, 90%). X-ray-

quality crystals were obtained by recrystallization from THF. ^H N M R (400 MHz, 

CD2CI2)： 5 8.04 (d, J = 8.2 Hz, 2H, CioHel 7.85 ( d � J = 7.6 Hz, 2H, 7.74 (dd, 

av. J= 7.9 Hz, 2H, CioHel 3.70 ( s � 3 H , OC//3), 3.20 (d, J = 2.4 Hz, 12H, NC//3), 

2.45 ( m � I H , 5 -C//2), 2.30 (m, IH , P-C//2), 1.74 (m, I H , 6 -C//2), 1.66 (m, IH, y 

C//2), 1.59 (br, I H , CH), 1.32 (m, IH , 7-C//2), 1.16 (m, I H , P-C//2). N M R 

(100 MHz, CD2CI2)： 5 143.9, 135.9, 130.2，127.7, 121.8, 119.0 (CioHg), 104.3 (cage 

Q，55.5 (OCH3), 46.9 (NCH3), 37.5 (S-CHz), 30.0 (p-CHj), 27.2 (y-CHz), 15.9 (a-

CH). " B N M R (96 MHz, CD2CI2)： 6 42.5 (s, IB) , 20.4 (d, JBH = 144 Hz, IB) , 0.2 (d, 

JBH = 166 Hz, IB)，-2.5 (d’ Jbh = 132 Hz, IB) , -9.9 (d, JBH = 128 Hz, IB) , -12.0 (d, 

JBH = 139 Hz, IB) , -14.0 (d, JBH ~ 106 Hz, IB) , -14.6 (d, JBH = 115 Hz, 2B),-18.3 (d, 

JBH = 115 Hz, IB) , -21.3 (d, JBH = 117 Hz, IB) . IR (KBr) v ^ (cm-'): 2514 (vs, BH). 

Anal. Calcd for C20H39B11N2O (M): C, 54.29; H, 8.88; N �6 . 3 3 . Found: C, 54.40; H, 

8.60; N , 6.53.. 
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Alternative Method for the Preparation of /i-l,2-(CH2)3CH(NEt2H)-l-

CBiiHio (40a). A THF solution of [40i，】【PPN] was prepared from 6 (196 mg，1.00 

mmol) and EtzNLi (80 mg, 1.00 mmol). After removal of THF, CH2CI2 (10 mL) and 

a 1.0 M solution of HCl (5mL, 5.0 mmol) was added, respectively, at 0 °C. The mix-

ture was stirred at room temperature for 30 min. The organic layer was separated. 

The aquous layer was extracted with CH2CI2 (10 mL x 3). The organic layers were, 

combined and dried over Na2S04. Recrystallization from CH2CI2 afforded 40a as co-

lorless crystals (215 mg, 0.80 mmol, 80%). 

Thermolysis of 40i. To a toluene (20 mL) solution of 6 (196 mg, 1.00 mmol) was 
t 

added Et iNH (2 mL, 1.414 mg, 19.2 mmol) at -30 °C and slowly warmed to room 

temperature to afford 40i in situ. The mixture was heated* at 90 for 2 h in a sealed 

tube. Column chromatographic separation (SiOi, 300-400 mesh, CH2CI2) followed 

by recrystallization from CH2CI2 afforded 40a (215 mg, 0.80 mmol, 80%) as color-

less crystals and fx-1,2-(CH2)2CH(NEt2H)CH2-1 -CB11H10 (40b) as a white solid (10 

» « 

mg, 0.037 mmol, 3.7%). 40b: N M R (400 MHz, acetone-̂ /e)： 5 3.59 (m, IH ’ (3-

CN)，3.40 (m, 4H，NC//2), 2.16 (m, IH, S-C/Zz), 2.03 (m, IH, S-C//2)，1.80 (m, IH, 

y-C/f2), 1.70 (m, IH , y-C/Zz), 1.42 (t, J = 7.3 Hz, 6H, CH3), 1.39 (m, IH, a-CHz), 

1.23 (m，IH, a-CI/2). 13C{1H} NMR (100 MHz, acetone-^4): 5 66.4 (cage Q，63.4 

(p-CH), 46.1 (NCH2), 35.8 (5-CH2), 27.5 (y-CHj), 14.7 (br�a-CHz), 11.0 (CH3). " B 

NMR (128 MHz, acetone-̂ /E)： 5 -8.2 (s, IB), -9.3 (d, JBH= 151 Hz, IB),-11.6 (d, JBH 

=131 Hz, 7B), -13.8 (d, JBH = 165 Hz, IB), -15.0 (d, JBH = 142 Hz, IB). IR (KBr) 

Vntax (cm"'): 2534 (vs, BH). HRMS (EI): m/z calcd for CgHae^'Bg'^N [M - 2 H f : 

267.3156; Found: 269.3152. 
Chapter 5 
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Preparation of [e«rfo-/i-7,8-(CH2)3CHB(OMe)2-7-CB,oHnl[PSH] ([48][PSH]). 

EtaN (1 mL, 726 mg, 7.2 mmol) and MeOH (10 mL) were added to 6 (98 mg, 0.50 
尊 

mmol) at 0 °C, respectively. The mixture was stirred at room temperature for 1 h then 

heated at 70 °C in a sealed tube for 24 h to give a solution of |/f-7,8-

(CH2)3CHB(OMe)2-7-CBioHii][Et3NH] ([48][Et3NH]) in situ. A 0.25 M PS solution 

in MeOH (10 mL, 2.5 mmol) was added to give a white suspension in 5 min. After 

removal of the volatile materials, the residue was thoroughly washed with EtzO to '、 

afford [48][PSH1 as a white solid (214 mg, 0.45 mmol, 90%). X-ray-quality crystals 

were obtained by recrystallization from THF. ^H N M R (400 MHz, CD2CI2)： 5 8.03 

(dd, Jx = 8.3 Hz, J2 = 0.9 Hz, 2H, Cio/^e), 7.79 ( d d � J , = 7.6 Hz, J i - 1.0 Hz, 2H, 

Cio/Ze), 7.72 ( t � J = 7.9 Hz, 2H, Cio/Ze), 3.49 ( s � 6H, OC//3), 3.19 (d, J = 2.7 Hz, 12H, 

NC//3), 2.22 (m，IH，5-C//2), 1.61 (m，IH, 5-OT2), 1.56 (m, IH , y-C/Za), 1.50 (m, IH, 

P-C//2), 1.33 (m, IH , p-C历)，1.19 (m, IH , 7-C//2), 0.80 (br, IH, a-CIi). 

N M R (100 MHz, CD2CI2): 5 144.1, 136.1’ 130.4，12f.8, 121.8, 119.2 (CioHe), 52.2 

(br, cage C), 51.6 (OCH3), 47.2 (NCH3), 39.1 (5-CH2), 28.5 (y-CHz), 25.8 (P-CH2), 

11.4 (br, a-CH). " B N M R (128 MHz, CD2CI2)： 5 32.0 (s, IB) , -2.1 (s, IB), -5.3 (d,' 

JBH = 142 Hz, IB) , -10.1 (d’ JBH = 119 Hz, 3B), -23.4 (d, JBH = 132 Hz, IB), -24.5 (d, 

JBH = 162 Hz, IB) , -25.7 (d, JBH = 140 Hz, IB), -30.4 (d, ^BH = 142 Hz, IB), -34.4 (d, 

t、 , 
Jbh = 127 Hz, IB). IR (KBr) Vmax (cm-'): 2519 (vs, BH). Anal. Calcd for 

C21H43BHN2O2 [M] : C, 53.16; H, 9.13; N, 5.90. Found: C, 53.58; H, 9.14; N, 5.82. 

Preparation of [3-OMe-/i-l，2-(CH2)4-l，2-C2BiiHii】[Et3NH]. ([49][Et3NH]). 

EtaN (1 mL, 726 mg, 7.2 mmol) and MeOH (10 mL) were added to 7 (105 mg, 0.50 

mmol) at 0 °C, respeptively. The mixture was stirred for 5 min to give a MeOH solu- ^ 

tion of [49][Et3NH] in situ. After removal of the volatile materials, the residue was 
. 、： V 

• thoroughly washed with EtzO to afford [49][Et3NH] as a white solid (191 mg, 0.45 
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rtimol, 90%). X-ray-quality crystals were obtained by recrystallization from CH2CI2. 

'H N M R (400 MHz, CD2CI2)： 5 6.17 (s, IH, N/ / ) , 3.29 ( t � J = 7.3 Hz, 6H, NC//2), 

3.21 (s, 3H, OC//3), 2.79 (m, 2H, CC//2), 2.59 (m, 2H, CC//2), 1.58 ( m � 4 H , 

CCH2C//2), 1.42 (d, J = 7.3 Hz, 9H, C//3). N M R (100 MHz, CD2CI2)： 6 

141.4 (cage Q , 52.6 (OCH3), 48.7 (NCH2), 36.4 (CCH2), 23.5 (CCH2CH2), 9.4 

(CH3). " B N M R (128 MHz，,CD2Cl2): 5 1.7 (s, IB), -3.4 (d, JBH = 112 Hz, 2B), -6.2 

(d, JBH = ^ 2 Hz, IB), -8.6 (d, Jbh = 116 Hz, 4B), -19.0 (d�JBH = 130 Hz, 2B), -26.0 
J ' s 

V-
(d, JBH = 139 Hz, IB). IR (KBr) Vmax (cm-'): 2511 (vs’ BH). Anal. Calcd for 

I 

C13H38B11NO [M]: C, 45.47; H�11.15; N �4 .08 . Found: C, 45.28; H, 11.26; N, 4.24. 

Preparation of [3-OMe-//-l,2-(CH2)4-l,2-C2BnHi,][PSH] ([49][PSH1). To 7 

(105 mg, 0.50 mmol) was added a 0.25 M PS solution in MeOH (10 mL, 2.5 mmol) 

to give a white suspension in 5 min. After removal of the volatile materials, the resi-

due was thoroughly washed with EtzO to afford [49] [PSH] as a white solid (206 mg, 

、 
0.45 mmol, 90%). 'H N M R (400 MHz, CD2CI2)： 6 8.04 (d, J = 8.2 Hz, 2H, Cio/Ze), 

7.86, (d, 7.5 Hz, 2H, CioHe), 7.74 (d, J = 7.9 Hz, 2H, CwHel 3.23 { d , J = 1.6 Hz, 

12H, NC//3), 3.21 ( s � 3H, OC//3), 2.79 (m, 2H, CCH2), 2.60 (m, 2H, CCH2I 1.57 (m, 

4H, CCH2C//2). i3C{1H} N M R (100 MHz, CD2CI2): 5 144.0 ( C M ) , 140.7 (cage Q , 

136.0’ 130.2, 127.7, 121.9, 119.1 (CioHe), 52.4 (OCH3), 47.0 (NCH3), 36.4 (CCH2), 

23.6 (CCH2CH2). " B NMR(128 MHz, CD2CI2): 5 1.7 ( s � I B ) , -3.4 (d�JBH = 109 Hz, 

2B)’ -6.1 (d, JBH = 136 Hz, IB), -8.6 (d, JBH = 123 Hz, 4B), -19.0 (d, JBH = 132 Hz, 

2B), -26.0 (d, JBH = 139 Hz, IB). IR (KBr) Vmax (cm]) : 2508 (vs, BH). Anal. Calcd 

for C21H41B11N2O: C,.55.25; H, 9.05; N, 6.14. Found: C, 54.78; H, 8.84; N, 6.10. 

Preparation of [e/f</o-//-7，8-(CH2)4CHB(OMe)2-7-CBi。Hiil[PS]H】([50] [PSH]). 
A MeOH (lOmL) solution of [49][Et3NH], which was prepared in situ from EtsN (1 • « 
mL，726 mg, 7.2 mmol) and 7 (105 mg, 0.50 mmol), was heated at 70。C for 24 h to 
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give a solution of [50][Et3NH]. A 0.25 M PS solution in MeOH (10 mL, 2.5 mmol) 

was added. After removal of the volatile materials, the residue was thoroughly 

washed with EtiO to afford [50nPSH] as a white solid (220 mg, 0.45 mmol, 90%). 

X-ray-quality crystals were obtained by recrystallization from THF. NMR (400 

MHz, CD2CI2)： 5 8.05 (d, J = 8.3 Hz, 2H, Cio/Ze), 7.84 (d, J = 7.6 Hz, 2H, CwHe), 

7.74 ( d , y = 7.9 Hz, 2H, Cjo/Ze), 3.49 (s, 6H�OC//3), 3.21 ( d � J = 2.7 Hz, 12H, NC//3), 

2.07 (m, IH , e-C//2)，1.90 (m, IH, e-C/Zz), 1.81 (m, IH, y-CHj), 1.71 (m，IH, P-C//2), 

1.56 (m, 2H, 6-C//2), 1.49 (m, IH, P-C//2)，1.31 (m, IH , 7-C//2), 0.85 (m, IH, a-CH). 

13c{1H} N M R (100 MHz, CD2CI2): 5 143.9, 136.0’ 130.3, 127.7, 121.8, 119.0 

(CioHfi), 57.5 (cage C), 51.4 (OCH3), 47.0 (NCH3), 37.8 (e-CHz), 31.2 (y-CHi), 30.5 

(5-CH2), 28.8 (P-CH2), 15.1 (a-CH). " B N M R (128 MHz，.CD2Cl2): 5 32.2 (s，IB), 

0.6 (s, IB) , -4.2 (d, JBH = 120 Hz, IB), -9.2 (d, JBH = 140 Hz, 2B), -10.8 (d, JBH = 

189 Hz, IB), -23.8 (d�JBH = 92 Hz, 2B), -26.4 (d, JBH = 131 Hz, IB), -30.1 (d, JBH = 

136 Hz, IB), -33.9 ( d �J b h = 134 Hz, IB). IR (KBr) Vmax (cm''): 2519 (vs, BH). Anal. 

Calcd for C22H45B11N2O2 [M]: C�54.09; H, 9.28; N �5 . 7 3 . Found: C, 53.92; H, 9.13; 

N, 6.23. 

Preparation of [£/i</^?-;/-7,8-(CH2)3CHOH-7-CBioHn][PSHl ([511[PSH]). To a 

MeOH (10 mL) solution of [48][Et3NH], which was prepared in situ from EtaN (1 

mL, 726 mg, 7.2 mmol) and 6 (98 mg, 0.50 mmol), was added H2O2 (1 mL, 30%, 
/ 

300 mg, 8.8 mmol) at 0 °C. The mixture was stirred at room temperature for 1 h. A 

0.25 M PS solution in MeOH (10 mL, 2.5 mmol) was then added. After removal of 

the volatile materials, the residue was thoroughly washed with EtsO to afford 

[511[PSH1 as a white solid (188 mg, 0.45 mmol, 90%). X-ray-quality crystals were 

obtained by recrystallization from CH2CI2. ^H NMR (400 MHz, CD2CI2): 5 8.04 (d，J 

=8.1 Hz, 2H, CioHel 7.82 (d�J二 7.5 Hz, 2H, C M l 7.73 (t, J = 7.9 Hz, 2H, C M l 
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3.41 (m, I H , a-C/: / ) ’3.19(d，J=2.6 Hz, 12H, NC//3), 2.13 (m, IH , 5-C//2), 1.67 (m, 

2H, P-C//2 + 5-C//2), 1.51 ( m � I H , Y-C//2), 1.37 ( m � I H , P-C//2), 1.24 ( m � I H , y-

CHi). 13C{1H} N M R ( 1 0 0 MHz, CD2CI2): 5 143.9, 136.0，130.3，127.7，121.8, 119.1 

(C10H6), 61.9 (a-CH), 53.4 (cage C), 47.0 (NCH3), 37.2 (5-CH2), 34.0 (P-CH2), 24.0 

(Y-CH2). " B N M R (128 MHz, CD2CI2)： 6 -1.4 (s, IB), -4.9 (d, Jbh = 138 Hz, IB),-

9.4 (d, JBH = 141 Hz, 2B),-11.8 (d, JBH = 140 Hz, IB) , -22.3 (d, JBH = 140 Hz, I B ) , -

24.5 (d, JBH = 139 Hz, IB) , -25.9 (d, JBH = 142 Hz, IB) , -32.2 (d, JBH = 147 Hz, IB) , 

-33.7 (d, Jbh = 141 Hz, IB) . IR (KBr) Vmax (cm-'): 2526 (vs, BH). Anal. Calcd for 

C19H38B10N2O [M] : C, 54.51; H, 9.15; N, 6.69. Found: C, 54.38; H, 8.92; N �6 . 5 4 . 

Preparation of [e«rf<?-//-7,8-(CH2)4CHOH-7-CBioHn][PSH] ([52][PSH]). To a 

MeOH (10 mL) solution o f [50][Et3NH], which was prepared in situ from Ei^N (1 

mL, 726 mg, 12 mmol) and 7 (105 mg, 0.50 mmol), was added H2O2 (1 mL, 30%, 

300mg, 8.8 mmol) at 0 The mixture was stirred at room temperature for 1 h. A 

0.25 M PS solution in MeOH (10 mL, 2.5 mmol) was added. After removal of the 

volatile materials, the residue was thoroughly washed with Et20 to afford [52][PSH] 

as a white solid (195 mg, 0.45 mmol, 90%). X-ray-quality crystals were obtained by 

recrystallization from CH2CI2. N M R (400 MHz, CD2CI2)： 6 8.04 (del, Jx = 8.3 Hz, 

J2 = 0.8 Hz, 2H，C10//6)，7.81 (dd, J, = 7.6 Hz, J! = 0.9 Hz, 2H, Cio/Ze), 7.73 (t, J = 

7.9 Hz, 2H, CxoHeX 3.41 ( d ’ J = 8.4 Hz, IH , a-CH), 3.19 ( d � J = 2.7 Hz, 12H, NC//3), 

2.04 (m’ I H , e-C//2)，1.92 (m, IH , p-C/ f i ) , 1.77 (m, I H , e-C/Zz), 1.68 (m, IH , h-CHi), 

1.66 (m, I H , Y-C//2), 1.53 ( m � I H , P-C//2), 1.46 ( m � I H , y-C/Zz), 1.36 (m, IH, 6-C//2). 

i3c{1H} N M R (100 MHz, CD2CI2)： 5 143.9, 136.0, 130.4，127.8，121.8，119.1 

(CioHe), 65.8 (CH), 56.0 (cage Q , 47.1 (NCH3), 40.9 (e-CHz), 37.8 (P-CH2), 31.1 (5-

CH2), 27.0 (Y-CH2). N M R (128 MHz, CD2CI2)： 5 0.3 (s, IB) , -3.5 (d�JBH = 123 

Hz, IB) , -9.3 (overlap, 3B), -23.6 (overlap, IB) , -24.3 (overlap, IB ) , -26.7 (d�JBH = 
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139 Hz, IB) , -30.7 (d, JBH = 143 Hz, IB) , -32.9 (d�JBH = 1 3 2 H z � I B ) . IR (KBr) Vmax 

(cm"'): 2518，2495 (vs，BH). Anal. Calcd for C20H40B10N2O [M] : C, 55.52; H, 9.32; 

N �6 . 4 7 . Found: C, 55.55; H, 9.57; N, 6.40. 

Preparat ion of [g«</ov'-7,8-(CH2)3CHB(OH)2-7-CB,oHi,][PSH] T H F 

( [48 ' ] [PSHJ-THF). A MeOH (10 mL) solution of [48][Et3NH] was prepared in situ 

from EtsN (1 mL, 726 mg, 7.2 mmol) and 6 (98 mg, 0.50 mmol). After removal of 

the volatile materials, EtsN (1 mL, 726 mg, 7.2 mmol) and H2O (10 mL) was added. 

The mixture was heated at 105 °C in a sealed tube for 24 h. A 0.25 M PS solution in 

MeOH (10 mL, 2.5 mmol) was then added. After removal o f the volatile materials, 

the residue was thoroughly washed wi th Et20. Recrystallization from THF gave 

[48'1[PSH] T H F as colorless crystals (130 mg, 0.25 mmol, 50%). 'H N M R (400 

MHz, CD2CI2)： 5 8.03 (dd，Ji = 8.3 Hz, J2 = 0.8 Hz, 2H, Cio/Ze), 7.81 (dd，J\ = 7.6 

Hz, J2 = 0.8 Hz, 2H, Cio/^6), 7.72 (t, J= 7.9 Hz, 2H, Cio/Ze), 4.64 (b rs�2H, OH), 3.67 

(m, 4H, THF), 3.19 ( d � J = 2.7 Hz, 12H, NC//3), 2.23 ( m � I H , d-CHj), 1.82 (m, 4H, 

THF), .1.65 (m, IH , P-C//2), 1.61 (m, IH , 5-C//2), 1.48 ( m � I H , y-CT/j), 1.27 ( m � I H , 

Y-C//2), 1.22 (m, IH , P-C//2), 0.57 (m, IH , a-CH). N M R (100 MHz, 

CD2CI2): 5 144.1’ 136.1, 130.3’ 127.8, 121.8, 119.2 (CioHe), 68.3 (THF), 51.5 (cage 

Q , 47.2 (NCH3), 38.7 (5-CH2), 28.5 (y-CHz), 26.1 (P-CH2 + THF), 14.3 (a-CH). " B 

N M R (128 MHz, CD2CI2): 5 33.6 ( s � I B ) , -2.0 (s, IB) , -5.4 (d, Jbh = 139 Hz, 2B) , -

9.9 (d,JBH= 114H?, IB) , -10.6 (d, Jbh= 137 Hz, IB) , -22.4 (d, Jbh = 107 Hz, I B ) ’ -

25.4 (d, JBH = 130 Hz, 2B), -30.5 (d, JBH = 124 Hz, IB) , -34.6 (d, JBH = 138 Hz, IB). 

IR (KBr) V m a x (cm-1): 2521 (vs, BH). Anal. Calcd for C21H43BHN2O2.5 ( M - 0.5THF): 

C �52 .27 ; H, 8.98; N, 5.81. Found: C, 52.29; H, 9.00; N �5 . 8 0 . 

Preparation of [^«</^?-//-7,8-(CH2)4CHB(OH)2-7-CBioHi,][PSH] ([50，1[PSHJ). 

A MeOH (10 mL) solution o f [50][Et3NH] was prepared in situ from EtsN (1 mL, 
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726 mg, 7.2 mmol) and 7 (105 mg, 0.50 mmol). After removal o f the volatile mate-

rials, EtsN (1. mL, 726 mg, 7.2 mmol) and H2O (10 mL) were added. The- mixture 

was heated at 105 °C in a sealed tube for 24 h. A 0.25 M PS solution in MeOH (10 

mL, 2.5 mmol) was then added. After removal o f the volatile materials, the residue 

was thoroughly washed with EtzO to give [50，1[PSH] as a white solid (115 mg, 0.25 

mmol, 25%). N M R (400 MHz, CD2CI2): 6 8.04 (d, 7 = 8.2 Hz, 2H, Cio/Ze), 7.83 

(d’ J = 7.5 Hz, 2H, C10//6), 7.73 (t, 7.9 Hz, 2H, Cio/Ze), 5.0 (brs, 2H, OH), 3.19 (d, 

J= 2.6 Hz, 2H, NC//3), 1.99 ( m � I H , e-C//2)，1.89 (m’ IH , P-C//2), 1.72 (m, I H � e -

CH2), 1.66 (m, IH , 6-C//2), 1.62 (m，2H, Y-C//2), 1.46 (m, IH , P-C//2)，1.41 (m, IH , 

5-C//2), 0.70 (br，IH, a-C//). N M R (100 MHz, CD2CI2): 5 143.9’ 136.0, 

130.3，127.7, 121.8, 119.0 (CioHe), 57.8 (cage C), 47.0 (NCH3), 41.0 (s-CHj), 31.9 

(5-CH2), 31.6 (Y-CH2), 31.1 (P-CH2), 18.9 (a-CH). " B N M R (128 MHz, CD2CI2): 5 

33.6 (s, IB) , 1.5 (s, IB) , -4.3 (d’ JBH = 116 Hz, IB) , -8.0 (d�JBH = 138 Hz, IB) , -8.8 

(d, Jbh = 141 Hz, IB) , -10.6 (d�JBH ~ 228 Hz, IB) , -23.5 (d�JBH = 96 H z � 2 B ) , -26.3 

(d�JBH = 129 Hz, IB),--30.2 (d, JBH = 129 Hz, IB) , -33.8 (d, Jbh = 135 Hz, IB). IR 

(KBr) Vmax (cm"'): 2514 (vs, BH). Anal. Calcd for C20H41BHN2O2 [M] : C, 52.17; H � 

8.97; N , 6.08. Found: C, 52.22; H, 8.60; N. 5.90. 

Reaction of 6 with C5H5N. Method A: To C5H5N (5 mL) was slowly added 6 (98 

mg, 0.50 mmol) in batches at -30 °C. The resulting dark blue solution was stirred at 

room temperature overnight and gradually turned to a clear brown solution. After 

removal o f the solvent, the residue was washed with THF to give 

(CH2)3CHBH(C5H5N)2-2-CB,OH9 (54) as a white powder (200 mg, 0.28 mmol, 56%). 

X-ray-quality crystals were obtained by recrystallization from DMSO/MeOH. Me-

thod B: C5H5N (5 mL) was slowly added to 6 (196 mg, 1.00 mmol) at room temper-

ature wi th vigorously boiling. After removal o f the solvent, column chromatographic 
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separation (SiOz, 300-400 mesh, CH2CI2) gave 50% gross /^-1’2-(CH2)3CHCNC5H5)-

l -CBi iHio (53a) and 10% gross 1,2-(CH2)2CH(NC5H5)CH2-1 -CB,,H,0 (53b), with 

observation of>-2，4-(CH2)3CHBH(C5H5N)2-2-CBioH9 (54). Repeated recrystalliza-

tion from CH2CI2 and acetone afforded 53a (100 mg, 0.36 mmol, 36%) and 53b (12 

mg, 0.05 mmol, 5%) as a white solid each. X-ray quality crystals of 53a were grown 

from slow evaporation of an acetone solution. 53a: 'H NMR (400 MHz, acetone-^^): 

5 9.11 (d, J = 5.7 Hz, 2H�C5//5N), 8.63 (t’ J = 7.8 Hz, IH, C5//5N), 8.22 (d, J = 6.7 

Hz, 2H, C5//5N), 4.73 ( d , y = 6.3 Hz, IH � a -C / / ) , 2.30 (br, IH, P-C//2), 2.08 (m, IH, 

5-C//2), 2.07 (m, IH, P-C//2), 1.95 (m, IH, 8-CH2), 1.80 (m, IH, Y-C//2), 1.54 (m, 

IH, y-CHj). I3c{1H} NMR (100 MHz, acetone-4)： 6 145.2, 144.5，128.9 (C5H5N), 

68.8 (cage Q , 65.6 (br, a-CH), 35.4 (5-CH2), 29.9 (P-CH2)’ 24.7 (y-CHj). " B NMR 

(128 MHz, acetone-^4): 5 -8.7 (s，IB), -8.8 (d, JBH = 139 Hz, IB),-10.5 (d, JBH = 174 

Hz, IB), -11.8 (d, JBH = 161 Hz, 4B), -13.6 (br, 4B). HRMS (EI): m/z calcd for 

CioH2o''B9'°B2N [M - 2H]+: 273.2692; Found: 273.2691. 53b: 'H NMR (400 MHz� 

acetone-̂ /6): 5 9.29 ( d � J = 5.8 Hz, 2H, C5//5N), 8.70 ( t �7 . 7 Hz, IH, C5//5N), 8.25 

(t，J= 6.7 Hz, 2H, C5//5N), 4.87 (m’ IH, P-C//)’ 2.24 (m, 2H, S-Cf/z), 2.22 (m, IH, 

Y-C//2), 1.96 ( m � I H , Y-C//2), 1.74 (m, IH, a-C/Zz), 1.65 ( m � l H ’ a - CH2). '^C{'H} 

NMR (100 MHz, acetone-d/e)： 5 146.4, 144.1，129.3 (C5H5N), 73.6 (p-CH), 66.2 

(cage Q , 36.2 (S-CHz), 33.1 {y-CRil 24.6 (br, a-CHi). " B NMR (128 MHz, ace-

tone-de): 6 -8.1 ( s � I B ) , -9.0 (d, JBH = 193 Hz, IB), -10.3 (d, JBH = 155 Hz, IB), -11.4 

(d, Jbh = 128 Hz, 4B), -12.3 (d�JBH = 134 Hz, 2B), -13.5 (d’ JBH = 150 Hz, I B ) , -

14.7 (d, JBH = 150 Hz, IB). HRMS (ESI): m/z calcd for C,oH22'^B9'°B2NNa [M + 

Na]+: 298.2741; Found: 298.2742. 54: NMR (400 MHz, DMSO-de): 5 9.07 (d, 

5.4 Hz, 2H, C5//5N), 9.00 (d, J = 5.4 Hz, 2H, C5//5N), 8.35 (t, J = 7.6 Hz, IH, 

C5//5N), 8.32 (t’ J = 7.7 Hz, IH, C5//5N), 7.90 (t, J = 7.0 Hz, 2H, C5//5N), 7.84 (t, J = 
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7.0 Hz, 2H, C5//5N), 2.53 (m, IH, 6-C//2), 2.28 (m，IH, 6-C//2), 1.69 (m, IH, Y-C//2), 

1.28 (m, IH, Y-C//2), 0.94 ( m � 2 H , P-C//2), 0.52 (m, IH, a-CHj). NMR (100 

MHz, DMSO-de)： 5 147.7, 146.3, 143.9, 143.7’ 127.3, 126.4 (C5H5N), 72.8 (cage Q , 

34.8 (5-CH2)，27.1 (P-CH2), 26.5 (y-CHz), 14.9 (a-CH). " B NMR (128 MHz, 

DMSO-^/e): 5 1.9 (br, IB), -10.2 (br, 9B)，-15.5 (br, IB). Anal. Calcd for C15H27B11N2 

[M]: C, 50.85; H, 7.68; N�7.91 . Found: C, 50.59; H, 7.85; N, 7.57. 

Reaction of 6 with p-MeCsHUN. Method A: To p-MeCsHaN (5 mL) was slowly 

added 6 (98 mg, 0.50^ mmol) in batches at -30 °C. The resulting dark blue solution 

was stirred at room temperature overnight and gradually turned to a clear brown so-

lution. After removal of the solvent, the residue was washed with THF to give /u-2,4-

(CH2)3CHBH(MeC5H4N)2-2-CBioH9 (55) as a white powder (100 mg, 0.26 mmol, 

52%). X-ray-quality crystals were obtained by recrystallization from DMSO/MeOH, 

Method B: To a CeDe (0.5 mL) solution of 6 (10 mg, 0.05 mmol) was slowly added 

p-MeCsHdN (0.1 mL) at room temperature to afford a mixture of 54, ^-1,2-

(CH2)3CH(MeC5H4N)-l-CB,iHio (57a), 1,2-(CH2)2CH(MeC5H4N)CH2-1 -CB1,H,0 

(57b) and [37][MeC5H4NH]. Some crystals were grown from a CH2CI2 solution and 

structurally characterized as 57a.CH2Cl2. 55: 'H NMR (400 MHz, DMSO-^^): 5 8.87 

(d, J = 5.7 Hz, 2H, C4//5N), 8.80 ( d � J = 5.7 Hz, 2H, C4//5N), 7.69 (d, J = 5.4 Hz, 2H, 

C4//5N), 7.81 (d, J = 5.6 Hz, 2H, C4//5N), 2.52 (m, IH, 5-C//2), 2.47 (s’ 6H, C//3), 

2.28 (m, IH, 5-C//2), 1.68 (m，IH, Y-C//2), 1.27 (m, IH, y-C/Zz), 0.94 (m, 2H, P-C//2), 

0.47 ( m � I H , a-C//2). NMR (100 MHz, DMSO-c^): 5 156.3, 146.8, 145.4, 

127.6, 126.7 (C4H5N), 72.7 (cage Q，34.8 (S-CHz), 27.2 (P-CH2), 26.4 (y-CHiX 21.0 

(CH3), 14.8 (a-CH). " B NMR (128 MHz, DMSO-^/e): 5 2.7 (br, IB), -10.2 (br, 8B),-

15.9 (br, 2B). Anal. Calcd for C17H31B11N2 [M]: C, 53.40; H, 8.17; N �7 . 3 3 . ^ u n d : C, 

i 
53.29; H,8.44; N, 7.22. ； 
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Reaction of 6 with p-'BuCsHUN. Method A: To p-'BuCsH-N (5 mL) was slowly 
jt 

added 6 (98 mg, 0.50 mmol) in batches at -30 °C. The dark blue solution was stirred 

at room temperature overnight and gradually turned to a clear brown solution. After 

removal of the solvent, the residue was washed with THF to give yU-2,4-

(CH2)3CHBH('BuC5H4N)2-2-CB,oH9-THF (56 THF) as a white powder (70 mg, 0.13 

mmol, 26%). X-ray-quality crystals were obtained by recrystallization from 

DMSO/MeOH as 56. Method B: To a CsDs (0.5 mL) solution of 19 (10 mg, 0.05 

mmol) was slowly added p-'BuCsH^N (0.1 mL) at room temperature to afford a mix-

ture of 54， /M’2-(CH2)3CH('BUC5H4N)-1-CBIIHIO (58a), 

(CH2)2CH('BuC5H4N)CH2-1-CBiiHio (58b) and [37]['BuC5H4NH]. 56 THF: 'H 

NMR (400 MHz, DMSO-^/e)： 5 8.93 (d, J 二 5.8 Hz, 2H, C4//5N), 8.87 (d, J 二 5.8 Hz, 

2H, C4//5N), 7.87 ( d , y = 5.8 Hz, 2H, C4//5N), 7.81 (d, 5.8 Hz, 2H, C4//5N), 3.59 

( b r � 4 H , THF), 2.52 (m, IH, 6-C//2), 2.28 (m, IH, b - C H i l 1.75 (br, 2H, THF), 1.69 

(m, IH , 7-C//2), 1.30 ( s � 9 H , C//3), 1.28 (m, lOH, CH3 + Y-C//2), 0.94 (m, 2H, (3-
1. s 

C//2), 0.51 (m, IH, A-CHI), N M R (100 MHz, DMSO-DE): 6 167.8, 167.6, 

147.2，145.8，124.1, 123.1 (C4H5N)，111 (cage Q’ 67.0 (THF), 35.63, 35.59 (CCH3), 

34.8 (5-CH2)，29.64, 29.59 (CH3), 27.2 (P-CH2)’ 26.4 (y-CHz), 25.1 (THF), 15.1 (a-

CH). " B N M R (128 MHz, DMSO-^/e)： 5 3.2 (br, IB), -10.2 (br, 8B), -15.9 (br, 2B). 

Anal. Calcd for C23H43B11N2 [ M - THF]: C, 59.21; H, 9.29; N �6 . 0 0 . Found: C, 59.13; 

H, 9.26; N, 5.55. 

Preparation of 4-(2，2，-CioH8N2B)-//-l，2-(CH2)3-l，2-C2BioH9 (59). To a toluene 

(10 mL) solution of 6 (98 mg, 0.50 mmol) was added bipyridine (78 mg, 0.50 mmol) 

and the mixture was heated at 60 °C for 72 h in a sealed tube to give a red solution. 

After filtration, toluene was removed and 1 mL of CH2CI2 was added to dissolve the 

red solid, to which a 50 of mL «-hexane was added. After filtration and removal of 
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the volatile materials, the residue was washed wi th a minimum amount of EtzO to 

give gross 59 as a red solid (122 mg, 0.35 mmol, 70%). X-ray-quality crystals were 

obtained by recrystallization from EtjO. 'H N M R (400 MHz, CD2CI2)： 6 8.33 (d, J = 

7.3 Hz, 2H, G10//8N2B), 7.49 (dt, J = 9.1 Hz, 2H, Cjo/ZsNzB), 6.43 (m, 2H, 

C10//8N2B), 6.31 ( m � 2 H , Cio/ZgNzB), 2.53 (m, 2H, CHi), 2.38 (m, 3H, CHi), 2.20 (m, 

IH , CH2). N M R (100 MHz, CD2CIJ: 5 129.0’ 120.4, 118.4, 115.1, 111.2 

(aromatic C), 86.6 (cage Q , 35.3, 35.1 (CCI-h), 32.6 (CCH2CH2). " B N M R (128 

MHz, CD2CI2): 6 19.7 (brs, IB), -6.2 (br, 2B), -7.0 ( b r � I B ) , -7.4 (br, IB), -8,3 (br, 

IB ) , - 8 . 9 (br, IB) , -11.1 (br, 4B). HRMS (EI): m/z calcd for CISHJS^BQ'^NZ [M]+: 

350.2952; Found: 350.2960. 

Preparat ion of 4-(2，2，-CioH8N2B)-/i-l，2-(CH2)4-l，2-C2BioH9 (60). To a toluene 

(10 mL) solution o f 7 (105 mg, 0.50 mmol) was added bipyridine (78 mg, 0.50 mmol) 

and the mixture was heated at 90 °C for two weeks in a sealed lube to give a red so-

lution. After filtration, toluene was removed and 1 mL of CH2CI2 was added to dis-

solve the red solid, to which a 50 mL of «-hexane was added. After filtration and re-

moval o f the volatile materials, the residue was washed with a minimum amount of 

Et20 to give gross 60 as a red solid (109 mg, 0.30 mmol, 60%). X-ray-quality crys-

tals were obtained by recrystallization from toluene. ^H N M R (400 MHz, CD2CI2): 5 

8.36 (d, J = 7.3 Hz, 2H, C10//8N2B), 7.50 ( d t , 山 = 9 . 1 Hz, J2 = 1.2 Hz, 2H, 

C10//8N2B), 6.44 (ddd, J^ = 9.1 Hz, h = 6.1 Hz, J3 = 0.8 Hz, 2H, Cio/ZgNzB), 6.31 

(ddd, J, = 7.2 Hz, J2 = 6.2 Hz, ^3= 1.3 Hz, 2H, Cio/ZgNzB), 2.50 (m, 2H, C//2), 2.30 

(m, IH , CH2I 2.09 (m, IH, C//2), 1.55 (m, 2H, C//2), 1.47 (m, 2H, CHi). 

N M R (100 MHz, CD2CI2)： 5 129.0，120.5, 118.4, 115.1, 111.3 (aromatic C), 75.6 

(cage Q , 33.7’ 33.0 (CCH2), 20.1, 19.9 (CCH2CH2). " B N M R (128 MHz, CD2CI2): 

5 20.0 (brs, IB) , -5.0(d, JBH = 143 Hz, 2B), -8.7 (br, 6B), -11.3 (br, 2B). HRMS (EI): 
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/77/zcalcdforCi6H25"B9i°B2N2 [M]+: 364.3108; Found: 364.3107. 

Preparation of 4-(4’，7，-2丑-r,10，-CioH8N2B)-//-l，2-(CH2)3-l,2-C2BioH9 (61). 

I 

To a toluene (10 mL) solution of 6 (98 mg, 0.50 mmol) was added phenanthroline 

(90 mg, 0.50 mmol) and the mixture was heated at 90 °C for two weeks in a sealed 

tube to give a red solution. After filtration, toluene was removed and 1 mL of CH2CI2 

was added to dissolve the red solid, to which a 30 mL of ;7-hexane was added. After 

filtration and removal of the volatile materials, the residue was washed with a mini-

mum amount of EtzO to give gross 61 as a brown solid (19 mg, 0.05 mmol, 10%). X-

ray-quality crystals were obtained by recrystallization from toluene. NMR (400 

MHz, CD2CI2)： 5 6.98 (dt, Ji = 8.2 Hz, J2 = 1.9 Hz, 2H, C//=CH-CH2), 6.63 (s, 2H, 

C//), 4.97 (dt, J, = 8.2 Hz, J2 = 3.4 Hz, 2H, CH=C//-CH2)，3.60 (br, 4H， 

CH二CHC//2)，2.51 (m, 3H, C//2), 2.40 (m，3H, CH2). NMR (100 MHz, 

CD2CI2): 6 132.3 (aromatic Q , 126.5 (CH=CHCH2)，121.3, 117.5 (aromatic C), 

106.7 (CH=CHCH2), 87.0，86.4 (cage C), 35.20, 35.15, 32.7 (CTh), 25.3 

(CH=CHCH2) . " B N M R (128 M H z , CD2CI2): 5 27.0 (brs, IB ) , -5.9 (d, JBH = 129 Hz, 

2B), -7.0 (d, JBH = 145 Hz, 2B)，-8.0 (br, IB), -8.8 (br, IB), -10.0 (br, IB), -10.9 (br, 

3B). HRMS (EI): m/z calcd for C,7H24'^B9'°B2N2 [M - H]+: 375.3030; Found: 

375.3039. 

Preparation of 4-(4',7'-2^-r,10'-C,oH8N2B)-//-l,2-{CH2)4-l,2-C2B,oH9 (62). 

To a toluene (10 mL) solution of 7 (105 mg, 0.50 mmol) was added phenanthroline 

(90 mg, 0.50 mmol) and the mixture was heated at 1100 °C for four weeks in a 

sealed tube to give a red solution. After filtration, toluene was removed and 1 mL of 

CH2CI2 was added to dissolve the red solid, to which a 30 mL of «-hexane was added. 

After filtration and removal of the volatile materials, the residue was washed with a 

minimum amount of Et^O to give gross 62 as a brown solid (16 mg, 0.04 mmol, 8%). 
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X-ray-qual% crystals were obtained by recrystallization from CH2CI2. 'H N M R (400 

MHz, CD2CI2): 6 7.02 (d, J = 8.1 Hz, 2H, C//=CH-CH2)，6.63 (s, 2H, CH), 4.97 (dt, 

Ji = 8.0 Hz, J2 = 3.2 Hz, 2H, CH=C//-CH2)’ 3.61 (br, 4H, CHCHC//2)，2.47 (m, 2H, 

C//2), 2.37 (m, IH , CH2X 2.28 (m, IH , C//2), 1.55 (m, 4H, C//2). N M R (100 

MHz, CD2CI2): 5 132.3 (aromatic Q , 126.5 (CH=CHCH2)，121.3, 117.5 (aromatic Q , 

106.7 (CH=CHCH2), 75. 9’ 75.5 (cage Q , 33.6，33.3 (CCH2), 25.3 (CHCHCH2)， 

20.2, 19.9 (CCH2CH2). " B N M R (128 MHz, CD2CI2): 6 26.7 (brs, IB) , -4.8(d, JBH = 

143 Hz, 2B), -8.3 (br, 6B), -10.8 (br, IB) , -11.3 (br, IB). HRMS (EI): m/z calcd for 

C18H26IIB9IOB2N2 [ M — H]+: 389.3187; Found: 389.3193. 

Chapter 6 

Reaction of 7 w i t h MeOH. A MeOH (10 mL) solution of 7 (210 mg, 1.00 mmol) 

was heated at 40 °C in a sealed tube for 14 days. PS (428 mg, 2.00 mmol) was then 

added and the mixture was stirred for 1 h at room temperature. After removal of the 

volatile materials, the residue was thoroughly washed wi th EtsO to give a mixture of 

white solid. and '^C N M R spectra indicated that it contained about 50% [ju-1,2-

(CH2)3CH(CH20Me)-l-CBiiHio][PSH] ([64][PSH]) and about 20% [/M’2-(CH2)5-1-

CB,iHio][PSH] ([65][PSH]). Some crystals were grown from a CH2CI2 solution and 

structurally characterized as [65][PSH]. The EtzO solution was concentrated. Column 

chromatographic separation (SiOi, 300-400 mesh, «-hexane) gave 7 as a white solid 

(20mg, 10%). [64][PSH]: N M R (400 MHz, CD2CI2)： 6 8.04 ( d � J = 8.2 Hz, 2H, 

C,o//6), 7.95 (d’ J = 7.1 Hz, 2H, C M ) , 7.76 (t, J = 7 . 9 Hz, 2H, CwMe), 3.62 ( d d � J , 

=4 .0 Hz, J2 = 9.7 Hz, IH , OC//2), 3.30 (m’ IH , OC//2), 3.27 (s, 3H, OC//3), 3.25 (d� 

2.0 Hz, 12H, NC//3), 1.90 (m, IH , S-C//2)’ 1.74 (m, IH , 6-C//2), .1.69 (m, IH , P-

CH2I 1.44 ( m � I H , a-CH), 1.42 (m, IH , y-C/^z), 1.24 (m, IH , 7-C//2), 0.99 (m’ IH , 
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P-C//2). N M R (100 MHz, CD2CI2)： 5 143.8’ 135.6’ 129.9, 127.5, 121.8, 

118.8 (CioHe), 68.8 (cage Q , 79.2 (OCH2), 58.0 (OCH3), 35.9 (5-CH2), 25.8 (P-CH2), 

24.5 (br, a-CH), 24.0 (Y-CH2). HRMS (FAB): m/z calcd for C7H22' 'B9 '%0 [anion]': 

241.2765; Found: 241.2767. [65][PSH]: N M R (400 MHz, CD2CI2): 5 8.04 (d, J = 

8.2 Hz, 2H, Cio"6)’ 7.95 ( d � J = 7.1 Hz, 2H, Cio/Ze), 7.76 (t, J = 7.9 Hz, 2H, Cio/Ze), 

3.25 ( d , y = 2.0 Hz, 12H, NC//3), 2.00 (m，2H, 8-C//2), 1.58 (m, 2H, P-C//2)，1.46 (m, 

2H, 6-C//2), 1.39 (m, 2H, Y-C//2), 1.04 (m, 2H, a-CHi). NMR (100 MHz, 

CD2CI2)： 6 143.8, 135.6, 129.9, 127.5, 121.8, 118.8 {CMl 72.5 (cage Q , 41.1 (e-

CH2), 33.5 (Y-CH2), 28.1 (5-CH2), 27.7 (P-CH2)，19.3 (br, a-CHi). H R M S (FAB): m/z 

calcd for CeHzo^B^Bz [anion]': 211.2659; Found: 211.2653. 

Preparation of LM-1，2-(CH2)4CH(SC7H7)-1-CB„HIO1�PPN】（[671[PPN]). TO a 

THF (10 mL) solution of 7 (105 mg, 0.50 mmol) was added NaSCvH? (73 mg, 0.50 

mmol) and the mixture was stirred overnight. [PPN]C1 (287mg, 0.50 mmol) was then 

added and the mixture was further stirred for 6 h. After filtration, the colorless solu-

tion was concentrated to about 3 mL, to which a 5 mL of D M E was added. /7-Hexane 

layering afforded [67][PPN] THF as colorless crystals after 60 days. The crystals 

were thoroughly washed with Et20 and dried to give [671[PPN] as a pale yellow sol-

id (350 mg, 0.40 mmol, 80%). N M R (400 MHz, CD2CI2): 5 7.69 (m, 6H, PPN), 

7.52 (m, 24H, PPN), 7.22 (d’ 7 = 8 . 1 Hz, 2H, CeH^l 7.04 (d, 8.0 Hz, 2H, C6//4), 

3.10 (d, J = 8.1 Hz, IH, a-CH), 2.28 (s, 3H, C//3), 2.15 (m, IH’ 6-C//2), 2.04 (m, IH, 

e-C//2), 1.90 (m, IH , P-C//2), 1.77 (m, 2H, P-C//2 + T-C//2), 1.53 (m, 2H, 6-CH2I 

1.19 (m’ IH , y-C//2). N M R (100 MHz, CD2CI2): 6 136.8, 134.8 (C6H4), 

134.2，132.6, 130.0 (PPN), 129.62, 129.60 (C6H4), 127.5 (PPN), 72.0 (cage Q , 40.8 

(e-CHz), 35,9 (br, a-CH), 33.0 (P-CH2), 29.8 {y-CHil 27.5 (S-CHz), 21.2 (CH3). " B 

N M R (128 MHz, CD2CI2): 5 -6.6 (s, IB), -9.9 ( d �Jb h = 148 Hz, IB) , -11.8 (d, JBH = 
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135 Hz, 5B), -15.2 (d, JBH= 131 Hz, 4B). IR (KBr) Vmax (cm"'): 2541, 2527 (vs, BH). 

Calcd for C49H56B11NP2S [M] : C, 67.50; H, 6.47; N, 1.61. Found: C, 67.23; H, 6.55; 

N �1 . 3 8 . 

Preparation of 3-NEt2H-//-l,7-(CH2)4-l,7-C2BiiHn (68). To a toluene (10 mL) 

solution of 7 (420 mmol, 2.00 mmol) was added E t iNH (2.0 mL, 1.414 mg, 19.4 

mmol) and the solution was stirred at room temperature overnight. After removal of 

the volatile materials, the pale yellow residue was recrystallized from CH2CI2M-

hexane to afford 68 as colorless crystals (500 mg, 1.76 mmol, 88%). ' H N M R (400 

MHz, CD2CI2)： 6 (m’ 4H, NC//2), 2.24 (br, 2H, CC//2), 2.11 ( m � 2 H , CC//2), 1.63 (br, 

CCH2C//2), 1.38 (t, J = 7.3 Hz, 6H, C//3). N M R (100 MHz, CD2CI2): 6 46.1 

(NCH2), 38.2 (br, CCH2), 22.1 (CCH2CH2), 10.6 (CH3), the cage carbons were not 

observed. " B N M R (96 MHz, CD2CI2)： 5 4.1 (d, Jbh = 73 Hz, 2B), -5.7 (d, Jbh = 140 

H z , 2 B ) , - 1 6 . 9 ( d , JBH = 142 H z , 4 B ) , - 2 4 . 8 ( d � J B H = 1 4 2 H z , 2 B ) , - 3 3 . 0 ( b r , I B ) . I R 

(KBr) Vmax (cm-i): 2580 (vs, BH). Anal. Calcd for C10H30B11N [M] : C �4 2 . 4 0 ; H, 

10.67; N, 4.94. Found: C, 42.70; H, 10.42; N �5 . 0 1 . 

Preparation of [9-NMe2-//-7,8,10-(CH2)4CCH-BnH,ol[PPNl ([69][PPNJ). To a 

toluene (10 mL) solution of 7 (105 mg, 0.50 mmol) was added LiNMe^ (26 mg, 0.50 

mmol) at -30 °C, then the solution was stirred at room temperature overnight. After 

addition of [PPN]C1 (287mg, 0.50 mmol), the suspension was further stirred for 6 h 

then filtered. After removal of the solvent, the solid residue was extracted with 

CH2CI2 (10 mL). Recrystallization from CHsCh/w-Hexane gave [691 [PPN] as pale 

yellow crystals (360 mg, 91%). N M R (400 MHz, CD2CI2): 5 7.69 (m, 6H, PPN), 

7.51 (m, 24H, PPN), 3.00 (s, 6H, NC//3)’ 1.88 (m, IH , P-C//2), 1.81 (m, 3H, P-C//2 + 

6-C//2 + e-C//2), 1.67 (m, IH , b-CHi)、1.54 (m, 2H, 7-C//2 + e-C/Zz), 1.45 (m, IH , 7-

C//2), 1.26 (m, IH , a-C//) . N M R (100 MHz, CD2CI2)： 5 134.1, 132.4, 129.8, 
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127.3 (PPN), 63.5 (cage C), 51.8 (6-CH2), 43.5 (NCH3), 40.5 (P-CH2)，28.8 (e-CHz), 

25.2 (Y-CH2), 6.8 (a-CH). " B N M R (96 MHz, C D i C h )：^ 48.8 (s, IB) , 25.5 (d, Jbh = 

103 Hz, IB), 9.6 (d. J b h = 131 Hz, IB), - 6 . 8 (d, J b h = 117 Hz, IB), - 8 . 6 (d, J b h = 146 

Hz, IB) , -11.1 (d, JBH = 137 Hz, IB), -18.5 (d, JBH = 131 Hz, IB) , -20.3 (d, JBH = 

136 Hz, IB), -23.0 (d, JBH = 134 Hz, 2B), -32.6 (d, JBH = 138 Hz, IB). IR (KBr) Vmax 

(cm"'): 2502 (vs, BH). Anal. Calcd for C44H55B11N2P2 [M] : C, 66.66; H, 6.99; N, 

3.53. Found: C�66.69; H, 7.26; N �3 .15 . 

Preparation of [9-NEt2-/i-7,8,10-(CH2)4CCH-BnHiol[PPNl ([70][PPN]). To a 

CH2CI2 (10 mL) solution of 68 (283 mg, 1.00 mmol) was added excess NaH (80 mg, 

3.30 mmol) at room temperature, then the suspension was stirred for 2 h until no gas 

evolved. After addition of [PPN]C1 (287mg, 0.50 mmol), the suspension was further 

stirred for 6 h then filtered. After filtration, the solution was concentrated to about 10 

mL and «-hexane layering gave [70][PPN] as pale yellow micro crystals (390 mg, 

95%). ^H N M R (400 MHz, CD2CI2): 5 7.69 (m, 6H, PPN), 7.52 (m, 24H, PPN), 3.47 

(m’ IH , NC//2), 3.27 ( m � 3 H , NC//2), 1.85 (m, IH , P-C//2), 1.80 (m, 3H, P-C//2 + 6-

C//2 + e-C/Zz), 1.61 (m’ 2H, 7-C//2 + 5-C//2), 1.50 (m, IH , e-CZ/z), 1.47 (m, IH, 7-

C//2), 1.32 (m’ IH, (x-CH)，1.13 (m, 6H, C//3). N M R (100 MHz, CD2CI2): 5 

134.1，132.4, 129.8, 127.3 (PPN), 60.7 (cage C), 51.2 (5-CH2), 46.2, 46.1 (NCH2), 

40.1 (P-CH2), 29.0 (e-CH2), 25.1 (y-CHz), 15.6, 15.3 (NCH3), 8.5 (a-CH). " B NMR 

(96 M H z , CD2CI2)： 6 49 .4 (s, I B ) , 24.6 (d, JBH = 103 H z , I B ) , 9.8 (d, JBH = 126 H z , 

IB) , -7.2 (d, JBH = 125 Hz, IB), -8.8 (d, JBH = 146 Hz, IB), -11.6 (d, JBH = 136 Hz, 

IB),-18.2 (d, JBH = 134 Hz, IB), -20.7 (d, JBH 二 130 Hz, IB), -22.9 (d, JBH = 130 Hz, 

2B), -32.7 (d, JBH = 136 Hz, IB). IR (KBr) Vmax (cm-'): 2502 (vs, BH). Anal. Calcd 

for C46H59B11N2P2 [M]: C, 67.31; H, 7.24; N, 3.41. Found: C, 67.47; H, 7.31; N ’ 3.30. 

Reaction of 17b w i th MeOH. Method A: Compound 17b (184 mg, 1.00 mmol) 
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was dissolved in MeOH (10 mL), and the solution was stirred at room temperature 

for 1 d. After addition of [MeaNHJCI (191 mg, 2.00 mmol), the mixture was stirred 

for another 1 h. MeOH was pumped off and the residue was thoroughly washed with 

water to give a white solid. Recrystallization from acetone gave [ l-Me-2-

CH(OMe)Me-1 -CBnH,o][MegNH] ([TlaKMeaNH]) as colorless crystals (152 mg, 

55%). Method B: Compound 17b (184 mg, 1.00 mmol) was dissolved in MeOH (10 

mL), and the solution was stirred at 70 °C for 1 d. After addition of [MeaNHJCl (191 

mg, 2.00 mmol), the mixture was stirred for another 1 h. MeOH was pumped off and 

the residue was thoroughly washed with water to give a white solid as a mixture of 

[71al[Me3NHl and [ 1 -Me-2-CH2=CH-1 -CB11Hio][MeaNH] ([72][Me3NH]). Some 

crystals were grown from the mother liquor which was structurally characterized as 

[72][Me3NH]. [71a][Me3NH]: 'H N M R (400 MHz, acetone-̂ /e)： 5 3.23 (s, 3H, 

OC//3), 3.13 (s, 9H, NC//3), 3.03 (m, IH ’ CH), 1.51 ( s � 3 H , CC//3), 1.28 ( d � J 二 6.7 

Hz, 3H, CHC//3). N M R (100 MHz, acetone-^/e): 5 72.2 (br, CH), 65.2 (cage 

Q , 57.1 (OCH3), 46.1 (NCH3), 25.0 (CCH3), 19.6 (CHCH3). " B N M R (96 MHz, 

acetone-為)：5 -5.1 (s, IB), -9.2 (d, JBH = 208 Hz, IB),-11.4 (d, JBH = 166 Hz, 6B),-

13.6 ( d �Jb h = 182 Hz, 2B). IR (KBr) Vmax (cm"'): 2530 (vs, BH). Anal. Calcd for 

CgHaoBiiNO [M]: C, 34.91; H, 10.99; N, 5.09. Found: C�34 .63 ; H, 10.52; N, 4.65. 

[72][Me3NH]: N M R (400 MHz, acetone-̂ /e)： 5 6.04 (dd, J, = 13.1 Hz, J2 = 19.2 

Hz, IH, C//=CH2)’ 5.47 (d，J= 19.4 Hz, IH，CH=C//2)，5.38 (br, IH, CH=C//2)，3.14 

(s, 9H, NC / / 3 ) , 1.43 (CCi /3) . N M R (100 M H z , acetone-"6): 6 141.4 (br, CH), 

125.2 (CH2), 65.1 (cage C), 46.0 (NCH3), 25.1 (CCH3). 

Reaction of 17b with MeOH in the presence of PS. 17b (18.4 mg, 0.10 mmol) 

was dissolved in a CD3OD solution (0.5 mL) of PS (86 mg, 0.40 mmol) in an sealed 

N M R tube. After 1 d, l-Me-2-D-C2BioHio (2-D-73) was observed. After removal of 
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MeOH, the residue was subjected to column chromatographic separation (SiO�，300-

400 mesh, «-hexane) and 2-D-73 was isolated as a white solid (8 mg，50%) with 75% 

D incorporation. NMR (400 MHz, CDCI3)： 5 3.56 (s�0.26H, residual CI/), 2.03 (s, 

3H，C//3). I3C{1H} NMR (100 MHz, CDCI3)： 5 70.4 (cage CCHj), 61.7 (residual 

cage CH), 61.4 (t, Jcd ~ 30 Hz), 26.0 (CH3). " B NMR (128 MHz, CDCI3)： 5 -1.9 (d, 

Jbh = 152 Hz, IB), -6.8 (d�JBH = 155 Hz, IB), -9.3 (d, JBH = 166 Hz, 2B), -10.7 (d, 

JBH = 170 Hz, 2B), -11.4 (d, JBH = 178 Hz, 2B), -12.8 (d，JBH = 167 Hz，2B). 

Reaction of 17b wi th (4-Me-C6H4)SNa. To a THF (10 mL) solution of 17b (92 

mg, 0.50 mol) was added (4-Me-C6H4)SNa (73 mg, 0.50 mol), and the solution was 

stirred at room temperature overnight. After addition of PPNCl (287mg, 0.50 mmol), 

the suspension was further stirred for 6 h. After filtration, the solution was concen-

trated to about 10 mL, and w-hexane layering gave a mixture of [ 1 -Me-2-HBMeS(4-

Me-C6H4)-l,2-C2BioHio]" ([75]") and 1 -Me-2-HBMe-1,2-C2B 1 oH,0 (76). Repeated 

recrystallization of this mixture in refluxing MeOH gave [7-Me-7,8-C2B9Hi i][PPN] 

([74][PPN]) as colorless crystals (90 mg, 26%). [75]": NMR (400 MHz, CD2CI2): 

5 7.26 (d, J = 8.1 Hz, 2H�SC6//4), 6.84 (d, 8.0 Hz, 2H, SC6//4), 2.19 (s, 3H, 

C6H4C//3), 2.00 (s, 3H’ CC7^3)，-0.04 (d, 5.6 Hz, 3H, BC//3). NMR (100 

MHz, CD2CI2)： 5 142.6, 130.8, 128.4 (C6H4), 90.8 (br, cage CBHCH3), 76.5 (cage 

CCH3), 24.5 (CCH3), 20.9 (C6H4CH3), 8.9 (br, BHCH3). 76: NMR (400 MHz, 

CD2CI2): 5 1.98 (s, 3H, CC//3), 0.05 (d, J = 5.3 Hz, 3H, BC//3). NMR (100 

MHz, CD2CI2): 5 89.4 (br, cage CBHCH3), 76.2 (cage CCH3)，24.4 (CCH3), 11.3 (br, 

BHCH3). " B N M R (128 MHz, CD2CI2)： 5 -4.6 (s+d, 2B), -6.4 (d�JBH == 148 Hz, IB), 

-9.3 ( d � 2 B ) , -9.9 (d, 2B), -10.7 (d, 3B), -12.6 (m, IB). [74][PPN]: ^H NMR (400 

MHz, acetone-de): 5 7.72 (m, 18H, PPN), 7.57 (m, 12H，PPN), 1.56 (s’ IH ’ CH), 

1.33 (s’ 3H, C//3). NMR (100 MHz, acetone-^/6): 5 134.5, 133.1，130.3, 
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128.1 (PPN), 54.1 (br�cage CCH3), 49.0 (cage CH), 25.8 (CCH3). " B NMR (128 

MHz, acetone-c/6): 6 -9.4 (d, JBH = 123 Hz, IB), -10.3 (d，JBH = 127 Hz, IB), -12.7 (d, 

Jbu = 158 Hz, IB), -16.6 (d, Jbh = 120 Hz, IB), -17.5 (d, JBH - 1 1 4 Hz, IB),-18.0 (d, 

149 Hz, IB), -21.7(d, JBH= 147 Hz, IB), -32.8 (d, JBH ~ 118 Hz, IB), -36.0 (d, 

JBH = 141 Hz, IB). Anal. Calcd for C39H44B9NP2 [M]: C, 68.28; H, 6.46; N, 2.04. 

Found: C�68.36; H, 6.28; N’ 1.81. 

Preparation of [l-Me-7-Et-l-CBiiHiol[Na(18-crown-6)(H20)] ([77][Na(18-

crown-6)(H20)]). To a THF solution (10 mL) of 17b (92 mg, 0.50 mol) was added 

NaBH4 (80 mg, 2.11 mol), and the suspension was stirred at room temperature over-

night. After filtration, 18-crown-6 (132 mg, 0.50 mmol) was added and solvent was 

removed in vacuum. The residue was washed with water and Et20. Recrystallization 

from acetone gave [77][Na(18-crown-6)(H20)] as colorless crystals. NMR (400 

MHz, acetone-^4): 5 3.63 (s’ 24H, OCH2), 1.47 (s, 3H, CC//3), 0.85 (br, 3H, 

CH2C//3), 0.64 (br, 2H, C//2CH3). NMR (100 MHz, acetone-̂ /s)： 5 70.1 

(OCH2), 63.8 (cage C), 27.9 (CCH3), 15.1 (CH2CH3), 11.0 (br, CH2CH3). " B NMR 

(128 MHz, acetone-^4): 5 -1.0 (s, IB), -9.5 (d, JBH = 141 Hz, IB), -11.7 (d，JBH = 137 

Hz, 4B),-12.7 (d�JBH = 141 Hz, 4B), -15.5 (d, JBH = 151 Hz, IB). IR (KBr) Vmax (cm" 

1): 2519 (vs, BH). Anal. Calcd for Ci6H44BiiNa07 [M]: C, 39.18; H, 9.04. Found: C, 

39.36; H, 8.99. 

Preparation of [C,C',N,N-Me4-NC2Bi,Hii][PPN] ([78][PPN]). To a THF solu-

tion (10 mL) of 17b (184 mg, 1.00 mol) was added LiNMe〗(51 mg, 1.00 mmol) and 

the solution was stirred at room temperature overnight. The ' 'B NMR spectrum indi-

cated [78]- was in about 50%. After addition of [PPN]C1 (574 mg, 0.50 mmol), the 

suspension was further stirred for 6 h. After filtration, THF was removed from the 

solution in vacuum, and the residue was extracted with CH2CI2. Repeated recrystalli-
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zation from THF/«-hexane gave [781[PPN] as colorless crystals (40 mg, 5%). 'H 

NMR (400 MHz, CD2CI2)： 5 7.67 (m, 6H, PPN)，7.49 (m, 24H, PPN), 2.78 (s, 6H, 

NC//3), 1.52 (s, 6H, CC//3). I3c{1H} NMR (100 MHz, CD2CI2)： 5 134.1, 132.5, 

139.8’ 127.5 (PPN), 45.8 (NCH3), 36.8 (CCH3), 26.4 (cage Q . " B NMR (96 MHz, 

CD2CI2)： 6 48.9 (d, Jbh ~ 101 Hz, IB), -2.8 (d, Jqh = 138 Hz, 4B), -5.8 (d, Jqh = 147 

Hz, I B ) , -10.1 (d, Jbh = 117 Hz, I B ) , -16.9 (d, JBH = 123 Hz, 3B), -30.9 ( d � JBH = 

132 Hz, IB). Anal. Calcd for C42H53B11N2P2 [M]: C, 65.79; H, 6.97; N�3 .65 . Found: 

C, 65.72; H, 7.02; N, 3.41. 

Preparation of 8-BH3PPh2-l,2-Mc2-l,2-C2B,oH9 (79). To a THF solution (10 

mL) ofPhiPH (93 mg, 0.50 mmol) was added finely cut K metar(40 mg, 1.00 mmol) 

and the solution was stirred at room temperature overnight. After filtration, the fil-

trate was slowly added to a THF solution (10 mL) of 17b (92 mg, 0.50 mol), and the 

solution was further stirred for one day. After removal of THF, the residue was ex-

tracted with Et20. Repeated recrystallization from Et^O/z^-hexane gave 79 as color-

less crystals (20 mg, 11%). 'H NMR (400 MHz, CD2CI2): 6 7.79 (m, 4H, CeHsX 7.43 

(m, 6H, CeHs), 2.02 (s�6H, C//3). NMR (100 MHz, CD2CI2)： 5 133.9 (d, Jpc 

=8.5 Hz), 130.60 (d, Jpc = 2.1 Hz), 130.55 (d�Jpc = 52 Hz), 128.6 (d, Jpc = 9.9 Hz) 

(CgHs), 75.6 (cage C), 23.6 (CH3). " B NMR (128 MHz, CD2CI2)： 5 -4.9 (2B), -6.4 

( I B ) , -7.4 ( I B ) , -8.1 ( I B ) , -9.2 (5B), -36.2 (dt, Jbh - 94Hz� JBH ~ 50 Hz, IB) . ^'P 

NMR (162 MHz, CD2CI2)： 5 -23.1 (br). HRMS (ESI): m/z calcd for 

C6H28^'B9'%PNa [ M + Na]+: 393.2917; Found: 393.2916. 

Reaction of 27a with MeOH. A MeOH solution (5 mL) of 27a (78 mg, 0.38 

mmol) in a closed Schlenk flask was heated to reflux at 70 °C for 48 h. After addition 

of [MesNHJCl (72 mg, 0.75 mmol), the mixture was stirred for another 1 h at room 

temperature. Removal of the volatile materials and washing with water gave a mix-
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ture of [36a】【Me3NH】 and [36bl【Me3NHl. 

Preparation of [//-8,9-(CH2)3-/i-ll,12-BH(OMe)-8,9-C2BnH„][Me3NHl 

([80][Me3NH]). To a MeOH solution (5 mL) of 27a (54 mg, 0.26 mmol) was added 

an aqueous solution of MeaN (45%, 0.5 mL, 7.00 mmol), and the reaction mixture 

was stirred at room temperature for 1 min. After removal of solvents under vacuum, 

the solid residue was thoroughly washed with /i-hexane and Et^O to give 

[SOJfMesNH] as a white solid (75 mg, 96%). Recrystallization from a CH2CI2 solu-

tion afforded colorless crystals. 'H NMR (400 MHz, CD2CI2)： 5 3.35 (s, 3H, OC//3), 

2.97 (s, 9H, NC//3), 2.58 (m, 2H, CC//2), 1.95 (m，2H, CC//2), 1.88 (m, IH, 

CCH2C//2), 1.60 ( m � I H , CCH2C//2). I3C{1H} NMR (100 MHz, CD2CI2): 5 86.0 

(cage Q , 60.1 (OCH3), 46.7 (NCH3), 41.0 (CCH2), 24.9 (CCH2CH2). " B NMR (96 

MHz, CD2CI2): 6 22.2 (d, JQH = 127 Hz, IB), 9.8 (d, JBH = 150 Hz, 2B), 4.5 (d, JBH = 

134 Hz, IB), -1.3 (d�JBH = 137 Hz, 2B), -4.1 (d�JBH = 149 Hz, 2B), -8.5 (d, JBH = 

121 Hz, 3B), -28.3 (d, JBH = 138 Hz, IB). IR (KBr) Vmax (cm''): 2507 (vs’ BH). Anal. 

Calcd for C9H31B12NO [M]: C, 36.14; H’ 10.45; N, 4.68. Found: C, 36.41; H, 10.53; 

N �4 .77 . 

Preparation of Lu-8，9-(CH2)3- 8，9-C2BiiHii】[(Me3NH)2Cll ([801[(Me3NH)2Cl]). 

To a THF solution (5 mL) of 27a (50 mg, 0.24 mmol) was added CsF (185 mg, 1.22 

mmol), and the mixture was stirred at room temperature for 7 d. After addition of 

[MesNHJCl (120 mg, 1.25 mmol), the mixture was stirred for another 1 h at room 

temperature. Removal of the precipitate and the solvent gave a white solid that was 

recrystallized from acetone to afford [80] [(Me3NH)2Cl]as colorless crystals (51 mg, 

60%). N M R (400 MHz, acetone-减)：5 3.02 (s, 18H, C//3), 2.34 ( m � 2 H , CC//2), 

2.07 (m, 2H, CC//2), 1.69 ( m � I H , CCH2C//2), 1.48 ( m � I H , CCH2C//2). '^C{ 'H} 

NMR (100 MHz, acetone-^/6): 5 82.3 (cage C), 45.2 (CH3), 40.2 (CCH2), 26.4 
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(CCH2CH2). " B N M R (96 MHz, acetone-^4): 5 0.5 (d, JBH = 133 Hz, 2B), -1.1 (d, 

JBH = 158 Hz, 3B), -8.2 (d, JQH = 150 Hz, 2B), -11.5 (d, JBH = 139 Hz, 2B), -15.1 (d, 

JBH = 126 Hz, IB), -33.3 (d, JBH = 127 Hz, IB). IR (KBr) Vmax (cm"'): 2517 (vs, BH). 

Anal. Calcd for CnHsgBnClNz [M]: C, 37.45; H, 10.86; N, 7.94. Found: C, 37.59; H, 

10.32; N, 7.50. 
i 

X-ray Structure Determination. A l l single crystals were immersed in Paraton-N oil 

and sealed under N2 in thin-walled glass capillaries. Data were collected on a Bruker 

SMART 1000 CCD diffractometer or a Bruker AXS kappa Apex II Duo diffractome-

ter using Mo-Ka or Cu-Ka radiation. An empirical absorption correction was applied 

using the SADABS p r o g r a m . A l l structures were solved by direct methods and 

subsequent Fourier difference techniques and refined anisotropically for all non-

hydrogen atoms by flill-matrix least squares calculations on F^ using the SHELXTL 

program p a c k a g e . F o r noncentrosymmetric structures, the appropriate enantio-

I n 

morph was chosen by refining Flack's parameter x toward zero. Al l hydrogen 

atoms were geometrically fixed using the riding model. Crystal data and details of 

data collection and structure refinements are given in Appendix II. CIF files are giv-

en in Appendix I I I in electronic format. 
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Appendix II. Crystal Data and Summary of Data Collection and Refinement 

Compd. No . 5a 5b 

formula 

crystal size 

(mm) 

f\v 

crystal system 

space group 

a , A 

6’ A 

c,A 

a, deg 

Adeg 

deg 

厂，A3 

Z 

Allied，Mg/m ' 

radiation (A), A 

2 沒 range，deg 

mm' ' 

尸(000) 

no. o f obsd 

reflns 

no. o f params 

refi id 

goodness o f f i t 

R1 

wR2 

CeHigBio 

0.50 X 0.40 X 

0.30 

198.30 

Orthorhombic 

P2^2a^ 

8.8226(10) 

9.7699(11) 

14.1534(15) 

90 

90 

90 

1220.0(2) 

4 

1.080 

M o K a 

(0.71073) 

55.8 

0.048 

416 

2774 

145 

1.088 

0.0500 

0.0572 

C12H21B11 

0.50 X 0.40; 

0.30 

284.20 

Monocl in ic 

P2、/n 

10.614(2) 

14.753(3) 

10.845(2) 

90 

99.102(5) 

90 

1676.9(6) 

4 

1.126 

M o K a 

(0.71073) 

56.0 

0.053 

592 

4038 

208 

1.003 

0.0498 

0.0718 

C12H21B11 

0.40 X 0.30 X 

0.20 

284.20 

Monoc l in ic 

P2、fn 

10.6435(3) 

14.7542(5) 

10.8336(3) 

90 

99.4030(10) 

90 

1678.41(9) 

4 

1.125 

M o K a 

(0.71073) 

50.0 

0.053 

592 

2934 

1.080 

0.0473 

0.0560 

C5H17B11 

0.50 X 0.40 X 

0.30 

196.10 

Monoc l in ic 

P2“c 

7.381(6) 

13.807(12) 

12.919(11) 

90 

105.673(17) 

90 

1267.5(18) 

4 

1.028 

M o K a 

(0.71073) 

55.3 

0.044 

408 

2944 

145 

1.002 

0.0807 

0.1145 
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Compd. No. 11 I12al(Na4(THF)„l 

formula 

crystal size 

(mm) 

f\v 

crystal system 

space group 

a. A 

b,A 

a、deg 

Adeg 

, ’ deg 

厂’ A3 

Z 

ĉoicd, Mg/m^ 

radiation {X), A 

2 没 range�deg 

f i ’ mm' ' 

F(000) 

no. o f obsd 

reflns 

no. o f params 

refhd 

goodness o f f i t 

R1 

wR2 

CeHigBii 

0.50 X 0.40 X 

0.30 

210.12 

Orthorhombic 

Pbca 

13.051(3) 

12.607(3) 

15.258(3) • 

90 

90 

90 

2510.4(9) 

8 

1.112 

M o K a 

(0.71073) 

50.0 

0.049 

880 

2197 

154 

1.148 

0.0646 

0.0930 

C7H21B11 

0.40 X 0.30 X 

0.20 

224.15 

Orthorhombic 

Pnma 

14.3933(15) 

11.3659(12) 

8.3269(9) 

90 

90 

90 

1362.2(3) 

4 

1.093 

Mo K a 

(0.71073) 

55.8 

0.049 

472 

1702 

88 

1.014 

0.0757 

0.1416 

CeHzoBioSi 

0.40 X 0.30 

0.20 

228.41 

Monocl in ic 

die 

12.077(6) 

10.190(5) 

12.910(6) 

90 

115.676(9) 

90 

1431.9(12) 

4 

1.060 

M o K a 

(0.71073) 

50.0 

0.128 

480 

1259 

78 

1.166 

0.0821 

0.0870 

CzaHfisBioNazOfi 

0.30 X 0.20 X 

0.10 

649.86 

Monocl in ic 

P2、lc 

10.5794(11) 

16.3005(16) 

23.647(3) 

90 

100.216(2) 

90 

4013.3(7) 

4 

1.076 

M o K a 

(0.71073) 

50.0 

0.085 

1404 

7069 

455 

1.127 

0.0989 

0.1976 
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Compd. No. 112b】【Na2(l 8-crown-6)l [ 14] [Na2(THF)4l 16 17a 

formula 

crystal size 

(mm) 

fw 

crystal system 

space group 

a, A 

c.k 

a, deg 

Adeg 

Y、deg 

v.k' 

Z 

Sealed, Mg/m^ 

radiation (A), A 

2Grange, deg 

mm'' 

F(000) 

no. of obsd 

reflns 

no. of params 

refild 

goodness of fit 

R1 

wR2 

C|6H37B9NaA 

0.40 X 0.30 X 

0.20 

484.73 

Monoc l in ic 

Cllrn 

11.085(3) 

14.938(3) 

16.007(4) 

90 

90.051(4) 

90 

2650.5(10) 

4 

1.215 

M o K a 

(0.71073) 

56.0 

0.110 

1024 

3307 

167 

1.100 

0.0727 
r 

0.0883 

C22H54B loNazOsSiz CfiHj, B , , Si C4H nB , 

0.50 X 0.50 X 

0.40 

608.91 

Monocl in ic 

P2、/n . 

12.3686(13) 

12.1982(12) 

24.516(2) 

90 

90.255(2) 

90 

3698.8(6) 

4 

1.093 

M o K a 

(0.71073) 

50.0 

0.148 

1304 

6532 

370 

1.027 

0.0803 

0.1333 

0.50 X 0.40 > 

0.30 

240.23 

Monoc l in ic 

P2、/c 

10.330(7) 

10.249(7) 

14.120(8) 

90 

95.595(14) 

90 

1487.8(16) 

4 

1.072 

M o K a 

(0.71073) 

50.2 

0.125 

504 

2599 

163 

1.029 

0.0510 

0.0893 

0.40 X 0.30 X 

0.30 

184.09 

Monocl in ic 

Pl、lm 

7.0551(9) 

11.6875(14) 

8.0262(10) 

90 

115.576(2) 

90 

596.96(13) 

2 • 

1.024 

M o K a 

(0.71073) 

50.0 

0.043 

192 

1109 

98 

1.071 

0.0724 

0.0904 
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Compd. N o . 19 20 21a 21b 

formula 

crystal size 

(mm) 

f\v 

crystal system 

space group 

b,A 

c、k 

CK, deg 

Adeg 

deg 

厂’ A3 

Z 

ĉQicd, Mg/m^ 

radiation (A), A 

2 沒 range, deg 

fi、mm ' ' 

F(000) 

no. o f obsd 

reflns 

no. o f params 

ref i id 

goodness o f fit 

R1 

wR2 

Ci6H34BioRuSi CyHosBiiSi CnHasBioRuSi CnHjgBioRuSi 

0.50 X 0.20 X 

0.20 

463.69 

Monocl in ic 

P2、/n 

.9.1904(15) 

24.076(4) 

11.1276(18) 

90 

92.449(3) 

90 

2459.9(7) 

4 

1.252 

M o Ka 

• (0.71073) 

56.1 

0.686 

952 

5909 

253 

1.035 , 

0.0356 

0.0451 

0.50 X 0.40 X 

0.20 

256.27 

Monocl in ic 

P2,/c 

7.0795(5) 

11.6549(9) 

20.6859(15) 

90 

96.0330(10) 

90 

1697.4(2) 

4 

1.003 

M o K a 

(0.71073) 

55.9 

0.113 

544 

4071 

172 

1.094 

0.0573 

0.0914 

0.40 X 0 .30 : 

0.10 

479.73 

Monocl in ic 

P2、ln 

8.9761(14) 

15.806(2) 

18.036(3) 

90 

96.903(4) 

90 

2540.4(7) 

4 

1.254 

M o K o 

(0.71073) 

50.0 

0.667 

992 

4485 

271 

1.034 

0.0657 

0.0991 

0.50 X 0.40 X 

0.30 

479.73 

Monocl in ic 

P2、/n 

8.8301(15) 

16.575(3) 

17.179(3) 

90 

100.459(3) 

90 

2472.6(7) 

4 

1.289 

M o K a 

(0.71073) 

50.0 

0.685 

992 

4359 

266 

1.056 

0.0525 

0.0577 

2 8 6 



Compd. No. MeaSBr 

formula CjHsBrS 

crystal size 0.40 X 0.30 

(mm) 0.10 

f w 157.07 

crystal system Monocl in ic 

space group P2^ 

(231INa2(THF)4l 丨 26al[Na2(THF)4l 丨 26bl[Na2(THF)4l 

C22H53BnNa204Si CzoHdgBnNazCX) 

a, A 

b,k 

c,k 

a ’ d e g 

A d e g 

M e g 

K’A3 

Z 

Sealed, Mg/m^ 

radiation (A), A 

5.7553(8) 

7.4572(11) 

7.2632(10) 

90 

92.484(2) 

90 

311.43(8) 

2 

1.675 

M o K a 

(0.71073) 

2没range, deg 55.7 

0.50 X 0.30 X 

0.30 

574.62 

Orthorhombic 

Pnma 

11.4346(17) 

19.023(3) 

15.856(2) 

90 

90 

90 

3449.1(9) 

4 

1.107 

M o K a 

(0.71073) 

56.0 

0.50 X 0.40 ; 

0.30 

518.48 

Tetragonal 

Cmc2\ 

16.7451(6) 

16.7451(6) 

11.4298(6) 

90 

90 

90 

3204.9(2) 

4 

1.075 

M o K a 

(0.71073) 

50.0 

C2oH49BnNa204 

0.50 X 0.40 X 

0.30 

518.48 

Monocl in ic 

P2、ln 

16.201(2) 

11.9984(17) 

16.822^(3) 

A 

90 

90.508(2) 

90 

3270.1(8) 

4 

1.053 

M o K a 

(0.71073) 

50.5 

/A mm' 6.789 0.120 0.087 0.085 

FiOOO) 156 1232 1112 1112 

no. o f obsd 

reflns . 
1375 4264 2198 5916 

no. o f params 

refiid 
46 215 175 424 

goodness o f fit 1.048 1.030 1.066 1.029 

R1 0.0211 0.0754 0.0884 0.0911 

wR2 0.0254 0.1597 0.1040 0.2033 

2 8 7 



Compd. No. 27a-C,nH8 28a 28b 29b 

formula 

crystal size 

(mm) 

fw 

crystal system 

space group 

a, A 

b,A 

c,A 

a, deg 

Adeg 

r’deg 

厂，A3 

Z 

Sealed, Mg/m^ 

radiation (A), A 

range, deg 

/J, mm'' 

F(000) 

no. of obsd 

reflns 

no. of params 

refild 

goodness o f fit 

R1 

wR2 

CI5H26B|2 

0.30 X 0.20 X 

0.10 

336.08 

Monocl in ic 

P2x/c 

7.836(4) 

16.662(8) 

15.795(8) 

90 

100.691(11) 

90 

2026.6(18) 

4 

1.102 

M o K a 

(0.71073) 

50.0 

0.053 

704 

3571 

252 

1.031 

0.0774 

0.1171 

CeHziBizSi 

0.50 X 0.40 X 

0.30 

252.05 

Orthorhombic 

Pbca 

13.401(2) 

14.041(3) 

16.643(3) 

90 

90 

90 

3131.6(10) 

8 

1.069 

M o K a 

(0.71073) 

56.1 

0.121 

1056 

3791 

1.002 

0.0667 

0.1396 

C6H22B|2Si 

0.30 X 0.20 X 

0.10 

252.05 

Monocl in ic 

P l j c 

7.1477(10) 

14.2804(19) 

15.2566(19) 

90 

95.450(3) 

90 

1550.2(4) 

4 

1.080 

M o K a 

(0.71073) 

56.1 

0.122 

528 

3751 

172 

0.969 

0.0690 

0.2187 

CgH ôB 12 

0.40 X 0.30 X 

0.20 

221.94 

Monocl in ic 

C2/c 

12.270(5) 

9.712(5) 

12.111(5) 

90 

109.878(10) 

90 

1357.3(10) 

4 

1.086 

M o K a 

(0.71073) 

50.5 

0.047 

464 

1231 

115 

1.041 

0.0668 

0.0778 



Compd. No. 32a 33 3 5 C H , C I , 

formula 

crystal size 

(mm) 

fSv 

crystal system 

space group 

a’A 

6，A 

c,A 

o r , deg 

Adeg 

deg 

厂’ A3 

Z 

DCOICD’ Mg/m' 

radiation (A), A 

2 没 range�deg 

/i, mm'' 

厂(000) 

no. o f obsd 

reflns 

no. of params 

refiid 

goodness of fit 

R1 

wR2 

C4H1BB12 

0.50 X 0.30 X 

0.20 

195.90 

Monocl inic 

Cllc 

14.6928(8) 

7.6394(4) 

12.0671(7) 

90 

113.5700(10) 

90 

1241.46(12) 

4 

1.048 

M o Ka 
(0.71073) 

49.9 

0.044 

408 

1091 

97 

1.075 

0.0661 

0.0760 

•CifiHasBnRuSi CHHsiBHRU CnHagBizCizRuSi 

0.50 X 0.40 X 

0.30 

475.51 

Monoclinic 

P2i/n 

9.1795(13) 

23.218(3) 

12.0449(17) 

90 

93.406(3) 

90 

2562.5(6) 

4 

1.233 

Mo K a 

(0.71073) 

50.0 

0.660 

976 

4519 

266 

1.042 

0.0281 

0.0372 

0.30 X 0.20 X 

0.10 

419.37 

Orthorhombic 

P2^2a^ 

9.9962(13) 

12.7008(16) 

16.033(2) 

90 

90 

90 

2035.5(4) 

4 

1.368 

Mo K a 

(0.71073) 

54.6 

0.765 

856 

239 

1.089 

0.0259 

0.0306 

0.50 X 0.40 3 

0.30 

572.25 

Tricl inic 

P-\ 

9.135(5) 

11.802(6) 

12.928(6) 

98.442(7) 

95.820(8) 

93.268(8) 

1367.9(12) 

2 

1.389 

Mo K a 

(0.71073) 

50.0 

0.819 

584 

4783 

298 

1.044 

0.0357 

0.0391 



Compd. No. I36a]|Me3NH) I36b l |Me3NHl 丨 3 6 r i l P S H l PTJIMeaNHl 

formula 

crystal size 

(mm) 

fw 

crystal system 

space group 

a, A 

b,k 

c、k 

a, deg 

A d e g 

r, deg 

厂,A3 

z 

^coicd, M g / m ^ 

radiation (A), A 

2 没 range, deg 

/ i , mm' ' 

厂(000) 

no. of obsd 

reflns 

no. o f params 

refiid 

goodness o f f i t 

R1 

wR2 

CgHaoBnNO 

0.50 X 0.40 X 

0.30 

287.25 

Monoclinic 

P2、lc 

7.924(3) 

23.339(9) 

9.662(4) 

90 

97.494(7) 

90 

1771.5(13) 

4 

1.077 

Mo Ka 

(0.71073) 

50.0 

0.056 

616 

3118 

1.090 

0.0785 

0.1147 

C9H30B 丨丨 NO 

0.50 X 0.30 X 

0.20 

287.25 

Monoclinic 

P2、ln 

11.706(3) 

12.298(3) 

13.143(3) 

90 

109.850(4) 

90 

1779.6(6) 

4 

1.072 

Mo K a 

(0.71073) 

50.0 

0.056 

616 

3127 

199 

1.022 

0.0681 

0.0955 

C20H39BHN2O CgHjfiBnN 

0.40 X 0.30 X 

0.20 

442.44 

Monoclinic 

P2,/c 

15.5726(6) 

9.8303(4) 

18.0313(7) 

90 

104.0970(10) 

90 

2677.16(18) 

4 

1.098 

Mo K a 

(0.71073) 

50.0 

0.060 

944 

4716 

307 

1.040 

0.0992 

0.1151 

0.40 X 0.30 X 

0.20 

255.21 

Orthorhombic 

Piadx 

7.8487(3) 

10.4150(3) 

20.1837(6) 

90 

90 

90 

1649.90(9) 

4 

1.027 

Cu K a 

(1.54178) 

133.9 

0.331 

544 

2592 

182 

1.054 

0.0991 

0.1139 



Compd. No. [3711PSH1 p S a l l M e j N H ! 【38a】|Me3NHl 39 

formula 

crystal size 

(mm) 

f\v 

crystal system 

space group 

a、A 

b,A 

C.A 

a、deg 

Adeg 

,’deg 

Z 

Denied, Mg/m^ 

radiation (A), A 

2 沒 range, deg 

" ’ mm' ' 

厂(000) 

no.’ of obsd 

reflns 

no. o f params 

refiid 

goodness of fit 

R1 

wR2 

C,9H35BnN2 CioHjzBnNO C.oHazBnNO CgHzgBnN 

0.50 X 0.40 

0.20 

0.40 X 0.30 

0.20 

0.40 X 0.40 

0.30 

0.50 X 0.40 

0.30 

410.40 301.28 301.28 269.23 

Monocl in ic Orthorhombic Monocl inic Monocl in ic 

P2,/c Pna2\ 尸 2|/c 

15.035(4) 19.3435(12) 7.9842(2) 7.6806(3) 

9.147(2) 11.8867(7) 23.0960(5) 11.2799(5) 

19.884(5) 8.0716(5) 10.5943(2) 19.8375(9) 

90 90 90 90 

109.851(5) 90 101.79 99.6080(10) 

90 90 90 90 

2572.2(10) 1855.9(2) 

A 

1912.40(7) 

A 

1694.54(13) 

4 

1.060 

H 

1.078 

H 

1.046 1.055 

M o K a M o K a M o K a M o K a 

(0.71073) (0.71073) (0.71073) (0.71073) 

50.5 50.0 50.0 55.9 

0.055 0.056 0.054 0.050 

872 648 648 576 

4639 3188 3359 4015 

299 208 208 190 

1.578 1.046 1.023 1.021 

0.1574 0.0372 0.0740 0.0544 

0.1837 0.0472 0.0898 0.0930 

2 9 1 



Compd. No. (40 i ' l lPPNl 41 CH2CI2 (431(Me,N) 

formula 

crystal size 

(mm) 

f\v 

crystal system 

space group 

a, A 

6，A 

c.A 

o r , deg 

Adeg 

r, deg 

厂’ A3 

Z 

Dcakd, Mg/m^ 

radiation (A), A 

2 没 range, deg 

/J、mm'' 

F(000) 

no. of obsd 

reflns 

no. o f params 

refiid 

goodness o f f i t 
* 

R1 

wR2 

C9H28BnN C45H57B„N2P2 C24H3,BiiCl2P CoHaoBnN 

0.40 X 0.30 X 

0.20 

269.23 

Monocl in ic 

Cc 

12.2118(12) 

9.7445(10) 

14.4119(15) 

90 

93.958(2) 

90 

1710.9(3) 

4 

1.045 

M o K a 

(0.71073) 

56.8 

0.050 

576 

3474 

190 

1.109 

0.0652 

0.0718 

0.50 X 0.40 X 

0.30 

806.78 

Orthorhombic 

Pnma 

18.9260(9) 

27.3459(12) 

18.0299(8) 

90 

90 

90 

9331.3(7) 

8 

1.149 

M o K a 

(0.71073) 

50.0 

0.127 

3408 

607 

1.082 

0.0751 

0.1098 

0.50 X 0.40 X 

0.30 

543.29 

Orthorhombic 

10.6285(5) 

12.9424(6) 

21.7636(10) 

90 

90 

90 

2993.8(2) 

4 

1.205 

M o K a 

(0.71073) 

50.0 

0.285 

1128 

5234 

343 

1.053 

0.0489 

0.0561 

0.40 X 0.40 X 

0.20 

271.25 

Monocl in ic 

P2Jc 

8.3503(7) 

16.1189(14) 

13.5540(12) 

90 

91.960(2) 

90 

1823.3(3) 

4 

0.988 

M o K a 

(0.71073) 

50.0 

0.047 

584 

3195 

233 

1.016 

0.0944 

0.1910 

2 9 2 



Compd. No . [43] (Na2( l 8-crown-6)(THF)2) [44] (PPN ] j 451 |PPNl 

formula 

crystal size 

C25H58B1 丨 NaOs 

0.40 X 0.30 X 

C4丨HifiB丨丨NP2 

0.50 X 0.40 X 

C«H48BHNP2 

0.40 X 0.30 X 

CnH32B,,N 

0.50 X 0.40 ; 

(mm) 0.20 0.30 0.30 0.30 

fw 628.61 733.64 747.66 297.29 

crystal system Tr ic l in ic Orthorhombic Monoc l i n i c Monocl in ic 

space group P-\ Pbcm P2、/c P2\lm 

a, A 10.645(4) 9.154(2) 12,7941(9) 8.2436(8) 

b,A 11.441(4) 18.404(4) 17.3171(12) 11.4715(12) 

16.211(6) 25.013(6) 
/ 

18.3531(13) 10.3203(10) 

a、deg 70.551(7) 90 90 90 

A d e g 77.140(7) 90 97.124(2) 109.448(2) 

r . d e g 88.427(8) 90 90 90 

厂’ A3 

Z 

Dented, Mg/m^ 

1812.7(11) 4213.7(16) 
4 

4034.9(5) 
4 

920.27(16) 
9 

厂’ A3 

Z 

Dented, Mg/m^ 1.152 1.156 1.231 1.073 

radiation (A), A M o K a M o K a M o K a M o K a 

(0.71073) (0.71073) (0.71073) (0.71073) 

2Grange, deg 50.0 50.0 50.0 50.0 

/y, mm'' 0.085 0.134 0.141 0.052 

F ( 0 0 0 ) 676 1536 1568 320 

no. of obsd 

reflns 
5954 3795 7099 1703 

no. of params 

ref i id 
406 279 505 148 

goodness of fit 1.878 1.068 丄 0 1 7 1.085 

R1 0.1592 0.0599 0.0499 0.0811 

wR2 0.2019 0.0893 0.0794 0.1013 

2 9 3 



Compd. No. 47b 14811PSH] I48'1IPSH) 

formula 

crystal size 
r 

(mm) 

fw 

crystal system 

space group 

a,k 

6，A 

c,A 

a ’ d e g 

A d e g 

r，deg 

Z 

denied, Mg/m^ 

radiation (A), A 

2Grange, deg 

mm"' 

F(000) 

no. of obsd 

reflns 

no. o f params 

refiid 

goodness of fit 

R1 

>vR2 

C„H„B||N 

0.50 X 0.40 X 

0.30 

297.29 

Orthorhombic 

Pbca 

11.3889(7) 

14.4573(9) 

22.1940(15) 

90 

90 

90 

3654.3(4) 

8 

1.081 

M o K a 

(0.71073) 

50.0 

0.052 

1280 

3222 

C19H35B , ,N2 C21H43B I ,N202 C23H47B, iNjO^ 

1.052 

0.0639 

0.1105 

0.40 X 0.30 X 

0.20 

410.40 

Monocl in ic 

P2,/c 

7.0376(5) 

13.2110(7) 

26.0158(17) 

90 

96.547(4) 

90 

2403.0(3) 

4 

1.134 

Cu K a 

(1.54178) 

83.5 
« 

0.422 

872 

1578 

293 

1.088 

0.0863 

0.1127 

0.50 X 0.30 X 

0.20 

474.48 

Tr ic l in ic 

P-\ 

8.4249(4) 

10.9067(6) 

15.1728(8) 

85.3560(10) 

86.9400(10) 

83.3410(10) 

1378.88(12) 

2 

1.143 

M o K a 

(0.71073) 

50.5 

0.065 

508 

4967 

337 

1.092 

0.0523 

0.0626 

0.40 X 0.40 X 

0.30 

518.54 

Tr ic l in ic 

P-\ 

10.4048(5) 

12.2367(6) 

13.6975(7) 

76.9250(10) 

70.0840(10) 

74.0880(10) 

1559.73(13) 

2 

1.104 

M o K a 

(0.71073) 

50.5 

0.065 

556 

5640 

360 

0.990 

0.0628 

0.1004 

2 9 4 



Compd. No. I491IEt3NHl (491 [PSH] (50] [PSH1 [51) (PSHI 

formula 

crystal size 

(mm) 

f w 

crystal system 

space group 

a, A 

6’ A 

c.A 

a、deg 

Adeg 

r.deg 

K’A3 

Z 

ĉoicd, Mg/m' 

radiation (A), A 

2 权 range, deg 

mm"' 

F(000) 

no. of obsd 

reflns 

no. of params 

refhd 

goodness of fit 

R1 

wR2 

C,3H38B„NP 

0.50 X 0.40 X 

C2,H4,B„N20 

0.50 X 0.40 X 

C22H45B11N2O2 

0.40 X 0.30 X 

CiqHSBB 丨 0N2O 

0.40 X 0.30 X 

0.20 0.30 0.20 0.20 

343.35 456.47 488.51 418.61 

Tr ic l in ic Tr ic l in ic Tr ic l in ic Monoc l in ic 

P-\ P-\ P-\ 尸2’/c 

8.345(3) 8.3906(15) 9.4687(7) 11.666(2) 

8.931(3) 10.904(2) 9.6287(8) 10.466(2) 

30.583(1 1) 15.541(3) 17.0590(13) 20.948(4) 

82.019(9) 99.131(3) 102.413(2) 90 

87.889(6) 94.715(3) 97.696(2) 90.327(4) 

76.408(7) 102.261(3) 97.792(2) 90 

2194.1(13) 

A 

1361.8(4) 1483.4(2) 

9 

2557.8(8) 
4 

H 

1.039 1.113 1.094 1.087 

M o Ka M o K a M o K a M o K a 

(0.71073) (0.71073) (0.71073) (0.71073) 

50.0 50.0 55.4 50.5 

0.054 0.060 0.062 0.059 

744 488 524 896 

7672 4751 6 8 0 0 4625 

477 320 347 301 

1.216 1.063 1.124 
s 

1.008 

0.2481 0.0762 0.1146 0.0642 

0.3250 0.1147 
1 

0.2579 0.1382 

2 9 5 



Compd. No. 【521[PSH1 53a 54 55 

formula 

crystal size 

(mm) 

fw 

crystal system 

space group 

<3, A 

6’ A 

c’A 

a、deg 

Adeg 

r. deg 

Z 

ĉDicd. Mg/m^ 

radiation (A), A 

2 没 range, deg 

//, mm'' 

F(000) 

no. of obsd 

reflns 

no. of params 

refiid 

goodness of fit 

R1 
i 

>vR2 

C20H40B10N2O C10H22B1 |N 

0.50 X 0.40 X 

0.30 

432.64 

Monocl inic 

Plxic 

13.5073(5) 

12.4931(5) 

15.3521(6) 

90 

90.3520(10) 

90 

2590.59(17) 

4 

1.109 

M o Ka 

(0.71073) 

50.5 

0.061 

928 -

310 

1.041 

0.0562 

0.0753 

0.50 X 0.40 X 

0.30 

275.20 

Orthrohombic 

Pbca 

12.6628(9) 

14.1099(10) 

18.2836(13) 

90 

90 

90 

3266.7(4) 

8 

1.119 

Mo K a 

(0.71073) 

50.5 

0.054 

1152 

2960 

199 

1.083 

0.0557 

0.0702 

C15H27B11N2 

0.40 X 0.30 X 

0.20 

354.30 

Orthrohombic 

尸2丨2|2| 

9.2420(15) 

12.376(2) 

18.093(3) 

90 

90 

90 

2069.5(6) 

4 

1.137 

M o K a 

(0.71073) 

50.5 

0.058 

744 

3724 

262 

0.971 

0.0581 

0.1639 

Ci7H3|BnN2 

0.50 X 0.40 X 

0.30 

382.35 

Monocl inic 

P2、/n 

10.3177(8) 

14.8096(13) 

15.0601(13) 

90 

90.522(2) 

90 

2301.1(3) 

4 

1.104 

M o K a 

(0.71073) 

50.5 

0.057 

808 

4159 

279 

1.062 

0.1120 ‘ 

0.1673 



Compd. N o . 56 57a CH2CI2 59 60 

formula 

crystal size 

(mm) 

fVv 

crystal system 

space group 

a, A 

b,A 

c,A 

a、deg 

Adeg 

r. deg 

厂’ A3 

Z 

Aoicd, Mg/m^ 

radiation (A), A 

2 夕 range, deg 

"，mm ' ' 

F(000) 

no. of obsd 

reflns 

no, o f params 

ref i id 

goodness o f f i t 

R1 

wR2 

C92H172B44N8 C|2H26BnCl2N C15H23B11N2 

0.50 X 0.40 X 

0.30 

1866.02 

Tr ic l i n i c 

P-\ 

12.5579(11) 

15.0847(10) 

16.2226(10) 

93.524(7) 

108.248(2) 

91.081(2) 

2910.7(4) 

1 

1.065 

Mo Ka 

(0.71073) 

50.5 

0.055 

1000 

10410 

657 

1.066 

0.0738 

0.1536 

0.50 X 0.40 X 

0.30 

374.15 

Monocl in ic 

Cc 

16.7150(10) 

16.0143(9) 

8.6111(5) 

90 

115.9900(10) 

90 

2071.9(2) 

4 

1.199 

Mo Ka 

(0.71073) 

50.5 

0.309 

776 

3335 

235 

1.079 

0.0542 

0.0719 

0.40 X 0.30 X 

0.20 

350.26 

Orthorhombic 

Pna2\ 

24.3055(18) 

16.5785(11) 

14.2903(10) 

90 

90 

90 

5758.3(7) 

12 

1.212 

Mo Ka 

(0.71073) 

50.5 

0.062 

2184 

10305 

757 

1.038 

0.0816 

0.1480 

C16H25B11N3 

0.40 X 0.30 ; 

0.20 

364.29 

Tetragonal 

P-42,c 

16.853(3) 

16.853(3) 

14.176(3) 

90 

90 

90 

4026.2(14) 

8 

1.202 

Mo Ka 

(0.71073) 

50.5 

0.062 

1520 

3653 

262 

1.064 

0.0539 

0.0853 

\ 

297 



Compd. N o . 61 62 I651IPSH1 1671 IPPN1THF 

formula 

crystal size 

(mm) 

C17H25B11N2 

0.50 X 0.40 : 

0.30 

C18H27B11N2 

0.50 X 0 .40 : 

0.30 

C20H39B, 1N2 C53H64B, .NOPjS 

0.40 X 0.30 

0.20 

0.50 X 0.40 

0.20 

fsv 376.30 390.33 426.44 943.96 

crystal system Monoc l in i c Monoc l in ic T r i c l in ic Tr ic l in ic 

space group P2Jc P2、/c P-\ P-\ 

a, A 12.7697(8) 13.1718(9) 11.4918(13) 11.125(8) 

b,k 22.4968(14) 28.9671(19) 14.8547(17) 14.248(11) 

c,A 15.3478(9) 11.9075(8) 16.1670(18) 17.751(14) 

a, deg 90 90 78.932(2) 98.412(17) 

A d e g 107.7010(10) 107.7820(10) 88.899(3) 104.365(14) 

r, deg 90 90 74.307(3) 98.182(15) 

厂’ A3 

Z 

Sealed, Mg/m^ 

4200.3(4) 

Q 

4326.2(5) 

Q 

2606.0(5) 2649(3) 

9 

厂’ A3 

Z 

Sealed, Mg/m^ 

0 

1.190 

0 

1.199 1.087 1.183 

radiation (/I), A M o K a M o K a M o K a M o K a 

(0.71073) (0.71073) (0.71073) (0.71073) 

2 没 range，deg 50.5 50.5 50.5 50.5 

/y, m m ' ' 0.062 0.062 ‘ 0.056 0.161 

F(000) 1568 1632 912 996 

no. o f obsd 

reflns 
7602 7820 9240 9561 

no. o f params 

refild 
541 559 615 622 

goodness o f f i t 1.109 1.008 1.020 1.017 

R1 0.1046 0.0644 0.0710 0.0528 

wR2 0.1412 0.1037 0.1317 0.0719 



Compd. N o . 68 16911PPN1 (701IPPN1 ( T l a J I M e j N H l 

formula 

crystal size 

(mm) 

fw 

crystal system 

space group 

a, A 

b,A 

c,A 

o r , deg 

Adeg 

, ’ d e g 

厂，A3 

Z 

Sealed, M — 3 

radiation (A), A 

2 没 range, deg 

/A mm"' 

F(000) 

no. o f obsd 

reflns ‘ 

no. o f params 

ref i id 

goodness o f fit 

R1 

wK2 

C,oH3oBnN C-AHssBUNZPZ 

0.50 X 0.40: 

0.30 

283.26 

Monoc l in ic 

PlxIc 

7.4647(12) 

14.673(2) 

16.269(3) 

90 

94.198(3) 

90 

1777.1(5) 

4 

1.059 

M o Ka 

(0.71073) 

56.0 

0.051 

608 

4253 

207 

1.011 

0.0592 

0.0775 

0.50 X 0.40 X 

0.30 

792.75 

Monocl in ic 

P2、/c 

13.3528(12) 

9.1868(9 

37.516(4) 

90 

100.747(2) 

90 

4521.3(8) 

4 

1.165 

M o Ka 

(0.71073) 

56.1 

0.130 

1672 

10877 

532 

1.238 

0.0892 

0.1029 

C46H59B11N2P2 

0.50 X 0.40 X 0.20 

820.80 

Monocl in ic 

P2i/c 

16.747(3) 

10.655(2) 

26.720(5) 

90 

99.830(3) 

90 

4698.0(15) 

4 

1.160 

M o K a 

(0.71073) 

50.5 

0.128 

1736 

8499 

550 

0.989 

華 

0.0676 

0.2157 

CgH3oB,,NO 

0.40 X 0.30 X 

0.20 

275.24 

Monocl in ic 

P2、/n 

7.966(3) 

11.576(4) 

19.451(7) 

90 

94.581(6) 

90 

1788.0(10) 

4 

1.022 

M o K a 

(0.71073) 

56.3 

0.053 

592 

4332 

194 

0.973 

0.0755 

0.1922 



Compd. No . [ 72 ] [Me3NHl [741(PPN1 (771INa2(18-crown-6)(H20)l 丨 7811PPN1 

formula 

crystal size 

(mm) 

f w 

crystal system 

space group 

a,k 

b,k 

c’A 

o r , deg 

A d e g 

, ’ d e g 

V.k' 

Z 

C7H26B„N 

0.40 X 0.30 X 

0.20 

243.20 

Tr ic l in ic 

PA 

7.9653(5) 

9.3459(6) 

11.4112(7) 

89.0240(10) 

73.9460(10) 

79.0100(10) 

800.81(9) 

2 

C39H44B9NP2 CazHggBzzNazOM 

0.50 X 0 .40 : 

0.30 

685.98 

Monocl in ic 

P2,/w 

27.878(11) 

10.317(4) 

27.994(10) 

90 

104.993(7) 

90 

7778(5) 

8 

0.50 X 0.40 X 

0.30 

980.82 

Orthorhombic 

Pna2\ 

28.160(5) 

12.389(2) 

16.082(3) 

90 

90 

90 

5610.6(17) 

C«H53BnN2P2 

0.40 X 0.30 X 

0.20 

766.71 

Orthorhombic 

Pbca 

18.346(9) 

18.637(9) 

26.087(12) 

90 

90 

90 

8920(7) 

8 

Aoicd, M g / m 1.009 1.172 1.161 1.142 

radiation (A), A M o K a M o K a M o K a M o K a 

(0.71073) (0.71073) (0.71073) (0.71073) 

2Grange, deg 50.0 50.5 50.0 50.0 

mm' ' 0 .047. 0.141 0.089 0.130 

F(000) 260 2880 2096 3232 

no. o f obsd 

reflns 
2716 14093 9366 7845 

no. o f params 

refi id 
176 919 631 518 

goodness o f fit 1.129 2.555 1.038 1.128 

R1 0.0571 0.2000 0.0800 0.0682 

wR2 0.1093 0.2245 0.1141 0.1137 



Compd. No . (791(PPN1 (SOHMejNHJ I811[(Me3NH)2Cl l 

formula 

crystal size 

(mm) 

fw 

crystal system 

space group 

a, A 

b,A 

c, A 

a , d e g 

Adeg 

r. deg 

Z 

A:alcd, Mg/W 

radiation (A), A 

2 沒 range, deg 

mm"' 

厂(000) 

no. o f obsd 

reflns 

no. o f params 

refi id 

goodness o f fit 

R1 

wR2 

C|6H28BjiP 

0.40 X 0.30 X 

0.20 

370.26 

Orthorhombic 

P2aa^ 

10.1525(7) 

14.5833(9) 

14.5977(8) 

90 

90 

90 

2161.3(2) 

4 

1.138 

M o Ka 
(0.71073) 

50.5 

0.127 

776 

3914 

253 

1.030 

0.0464 

0.0651 

C9H3,B,2N0 C33H,mB„C13N« 

0.40 X 0 .30) 

0.20 

299.07 

Monocl in ic 

P2、/n 

22.267(5) 

7.9141(16) 

22.267(5) 

90 

93.3 

90 

3917.4(14) 

8 

1.014 

M o K a 

(0.71073) 

50.0 

0.052 

1280 

6875 

419 

1 . 0 7 8 、 

0.1930 

0.2530 

0.40 X 0.30 X 

0.20 

1058.38 

Orthorhombic 

Pnma 

11.8388(15) 

34.882(4) 

16.429(2) 

90 

90 

90 

6784.6(15) 

4 

1.036 

M o K a 

(0.71073) 

50.0 

0.166 

2280 

6070 

371 

1.035 

0.1056 

0.1626 


