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BORON.1 15 

to rearrange to g-carborane on reduction (AS 66; 82) as well as the ability of 

the reduced species to incorporate a cobalt atom into an enlarged cage. The 

synthesis was carried out by reducing g-carborane with sodium and naphthalene 

in tetrahydrofuran to form B10C2H12 
2- 

, which was then treated with NaC H 
55 

followed by CoC12 to yield (C5H5)Co(B1GC2H12) (Fig. 1) [l]- 

FLgure 1. 'fie proposed structure of v-cyclopentadienyl-+rdodecahydro- 
7,S-dicarba-a-dodecaboratocobalt, (C5Hg)Co(7,8-B10C2H12). (from G. B. Dunks, 

M. M. McKown, and M. F. Hawthorne, J. Amer. Chem. Sot., 93 (1971) 2542). 

The 80.5 MHz boron-11 nmr spectrum (Fig. 2) consists of doublets in the ratio 

1:2:1:2:1:2:1, consistent with a molecule containing four unique boron atoms and 

three unique pairs of boron atoms. 'l'he compound init'ially obtained readily 

undergoes thermal isomerFzatFon in iefluxfng hexane and a further isomerization 

in refluxtng benzene to form less symmetrical structures (not yet assigned). 

The anion (BloC2H12)2C~ - was also apparently formed as a by-product in the 

preparation of-the cycIopentadieny1 compound. V 

Tn an analogous synthesis involving-smaller cages, treatment OP 1,6-B8C2H10 

with sodium naphthalide in tetrahydrofuran leads to the dianion BaCoHlo2-, which 

on treatment with sodium cyclapentadienide and CoCli yields the BS-dicarbollide 

cobalt cyclopentadienide complex (Fig. 3) t2]. 
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Thermal rearrangement of n-cyclopentadienyl-(3)-1,2-dicarballylcobalt (III) 

and homologs (Fig. 4).at 400-700° in the gas phase has led to a number of isomers 

e 

la:@=H 
2o:G=CH, 

3il 3d 

Figure 4. Proposed structures f *cyclopentadienyl-rr-(3)-1,2-dicarbotlylcobalt 
(III) (la), ~-cyclopentadienyl-~(3)-1,2-dimethyl-l,2-dicarbollylcobalt (III) 

(2a), n-cyclopentadienyl-n(3)-~r1,2-trimethylene-l,2-dicarbollylcobalt (III) 

(3a), and v-cyclopentadienyl-n-(3).rr1,6_trimethylene -1,6-dicarbollylcobalt (III) 

(3d). (from M. K. Kaloustian, R. J. Wiersema, and M. F_ Hawthorne, J. Amer. Chem. 

sot., 93 (1971) 4912). 

(Fig. 5 and 6), including the first example of a dicarbollyl complex having 

only boron atoms in the metal-bonding face (Fig. 4, structure lej r3]. 

e=H : b 

@=ai,: 2b 

lc 

2c 

Id 

2d 

-Figure 5. Proposed structures of isomers lb, lc, Id, 2b, 2c, and 2d resulting 
from the rearrangement of (PC~H~)CO(~-(~)-~,~-B~C~H~R~) (R=W,CH3) at 

(from M. K. Kaloustian. R_ J- Wiersema, and M. F. Hawthorne, .S:Amer. 

sot., 93 (1971) 4912). 
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BORON.1 . . I9 

Although the protonated dicarhollyl complexes were not isolable, iron(111) and 

cobalt(II1) dicarbollides yielded substitution products with acid and diethyl 

sulfide. 

Francis and Hawthorne have extended their work on the acid catalyzed 

condensation of carbon disulfide with bis(dicarboIlyl)cobaIt(III) snibn 

(AS 69; 327) to include reaction of CS2 with the rdicarbollide isomer to 

produce a similar cyclic product (Fig. 8), a similar cyclic product from acetic 

acid and bis(dicarbollyl)cob~lt(III) (Fig. 9), and another from CS2 and 

b~s(d~carbollyl)iron(III) [S]. 

Figure 8. Proposed structure of one enantiomer o 
in schematic form with H atoms omitted. 

f a-(1.7-B C H ) CoS2CH 
(from J. N. Francis and _ ' ' I# 2F. Rawthorne, 

Inorg. Chem., 10 (i971) 596). 

The X-ray structure of the reaction product from (BgC2Hll)2Co- with C82, HCI, 

and AICi3 has been reported (Fig. 10) r67. 

Detaiis of the preparation of two cobalt (3,6)-1,2-dicarbacanastide complexes 

(AS 68; 12 and 70; 6-8) <Fig. 11 and 12) have been reported [7]. These are 

haed on the hypothetical dicarbacanastide (Spanish "canasta" meaning "basket") 

anion (Fig. 13), which is notknown as an uncomplexed anion. From cyclic 





BORON.1 21 

-Figure 11. Schematic drawing of (B9C2H11)Co(B8C2H1,,)Co(B9C2H11)2'ion (I) 
with II atoms omitted, (from J. N. Francis and M. F. Hawthorne, Inorg. Chem., 
10 (1971) 863). 

O=B 
e=c 

Figure 12. Schematic drawing of ~(B&HI~)CO(B C H 3- ion (II) with 

H atoms omitted- (from J. N. Francis and M. F.%&&??~a~~ Inorg_ Chem., 10 

(1971) 863). 

Figure 13. Schematic drawing of the (3,6)-dicarbacanastide ion with II atoms 
omitted. (from J. N. Francis and M. F. Hawthorne, Inorg. Chem., 10 (1971) 863). 
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Figure 17. Skeletal structure of BllHllC". 

lo (1971) 600)- 

(from W. H. Knoth, Inorg. Chem., 

Figure lg. 

%oH10CH3- 

Skeletal structure proposed for metallocarboranes derived from 
and BlC,HloCNH3*-. (from W. H. Knoth, Inorg. Chem., LO (1971) 601). 

The structure of the (BgC2HgMe2)2Cr' ion has been determined by X-ray 

(Fig. 19) [9]- 

Magnetic susceptibility measurements for (C5H9)Fe(B9C2Hll) and Me4N+Fe(B9C2- 

Hll)' [lo] and MCIssbauer spectra of bis(dicarbollyl)iron(II) and (III) anions 

have been reported [ill. 
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Figure 20. Schematic representation of the reported9 crystallographic structure 
of 7,8-~1-dimethylalumino-l,Z-dicarba-~-undecaborane(13), IL. (from D. A. T. 
Young, R. J. Wiersema, and M. F. Hawthorne, J. Amer. Chem. Sot., 93 (1971) 5688). 

close or the & compounds will react with TiC14 to produce catalysts which will 

polymerize ethylene at 25O and 1 atmosphere. The aluminum and gallium carborane 

derivatives react explosively with water. 

The preparation of the dicarbollylberyllium compounds BgC2HllBeOEt2 and 

B9C2H11HeHMe3 (AS 68: 19-20) has been reported in detail cl4]. 

Zakharkin and Kysin have reported the rearrangement of g-BIOHIOAsCH to 

the Eisomer at 500-550° and to the-P-isomer at 6OC-650° in a flow system 

C153. Halogenation of these arsacarboranes was studied under electrophflic 

and radical conditions, and the rates of halogenation were found to be faster 

than those of carboranes of phosphacarboranes. FPhosphacarborane, BloHloCHP, 

has been converted to the lithio derivative, the carboxylic acid, and the acid 

chloride, BIOHl,.,PC-COCl, which acylates benzane in the presence of AIC13 to 

form the ketone, BloHIOPC-COPh [16]. 

3. Dicarbollide anions. Deuterium exchange react%ons in conjunction with' 

infrared and 
11 B mm- studies have provided information about the location of the 
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open-face-bonded hydrogen atoms in (3)-1,2-B C H 

27 

9 2 12 
-, (3)-1,2-B9C2H13, and 

(3)-1.7-DgC2H12 - f17]. In <3)-1,2-BgC2H12 - the extra hydrogen apparently occupies 

a bridging position between boron atoms 4 and 8 or 7 and 8 (refer to Fig. 23 for 

numbering but not H location), tautomeriting rapidly between the two on the nmr 

time scale, or possibly the extra hydrogen forms some sort of bridge involving 

all three boron atoms at once. If the latter possibility is correct, bonding to 

the farther borons 4 and 7 appears to be relatively weak, since spin-spin coupling 

was observed only with boron 8. However, that spin-spin coupling is too small to 

permit interpretation in terms of a BH2 unit at position 8. With the protonated 

structure (3)-1,2-B C H 3 
921 

it appears that both possible bridging positions, 

between borons 4 and 8 and between 7 and 8, are occupied. With the g-isomer of 

the anion, (3)-1,7-B9QHl2-, the single possible bridging position between boron 

atoms 4 and 8 contains the extra hydrogen atom. 

Figure 23. The proposed heavy-atom structure of the B9C2Hll fragment and the 
numbering system used in this paper. (from D. V. Howe, C. J. Jones. R. 3. 
Wiersema, and M. F. Hawthorne, Inorg. Chem., 10 (1971) 2517). 

Degradation of l,l'-his-8-carborane with ethanolic potassium hydroxide at 

reflux 1.5 h yields the carboranyldicarbollide monoanion (Fig. 24), which on 
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Figure 24. The proposed structure and numbering system for the 7-(l'-1',2'- 
B1&.2Hll)-7.8-B CzHll- ion. (from M. F. Hawthorne, D. A. Owen, and J. W. WiggLns, 
Inorg. Chem.. 18 (1971) 1305). 

Figure 25. The proposed structure and numbering system for the 7-(7'-7',8-. 
B9C2Hll)-7,8-B9C2H112- ion. (from M. F. Hawthorne, I). A. Owen, and J. W. Wiggins, 
Inorg. Chem., 10 (1971) 1305). 

refluxing 120 h is converted to the bis(dicarbollide) dianion (Fig. 25) Llg]. 

Reaction of phenylmercuric chloride with (3)-1,2-B9C2H112- yields a 

W-bonded derivative, PhHgB9C2H11', which was isolated as the tetramethyl&onium 

salt [19]. 

The reaction of R-bromo-l-bromomethyl-2-methyl-o-carborane with trimetbylamine 
: 

to yield 4-Me3NBgH10C2Me2 has been patented in Japan r20]. 

Stank0 and coworkers have reported that reaction of o-carborane-l-carboxamid~.: 
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with alcoholic sodium ethoxide gives mainly the dicarbollide ion, BYC2X10CONH2-. 

without degradation of the amide [ZlJ. Ethylnrcarborane-I-carboxylate is 

degraded to Ecarborane, and rcarborane-I-carboxamfdes as well as pcarbonane-l- 

carboxamides and carboxylic esters are highly resistant to sodium ethoxide at 1400. 

Triphenylmethylpotassium in 1,2-dimethoxyethane is said to cause some cleavage of 

p-carborane to dicarbollide ion but leave most of theq-carborane unchanged [223. 

Since a hydrolysis step was involved before the products were isolated, a critic 

at this distance could suggest that the actual degradation may have occurred 

only in the presence of aqueous base, and the experiment has not proved anything. 

B. lcosahedral Carboranes 

1. Transition metal o-complexes. Owen and Hawthorne have found that 

btscarborane (Fig. 26) can be converted to a dilithio derivative which reacts with 

transition metals to form stable chelates (AS 70; 13) [23]. Square planar 

complexes (Fig. 27) are formed with copper(I1). copper(III), nickel(II), 
e 

nickel(III), cobalt(fII), and cobalt(I), according to magnetic susceptibility 

measurements. Distorted tetrahedral complexes (Fig. 28) are formed with cobalt(Z1) 

and zinc (II). These complexes are unusually stable to air and water, apparently 

as a result of both steric shielding and favorable back bonding between the metal 

and the carborane cage. As is often the case with carborane-metal complexes, 

unusual oxidation states of the metal are stabil<xed. The copper(II.1) derivative 

is the product when dilithiobiscarborane reacts with copper(I1) chloride, the 

copper(I1) bfscarborane complex being oxidized by copper chloride [23]. 

Reaction of the lithio derivatives of o-carborane and l,lO-BgC2H10 with 

(C5H5)Fe(C0)2I and BrMn(C0)5 yields cr-bonded derivatives (Fig. 29-32) [24]. 

Treatment of bis(triphenylphosphine)nickel(II) chloride with carboranyllithiums 

ytelds G -bonded carboranylnickel compounds [25]. 

Ph3P 
4 PPh3 

ANi\ 2% 
\ / 

c-c \ 

\/ 
G 

C- 4 
\/ 

BICPIO %?~10 
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0s a= BH R-CH, .c&i, 

Figure 29. The proposed structure and numbering sysEem for 1-[(?r-C5H5)Fe(C0)2]- 

I, ~O-(G--B~C~H~) and its 10-substituted derivatives_ (from D. A, Owen et al J. -, 
Amer. Chem. Sot.. 93 (1971) 1363). 

Figure 30. The proposed structure and numbering system for 1-[(n-C~H5)Fe(C~)2]- 

2-CH3-1,2-((~-B~~C$i~~) and its 2-phenyl derivative. (from D. A. Owen et al., 

J. Amer. Chem. Sot., 93 (1971) 1366). 

The r-bonded gold complexes (E$C2H10Ph)AuPPH3 and (BgC2H10Ph)AuPPh3Br2 have 

been reported [26]. 

Zakharkin and f)rlova have reported that reaction of carboranc-3-cerbonyl 

chloride with NaFe(C0)2C5H5 yields the acyliron compound, which loses CO OXI 

heating to form the 3-carboranyliron derivative, which has a boron-iron 

CT -bond [27]. 
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Figure 32. The proposed structure and numbering system for 1-[Mn(C0)5]- 

2-CH -1,2-(a-B1&2Hlo). (from 0. A. Owen et al., J. Amer. Chem. Sot., 93 

(1971) 1366). 

2. Nontransition metal and metalioid q-linkages. Readers seeking real 

novelty and excitement should skfp this subsection. The reaction of 2-Lsopropyl-l- 

o-carboranyllithium with boron trichloride has yielded 2-isopropyl-l-o-carboranyl- 

boron dichloride, which was converted to boronic ester and thtoester derivatives 

by reactions with alcohols and thiols [29]. B-Decachloro-a-carborane, BloCl10C2H2, 

is mercurated by Hg<OAc)2 to form (BloCll&2H)2Hg, and other decachloro-r 

carboranylmercury compounds have also been prepared by mercuration [30], 

TrLs&-carboranyl)antimonyony and bismuth compounds have been prepared from 

carboranyllithiums and SbC13 or BiC13 [Sl]. A number of C-g-carboranylphosphonic 

acids and other phosphorus compounds have been prepared from halophosphorus 
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electron-deficient carton has been observed with suitable 3-o-carboranyl 

compounds in Wolff, Beckmann, Hofmann, Curtius. Schmidt. and Bayer-Villiger 

rearrangements [39]. Oxidation of CJ. _m, or pcarbotane with EMnO in acetic acid 

gives 25-30X yields of all possible B-monohydroxycarborane products [40]. 

Boron-bonded iron and rhenium substituents have been mentioned in part B-l 

of thLs review [27, 281. 

4. Carbon-bound functional substituents, Metals and metalloids have been 

covered i.n parts B-l and B-2, arld other types of carbon-bound substituents follow. 

It is easy to hang various side chains on the carborane carbon atoms by the use of 

carboranyllithium or magnesium compounds with electrophilic reagents, or to 

syntheske substituted carboranes from substituted acetylenes and decaborane. 

Accordingly, this is the field which continues to show the greatest volume of 

activity. Occasionally it is even possible to turn up something new and interesting. 

Young. Paxson. and Hawthorne have synthesized two new alkenylcarboranes 

(Fig. 33) !41]. 
, 

-_- 

Figure 33. Syntheses of the 1,2-substituted carboranes and formation of the 
anionic 1,2-n_allyl-substituted carborane IX. <from D. A. T. Young, T, E. Paxson, 
and N. F. Hawthorne, Inorg. Chem., 10 (1971) 787). 
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benzenotd compounds. In the synthesis, the bromination of dihydrobenzocarhorane 

was found not to give benzocarborane directly but to yield a mixture of 

bromodihydrobenzocarboranes which must be dehydrobrominated to obtain 

banzocarborane. Benrocarborane adds bromine and the diastereoisomeric 

X,4-adducts can be debrom5nated (at grossly different rates) by sodium iodide 

to furnish pure benzocarborane. Attempts to nitrate or sulfanate benzocarborane 

failed. 

H 
H i &3r 
,‘c---C 

: : 
H-C. 

\ DNF 

CR2 ---+ 
\ .' 1500 

C/(I@ 
;' 

BIOHlo 

Ultraviolet and infrared spectra show that 

substituent and a carborane cage is negligible, 

C-phenyldicarbollide monoanion [433. 

conjugation between a phenyl 

but some evidence is seen in the 

Russian vorkers have continued the process of applying every reaction an 

organic chemist could think of to functionally substituted carboranes. 

I-Ethynyl-c-carborane is more reactive than l-vinyl-q-carborane toward bromine, 

and several other miscellaneous reactions of the ethynyl group have been 

reported [44]. A n-umber of reactions involving 2-perZuoroalkeny1 side chains 
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Carboranylacetaldehydes have been prepared from lithio or sodio derivatives of 

,- and =-carboranes and BrCH2CH<OEt)2 followed by acid hydrolysis of the acetals 

t481. I?-Carboranylacetaldehyde and related compounds have been condensed with 

barbituric acid [49]. 

BrCH2CH(OEt)2 
+ 

\/ 
c 

> 

H, ,CH,CH(OEt)2 

“?(o F 

H3S _ 
.y 

\ / 
BloHlo ‘BlORlO 

0 

!c-NH 
/ \ 

,CH*CHO 
barbituric acid 

HCl 

0 

Lithium and magnesium derivatives of carboranes add to the double bond of 

nltroalkenes r50]. 

BH 
10 10 

+ PhCH=CHNO2 -> 

Ph 

'CH-CHN02-Lii- 

/ 

‘B' H 
10 10 

l-Pot-myl-I-carborane has been prepared by hydrogenation of the acid chloride 

and some of its chemistry has been studied [Slj. 

Reaction of a- or _m-BBloC2Hlo(CH20H) 
2 

with ClCN and Et3N has yielded the 

cyanate esters, B10C2R10(CR20-C~)2 CQ]. Cyanate esters are usually unstable 

and difficult or impossible to make, and these must ove their stability to 

steric protection by the bulky carborane cage. A pyrilium salt has been made 

from the condensation of P-naphthol with l-chloro-3-keto-4-(2-methyl-l-o- 

carboranyl)-l-butene CSS]. I-(Aminoalkyl)-o_carboranes have been patented as 
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of C-lithio-B-carboranes 1671. Chlorination of z-carborane with CC14 in the 

presence of ultraviolet light proceeds by a radical mechanism and yields a 

statistical mixture of products [68]. Stank0 and coworkers have reported more 

studies of the thermal isomerization of halogenated carboranes, and also of the 

isomerization in the reverse direction which occurs on reduction of carboranes to 

dianions with alkali metal followed by reoxidation to the carborane. r69). 

Various B-chlorocarboranes have been patented in the Il. S. [70). 

6. Physical measurements. Bond distances in g-, m-, and e-carborane have 

been determined by electron diffraction r71]. For P-carborane, the bond lengths 

are B-C = 1.710 g, B2-B3 = 1.792 2, BZ-B7 J 1.772, accurate to f 0.014, and 

B-H = 1.22 i 0.02 x, C-H = 1.15 f 0.09 8. In a-carborane the C-C bond is 

1.65 f 0.05 x, the average B-C bond is 1.711 f 0.014, and the average 3-B bond is 

1.793 * 0.010 51. lnrcarborane the average B-C band is 1.726 z and the average 

B-B bond is 1.805 8. 

The pKa 's of o-carborane and various alkylcarboranes have been measured by 

equilibration with potassium fluorenide in ether or dimethoxyethane and found 

to fall in the range 22.6-23.3, close to the pKa of fluorene [72]. Lithium 

fluorenide yielded values of carborane pKa's in the range 22-22.8. The kinetics 

of H-D exchange in NB3 and XaOEt --EtOH have been measured for s-carborane and 

l-methyl-=-carborane [73]. The alkgxide-catalyzed exchange of carbon-bound 

deuterium or tritium of _m-carborane with the protons of NH3, EtOH, or A-BuOH 

gave AD/_& = 1, not expected on theoretical grounds [74]. The dianion formed by 

reducing o-carborane with sodium-potassium alldy in tetrahydrofuran reduces 

benzophenone and related compounds to ketyls and is itself oxidized back to 

o-carborane [75]. 

Electronic effects of the carboranyl substituent have been investigated 

in a series of aromatic compounds bearing l-m-, l-p-, or 3-o-carboranyl groups 

in the _W or P-position of the aromatic ring [76]. The electron-withdrawing 

effect is purely inductive <as noted a number of time8 previously) and the 
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(a) lb) 

! 

4 

a 

7 \* 

4 0 3 

8 '6 
/ 
7 

(c) 

Figure 36. (a and b) Proposed dodecabedral equilibrium structures for C3B H7. 
(c) Square antiprism time-averaged geometry for C385H7: 0, CH groups; B 
unsubstituted carbon atom; the remaining vertices are occupied by BH groups: 
(from M. L. Thompson and R. N. Grimes, J. Amer. Chem. Sot., 93 (1971) 6678). 

Figure 37. 
11 B nmr spectrum (32.2 MHz) of C3B5H7 (CS2 solution)_ Chemical 

shifts are in parts per million relative to external RF3- O<C2H3)2 and coupling 
constants are in parentheses. Coupling constants for the two overlapped lou 
field doublets are taken from the proton mar spectrum. (from M. L. Thompson and 
R. N. Grimes, J. Amer. Chem, Sot., 93 (1971) 6678). 





BORON.1 45 

Figure 41. One enantiomorph of the possible structure for BTC2H9(CH3)2. Note 

that varying placement of the bridge protons is possible. (R. R. Rietz and R. 

Schaeffer, J. Amer. Chem. Sot., 93 (1971) 1264). 

Figure 42. One enantiomorph of the possible structure for BSC2Hlo(CH3)2. Single- 
bridge pmr resonance mitigates against varying the placement of the bridge 

hydrogens. (from R. R. Rietz and R, Schaeffer, J. Amer. Chem. SOC., 93 (1971) 
1264)_ 

I.Z-(CH,),@,H, IS-C&H, CB.H, 2-CB,H, 

I-CHSB,,H. CBA 2-CB,H. 

+ (3) 

KY%W, I-CH,CB,H, 2-CH,-2-CBA 

(4) 

I,2-(CH,).BzHt GBzH. 

Figure 43. Pyrolysis routes to small carbcranes. (from E. Groszek et al., 
Inorg. Chem., 10(1971)2772). 
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Figure 45. Proposed structure of (s-C2B3H7)Fe(C0)3. (from R. N. Grimes, J. 

Amer. Chem. Sot., 93 (1971) 262), 

A close dicarbollide complex of less than icosahedral size has been covered in 

part A-l [2]. 

Several reactions of 1,6-HCB4H4CH have been investigated [SS]. Lithiation 

with butyllithium was unusually slow compared to other carboranes, but the 

dilithio derivative was obtained in 48 h at 25O. and reaction with methyl iodide 

led to CH3CR4H4CCH3. Bromination in the presence of AlBr3 yielded only the 

B-bromocarborane. A C-bromocarborane, BrCB4H4CCH3, was obtained by bromination 

of the corresponding lithio derivative. 

The gas phase reaction of B4Hlo with acetylene is first-order in B4Hlo and 

zero-order in acetylene for the over- all reaction by initial rate measurements at 

UJ-60° [as]. Formation of the carboranes 2-CH3C3B3H6, 2,3-(CH3)2C3B3H5, and 

2,4-(CR3)2C3B3R5 is, like the overall reaction, first-order in BqHlC, but shows 

a negative order in acetylene. The mechanism proposed involves rate-determining 

formation of B$ig from B,+Hla. The B4Hg reacts rapidly wirh acetylene, and the 
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B6H10 
- C2B4H8 

b isc-BgH 15 

Figure 47. A series of a-carboranee (top) and related arachno-carboranes 
(below). (from R. E, Williams, Inorg. Chem,, 10 (1971) 212). 

The microwave spectrum of 2- chloro-1,6-dicarbahexabarane(8) (Fig. 49) has been 

reported [95]. 

.D. Boron Hydrides 

This section lists papers on non-organometallic boron hydrides which the 

reviewer thinks may be of interest to carborane chemists. It is not comprehensive. 

The l3 C nmr spectrum of 1-methylpentaborane show a 11B-13C coupling constant 
1 
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1-bromo-p-trimethylsilylpentaborane, which contains three-center B-Si-B bridge 

bond, has been determined by X-ray crystallography [99]. 

Reaction of the sodio derivative of decaborane, NaB10H13, with trimethyltin 

chloride, Me-,SnCl, yields the stannaundecaborane BlGH12SnMe2 [loo]. The germanium 

analog Gas also reported. The sodio derivative of decaborane reacts with PhPC12 

in ether to produce a m-phosphaborane, B10H12PPb ClOl] 

X-ray structures have been reported for I120H,g 2- Cl021 and BIOHY(NO)BIOHY 

c1031. A procedure for obtaining 6,9-dideuteriodecaborane has been found [104]. 

Ion cyclotron resonance studies of B4Hlo, BYH9, B5Hll, and B6H10 indicate that 

BnHn + 4 hydrides lose H" to form negative ions and BnHn + 6 hydrides lose BH3+ 

[1053. Radical cations are favored over even-electron cations. 

The X-ray crystal structure of lithium trtramethylboron, LiB(CH3)&, shows it 

to be a polymer linked by unusual single linear (177.6O and 179.6O) boron-methyl- 

lithium bridges [106]. 

Hawthorne and coworkers have found both SHl and SN2 mechanisms at boron in 

nucleophilic displacements of anines from amine boranes [107-1093. 

.I 
E. Reviews 

The syntheses of a wide variety of carboranes and related compounds have 

been reviewed by Scholer and Todd [llO]_ Grimes has published a comprehensive 

and very useful book on carborane chemistry 

III. HYDROBORATION 

A. Radical Reactions of Trialkylboranes 

Many of the more novel developments in 

[ill]. 

. 

the chemistry of hydroboration 

products during the past year have involved radical reactions. The most 

general reaction is displacement of an alkyl radical R' from boron by an 

oxidizing radical X' (where the unpaired electron is on oxygen, halogen, 

or nitrogen). 

sulfur, 

R3B +X0-*-> R2BX + R' . . 
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PhCH202' + R3B - PhCl$02BR2 + R' (propagation) 

R‘ + O2 j R02' 
R3B 

> R02BRZ + R* (propagatfon) 

By adjusting the proportions of reactants the reaction can be made efficient for 

the production of either alkyl halide or bibenzyl. 

Dialkyl disulfides react with trialkylboranes by a free radical mechanism 

fl181. 

R3B + Oz.----+> RB02' + R' (initiation) 

R' + MeSSMe -> RSMe + MeS' (propagation) 

MeS- + R3B--> MeSBR2 + R= (propagation) 

MeSBR2 + MeS-+ (%zS)~BR + R* (propagation) 

(MeS)zBR + Mes--> (MeS)3B + R. (propagation) 

Under the influence of oxygen or ocher free radical initiators, butadiene 

monoxide reacts with trialkylboranes to give a four-carbon chain homologation 

[119]. 

Et3B + CH2=CH-CH- + Ii20 
trace O2 

Et2E%OH + Et-CH2CH=CH-CR20H 

Though very useful for many syntheses involving polar bond cleavages at 

boron, B-alkyl-9-borabicyclo[3.3.l]nonanes (AS 69; 350) fail in radical reactions 

because the secondary radical formed by ring opening is relatively stable, and 

the desired cleavage of the B-alkyl group does not occur selectively [120]. This 

problem has now been solved for secondary alkyl groups by the use of substituted 

borinanes, which can be used to hydroborate olefins to form B-alkylborinanes. 

The B-w-alkyl group is selectively cleaved in radical reactions such as that 

vith methyl vinyl ketone. 
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The kinetics of reaction of Et35 with methyl radicals have been measured cl261. 

Trihexylborane gives radical reactions with neutral aqueous hydrogen peroxide, 

leading to hydrocarbons as well as hexanol [127]. A report on the radical- 

catalyzed reaction of methyl vinyl ketone with trialkylboranes (AS 67; 286 and 

70; 29) has appeared in the Japanese literature [128], 

A paper dealing with radical bromination in the presence of water; 

which leads to a rearrangement with carbon-carbon bond formation, is covered 

in part C. 

B. Preparation of Alkylboron Hydrides 

Further study of the reaction of borane in tetrshydrofuran with butadiene 

(AS 70; 32) indicates that the product from a 1:l ratio of reactants is polymeric 

[129]. Excess BH3 leads to a borane having 4 moles of BH3 to 3 of butadiene. 

The results can be accounted for by assuming that butadiene and borane form a 

S-membered borolane ring which is expanded rapidly by excess borane. 

BH3 + CH2=CH-CH=CH2 

BH3'THF 
> 

\ L / 
B-CH2CH2CH2CH2-B 

L-I 

(3:2 adduct) 

(stable and isolable if no excess BH3) 

bH\/ 
dg\H/B\ CH2CW2CH2CH2~-'H'-'H 

3:2 adduct 

slov 

(stable iu presence of excess BH$ 

- 

(3:4 adduct) 

(1:; adduct) 

The elusive character of borolane dimer challenged Brown and Negishi to 

put out enough effort and make the compound in solution [130]. The successful 
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1,3,2-Ben~odioxaborole is a useful. monofunctional hydroborating agent for 

preparing boran%c esters from olefins at lOOa [133]. With 1owerboFling oLefLns, 

redistribution between catechol borate and the trialkylborane is more convenient. 

+ BH3-THF I>EH 

R-CH=CH2 

R3B + -3 R-B 

Monoalkylboranes or, more properly, their dimers, 1,2-dialkyldiboranes, are 

not very stable and are difficult to synthesize. Brown and Gupta have reported 

success by treating catechol boronic esters with lithium aluminum hydride or 

aluminum hydride [134]. 

desired. 

The alkylborane-pyridine complexes can be isolated if 

Reduction of F$-dtalkyl-Pi-aryloxyboranes with lithium aluminum hydride 

provides a-useful route to solutions of dialkylboranes [1351. 

Bu2B-OPh + LiAlH4 s----+> Bu2BH + LiAUl(OPh)3 

Aluminum hydride reduces dialkylmethoxyboranes and at the same time forms stable 
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P o- 
b 

77 
D 
BbI 

Br2 
> 

OH 

HZ02 

) 0 

+ 

H2° 

Bromination of triethylborane under conditions of removal 

as it is formed leads to crbromoethyldiethylborane [140]. 

stable in the absence of oxygen or water, but reacts very 

An ethyl group migrates from carbon to boron, yielding an 

acid. 

of the IiBr as fast 

The compound is 

rapidly with water. 

unsymmetrical borinic 

NP stream H,O 
<C,H5)3B + Br2 > CH3(iR-BG2H5)2 

/-c23 

light 
--"--> cn3- CH-B., 

Br 1 OH 

+HBr 
v5 

i- HBr 

The lithium triethylcarboxide catalyzed reaction of chlorodifluoromethane 

with tributylborane followed by the usual hydrogen peroxide oxidation yields 98% 

of tributylcarbinol [141]. This reaction provides a useful alternative to the 

reaction of carbon monoxide with trialkylboranes. 

Bu3B + CBF2Cl + LiOCEt3 -----+> Bu3CBF2 
V2 

3 Bu$OH 

(not isolated) 
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The reaction of dicyclohexylborane with isopropenylacetylene yields 

dicyclohexyl(3-methyl-trans-l,3-butadienylborane, which on photolyais in 

tetrahydrofuran undergoes trans to cis isomerization, cyclization, and alkyl -- 

migration from boron to carbon [144]. 

- U.V. 

(C6H11)2~~ + HC=C-F=C!E$ -_____+ (C6B&B--C 
\\/\cI; c\ 

> 

I 
2 bHg 

> 
(structure proved 
by H202 oxidation) 

(hypothetical) 

Trialicylboranea and cyclic a-diazoketonea yield alkylated cycloalkanones 

[145]. 

0 Et 

\ + Et3B -> 

H 

The reaction of trialkylboranea with alkyl azides provides a new route to 

secondary amines [146]. 

Bu 
Et3B + Bu-N3 -> Et3&N-Bu --> 

I+ 

Et2B-d 
\ Et %**> < Et 

Ii! 
N 

+ N2 +EtOH + B(OH)3 

Rqf- -7nc: p. 69 
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concerted cyclic mechanism [lSO, 1511. 

Et 
'c-c_' 

Me 

Me' 'H 

65 

L-B", 
,N_'=--Q 
. \ 

';BR2 
I' 

(transition state)_ 

-, r-BuNHOBR2 + Et\C_-CIMe + EtlC*_CIH 

Me' 'II Me' '9 

(33%) 
(stereospecific) 

(67%) 
(by alternate H abstraction) 

The redistribution reaction of trialkylboranes with triaryl borates is 

considerably faster than that with trialkyl borate6 [152]. The products are 

aryl dialkylborinates (B-aryloxy-B-dialkylboranes). 

1000 
2 Bu3B f &-MeC6H40)3B -> 3 Bu2B-0C6ElkMe 

Isomerization of the boranes derived from hydroborat:ion of mixed isomers 

ofp-hexadiene leads to terminal borane, which can be cleaved by ethylene to 

form 1,4-hexadiene [153]. 

Mikhailov and Kuimova have found that the ratio of terminal to internal 

boranes in the reaction of ArCH=CH2 vith Bu3B to form C2H5CH=CH2 and (ArCH2CH2)3B 

or (ArCHMe)3B is different from the results of direct hydroboration of ArCH=CH2, 

and have concluded that the mechanism involves a concerted displacement of one 

olefin by the other, not elimination of a dialkylborane which then might 

hydroborate the other olefin [154]. 

E. Hydroboration of Olefins 

1. Mechanism_ Fehlner has measured the rate of reaction of free BH., 

(from pyrolysis of F3PBH3) with ethylene in the gas phase [155]. The rate 

9 
constant rises from 0.9 X 10 to 1.6 X 10' l./mol-set in the temperature range 
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3. Miscellaneous examples, The qualitative results to be expected of 

hydroboration and reactions of the resulting boranes are by this time well 

known. It is fnevitable that many people should begin to apply hydroboration to 

the solution of other problems in organic chemistry, and most of the examples 

which follow are of this type. Much of this literature adds little to knovledge 

of organoboron chemistry from an organometallic chemist's point of view, and 

details are therefore omitted from this survey. 

Zweifel and coworkers have studied the regiospecificity of monohydroborations 

of aIkynes [157J. Specificities observed range from high selecti&ty for placing 

the boron on the terminal carbon in the reactions of dicyclohexylborane or 

thexylborane wLth l-alkynes to esaent+ally random results in the reaction of 

borane with unsymmetrical disubstituted alkynes. 

R-C=C-H + (cy~lo-C6H~~)~BH 

Hydroboration of ethoxyacetylene has yielded trans-(EtOCH=CH)BB, which has 

been converted to (EtOCH-CR)2B0Me and EtOCH-CHB(OMe)2 [1583. Hydroboration of 

propylallylamine with trfethylautine borane leads to l-propyl-1,2-azahorolidine 
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R2B-0-C=CH&li2R 

I 
CH3 

f BuLi R2BBu2'Li-t + LiO-C=XHCH2R 

I 

cH3 

l(9) 
Hydroboration has been used to selectively remove A -0ctalin in a 

preparation of A9-octalin [177]. 

F. Reviews 

Ii. C. Brown has 'published a review of some of the more important synthetic 

applications of hydroboration and borane chemistry [178]. A review of hydro- 

boration has also appeared in India r179]. 
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